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ABSTRACT

A traumatic osteochondral lesion is a severe typofaging tissue injury which disrupts and
causes damage to both surface cartilage and underlychgrelrbl bone layerAfflicted

patients generally present with early symptoms such as joint discomfort and severe pain which if
left untreated can utiately progress to the pathological disease known dsaynostic
osteoarthritis. At this late stage, the recommended treatment option is total joint replacement
surgery; a procedure which is highly invasive and only has a finite fumstiolifalpan. In

physically active younger patients, the latter propertyoistsnal and thus more effective early

stage interventions are needed to fully repair the osteochondral tissue unit. Gene activated
matrices (GAMSs) are considered an exciting tissneagirgj treatment solution, whereby single

or multiple reservoirs of therapeutic DNA payloads are incorporated specifically within a
biomaterial matrix to facilitate high quality bone and cartilage tissue formation. However, a
limitation of current genetatated matrices their limited efficacy in gene delivery and lack of
spatiapatterning during fabrication and incorpora#i@nosteochondral tissue is complex with
gradierdike features, a GAM containing a gradient payload distribution is hypbthdsise

more effective than current unpatterned approaches. To achieve this, a novel agarose gel
electrophoresis platform was utilised to fabricate porous agarose scaffolds which contained
spatially controlleid-situdeposited DNA payloads.

Experimentally this project for the first time sought to comprehensively evaluate and
characterise the above platform in terms of its inherent physical biomaterial properties, DNA
payload patterning capabilities (D8&P, DNAPEI), biomateriadhesion, cytotoxicibyofile

and 3D transfection performance. To achieve an acceptable osteslik@ndoabus
biomaterial GAM, it was found that a combination of fresyeg and higher inherent agarose
hydrogel concentrations (>3wt%) were required. Upon conversioitaftly porous scaffolds,

the agarose GAM systems were then shown to be cytocompatible but crucially appeared to be
lacking inherent 3D cellular adhesion characteristics. Following this major finding, various
surface functionalisation methods (fibronedtd&R-PEO, polydopamine) were tested for
scaffoldwide cell adhesion enhancement. The polydopamine coating method appeared
remarkably effective in this regard, enhancing C2C12 and Y204&&&ifokdl attachment and
proliferation specifically after 7 daiyseeding. Histological analysis further showed effective
differentiation towards osteogenic and chondrogenic lineages when in the presence of respective
differentiation media conditions for 4 weeks. 3D transfection analysis revealed, however, that all
agaosepolydopamine GAM scaffolds, developed via the electrophoresis patterning platform,
failed to induce any tangible gene expression over a 7 day seeding period. Future experimentation
is therefore needed to elucidate the exact failure mechanisms shiswraimsfection study,

with the aim that corrective measures can be generated which can ultimately produce a
transfection capable agarose GAM product.
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In an additional explorative study, it was also shown that an alternative tracesfadtion
vectortype (CCHLV) could be synthesised from the gene expression cassette region of a plasmid
vector. This was significantly aided by the novel use of an ELAN type IIS restriction enzyme
synthesis strategy, which could more efficiently produce the finakweighgctor product in
comparison to current gold standard strategies (ELAN type Il). Future experimentation is
therefore required to fully characterise these newly developed vectors for its 2D and 3D
transfection capabilities.

Overall, huge strides weanade in the advancement of a completely novel early stage continuous
gradient GAM concept, of which ultimately serves to expand not only the knowledge and
understanding of applying agarose DNA electrophoretic patterning in the field of GAM system
developmet and manufacture, but furthermore elucidates the substantial limitations this specific

concept inherently possesses which may restrict its adoption as a osteochondral defect
regeneration device.
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CHAPTER 1

INTRODUCTION



1 CHAPTER 1: INTRODUCTION

1.1 General introduction

Osteochondral tissue is a higitlyanise@nd complexegion of the human bodyade up of

zonally distinct tissue phases, which act synchronotestylitate thesmooth and repeated

action of articulatingynovialjoint movemenb v e r a huma n.@steochontralr e | i
tissues consist of an articulatitage phase with an underlying subchondral bon€ i zesge

et al 2019)

As a result of sudden trauma, athletic injury or inherent pathological conditions, early localised
osteochondral lesions may manifest, resulting in substantial joint destabilisation, often
culminating in downstream effects such as severe pain, impairment of joint function and general
poor quality of lif¢Swieszkowskit al 2007)Moreover, increased mechanical degradation as a
result of poor tribological performance (i.e higher friction) and damage associated iyflammato
processes may lead to further joint degradation and progression to osteoarthlifiisk(€1A)

al, 2020; Scanzello & Goldring12)

In contrast to subchondral bone, which possesses a certain degnepairsspacity, articular
cartilage is an avascular tissue, with lowegelieratas abilitiegKaruppal, 2017Because of

this, full osteochondral lesions cannot typically heal and thus OA will progress, eventually
requiring clinical intervention. Currently, the most common and effective OA treatment is a total
joint replacement (TIRIthoughT J R & s as shé @ravalling treatmeption, it may not be

the optimal recourse for younger, more physically active patierRsiEaftennot engineered

to withstand the sustained, high mechanicalrieguised from such patientssuling in early

implant failure anthe need for more invasive, less functional revigiolset al 2010)In

recent years, an array of alterngimepreservingreatments has emerged, aimed at postponing

the necessity forJRs, particularly in younger individuals with osteochondral defects. These
include mosaicplasty, osteochondttl/autografts, microfraere, autologous chondrocyte
implantation and biomaterial/scafftldsed systenfRedmaret al 2005) The use of basic
biomaterial scaffolds to emulate and support the repair of osteochondral tissue is associated with
several limitations, most commonly poor reproduction of the functionadlayauskd tissue
environmenfLesaget al 2022)

This thesiwill explore theotential of an innovatiaeaffoldbasedsystenknown as a gene
activated matridh addressing substantial osteochondral defaotsigh its novel method of
actionthis medical intervention aimsmnore effectively repair the complex tissue environment,

thereby postponing the need datificial prosthesand extending the lifespan of natisgues.



1.2 Osteochondral tissue

1.2.1 Sub-chondralbone

Qubchondral bonkes beneatthe calcified layer of articular cartibgghastwo main roles: as
a stress absorber and to support the stiaghéhealttof the overlying cartilag€&oldring &
Goldring, 2010)

The structure and function of subchondral bone tissue differs across the two distineheegions
subchondrakorticalbone plate and the sahondral trabecular bone. The-shbndral bone
plate is situated directly below the calcifietilagdayerandis a thin cortical channel of
moderatenicrgoorosity, thus allowing penetration of neagegell as arterial and venous blood
vesselg¢Madryet al 2010)In contrast, the suthondral trabecular bone is considerably more
porous(macroporous rangéd more metabolically active and contains greater levels of blood
vessels, sensory nerves and bone marrow. Anatomically, this region afhimedsalbbone
contains trabeculae whichargely spread amuganised ialignment to the direction of foyce
infering a degree of structural and mechanical anisotropy to the envi(@ftadehet al

2015) Trabeclar bone performstructurallyas a shock absorber aridlogically to provide
metabolic maintenanteoverlying cartilage

1.2.1.1 Composition

Subchondral bone is composed of a biphasic matrix containing inorganic minedlg (65%
weighj, organic componen®5%dry weight, and water (10%ry weight The mineral phase
consists of the crystalline calcium apatite known as hydrox{@pgfes)s(OH).), whilst the
organic phase consists of collagen type I, lll and V, as well-asllagenous proteins,
proteoglycans, and lipioskey, 20154t the ultrastructural level, thin triple helical collagen
type | molecules form asetimain structural unit and are covalently organised into a staggered
striated structure known as a collagen fibril (67 nm banding [{sftfase} al 202Q)Within

each fibril are intersperdediroxyapatite crystals approximatel(5m in size, specifically in
their platelet conformatigBocciarelli, 1970Jhe crystals can be either Hfitvellar or extra
fibrillar, whereby they associate either in the gap regions between fibrils or are fouidgurroun
the overall structufeees & Prostak, 1988; Weiner & Traub, 1988)ugh parallel stacking of
fibrils, they form mineralised collagen fibril bundles otherwise known as collag€igfibees (
11). As composite mineralised fibre units have hmgsliciking density and dissipation
potential, bone tissue is imbued with remarkable tensile strength and t@yghire&sishida,

1989)
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Figure 11 6 Summary of bone tissue organisatiorand microstructure from its smalles
components (right) to its conformation as part of larger tissue&dapted fron{Kane & Ma, 2013

1.2.1.2 Bone cells

The mainteance of bone tissue, including its structure, integrity and functional health, is
orchestrated by a diverse array of cell types. Among these are osteogenic progenitor cells,
osteocytes, bone lining cells, osteoblasts, and osteoclasts.

Osteoprogenitor csll which are immature Mesenchymal Stem Cells (MSCs), are primarily
situated in the inner layers of both the periosteum (the outer membrane of bone) and the
endosteum (the lining of the medullary cavity). They serve as a critical supply line for osteoblasts
and bone lining cells. Meanwhile, bone lining cells, which assume a flattened and elongated form,
reside on the surfaces of quiescent or inactive bone tissuepaciiignlly against resorptive
activitiedMohamed, 2008psteocytes, the most abundant type of bone csituatedvithin

the lacunae and cénali units of the bone matrix arepresent entrapped osteoblaetese

terminally differentiated cellglay a pivotal role in loceled bone remodelling and
meclanotransductiofGoldring, 20150steoblastsyhich originate from osteoprogenitor cells,

are immature mononuclear cuboidal cells. Their chief function lies in the synthesis of the various
components constituting the extracellular m@@M) of bone this includes the secretion of
collagen fibres drfiurtherorganic elements of the bone matiirey also regueamineralistion

by releasing enzynsegh as tissuenspecific alkaline phosphatase (within matrix veiates)
facilitate the depositioof calcium and phosphate ions, and thus creatmgeites for
hydroxyapatite crystal formati@mderson & Reynolds, 1973; Boginal 2018)Osteoclasts,
multinucleated phagocytic cells with origins in the macrepbageyte progenitor lineage, are

the driving force behind the process of bone remoddtiygrespond to growth or ctging
mechanical stresses experienced by the skBtetargh attachment to the bone surface (known
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as the sealed actin ring), they create acidic microenvironments from which enzymes such as
cathepsins and metalloproteinases, as well as the acidntbefak down mineralised bone
matrix componentd.erner, 2012)

1.2.1.3 Bone remodelling

The process of bone remodelling is a sophisticated and indispensable mechanism for upholding
the structural integrity of healthy subchondral Gdneintricate cycle encompasses five pivotal
stages: activation, resorption, reversal, formation and tiemaine takes place over the course

of 120200 dayg§Agerbaelet al 1991)Orchestating these stages specialisd entities known

as Basic Multicellular Units (BMUSs), comprising osteoclasts, osteoblasts, osteocytes and bone
lining cellsFurthermore, it is additionatlggulated by an arraytoghly specialisesignalling
pathwayivolvingRANKL (receptomctivator of nuclear factor kapba | i/RANK/GPG
(osteoprotegerir{Boyce & Xing, 2008)

In the initial phase of activation, an abrupt external stimulus, often arising from microdamage
within the tissue, triggersite-specific response: osteocyte apop{Dsitaset al 2013) This

event leads to a losall reduction in the population of osteocytes expressing the OPG
regulatory decoy receptor. This reduction results in the diminished inhilgicbrgnefione
resorption processes. Consequently, with fewer OPG molecules in competition, the RANK
cytokine and RANKL receptor find increased opportunities for binding on proximal osteoclasts
and osteoblastgennedyet al 2014)This heightened association between RANK and RANKL
initiates a signalling cascade that ultimately upregstietetagt geng@ theNFATc1 master
regulator driving significant osteoclastogenesis and marking the commencement of the
resorption phag@oyce & Xing, 2007; KenkreBassett, 2018)

Thesenewly formed/differentiatedsteoclasts establish multiple sealed actin ring sites at the
damaged regipsetting the stage for the creation of an acidic resorption environment and the
subsequent release of specific enzymedglimgclDathepsiK and matrixmetalloproteinase

(MMP-9). These enzymatic actions lead to the swift degradation of the damaged bone, generating
mineraked matrix components asfiyducts of the reactigboleet al 2017)

Crucially, to avoid unnecessary or prolohged resorptiorgsteoclasts undergo programmed

cell death upon completing the recycling of a sufficient amount of damaggebkiree &
Bassett, 2018} his paves the way for the recruitmerttodli active osteoblasts and immature
mesenchymal stem cells. Through autocrine andirpamstimulation of TGR and B MP
growth factors, osteoblast differentiation and proliferation is indumedhg the onset of the
reversal stag€henet al 2012) Thesenewly formedsteoblasts embark on thathesis and
deposition of a newly formed, collageh minerated matrix(Atkins & Findlay, 2012This



process culminates in the assembly of collagen fibre bundles into structured bone tissue units,
either in the fornof compact Haversian systems or porous trabeculae.

1.2.2 Articular Cartilage

Hyaline articular cartilaigea layer of tissue found covering the articulating surfaces of bones at
joints and functions aslow friction gliding surface, progdesistance to mbanical impacts

and shock whilst also minimising peak pressure acting on the undetyingdnabbone layers
(Buckwalter. J. A998) It is 24 mm thick ands absenof blood vessels, nerves or lymphatics
(Fox. A, 2009; Shepherd & Seedhom, 1999)

1.2.2.1 Composition

Articular cartilage is described as-tkgelissue system and is able to lubricate articular joints
over a lifetime of movement cycles without succumbing to wear degradation. This can be
attributed to its specialised component structure, consisting of chondrocyte cells embedded
within a denseCM. In terms of the cartilage ECM, it is a complex network composed of several
specialised components including collaf@25% wet weight watern(7080% wet weight)
glycoproteins and proteoglyc#®l0% wet weight the latter of which are large moles

made up of central proteins linked with negatively charged glycosaminoglycans (GAG) side
chaing(Cdhenet al 1998)Interestingly, &pending on theigtancerom the articular surface,

the composition and structure of the constituents highlighted above changes. Specifically, this
takes the form of four distinct morphological zones: uperficialzone, the middle or
transitional zone, the deep zone and the calcified zone. The follagnagn inError!
Reference source not foundllustrates itsnorphological appearance.

Thesuperficial zone is the first and thinnest layer of articular cartia@eo(@Dthickness). It
contains collagen fibres (type Il) which are tightly packed and aligned parallel to the articular
surface This zone is densgbppulated withflattened chondrocytemdis in contact with

synovial fluid, thus providing sufficient nutrient supply and protextioe embedded cellular
material This layer is responsible for the tensile properties often associated with cartilage,
dlowing significant resistance to sheer, tensilevegiling pressuferces imposed through
biomechanical articulati¢frox. A, 2009)

Immediately beneath the sdijpéal zone is the transitional zone, which represents the largest
proportion of articular cartilage {8@% volume). This region acts as the functional interface
between the superficial and deep zones whilst also conferring added resistance tcecompressiv
forces. It is able to achieve this through the presence of large diameter collagen fibrils which are
configured in a fairly irregular fashion. Moreoaggrecan concentration increases in
comparison to the previous zone whilst the chondrocyte densiigsgs and becomes more
spheroidike (Fox. A, 2009)



The deep zone makes up the remaining 30% of the articular cartilage volurespamditsle
for providing the greatest resistance to compressivedgiges that the collagen fibrils are at
their widest diameter and that their arrangement is perpendicular to the articul@osurdace
2009) This zone also contains columnar orientated chondr@ndesnaintains digh
proteoglycan conte@dta factor which contributes to its load bearing functioné(ies &
Torzilli, 2016)
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Figure 1.2 - Schematic representation of the larger osteochdral environment with emphasis o
the extracellular structure of multizonal articular cartilage as well as the individual matri
collagen, and chondron componentsimage adapted froiNguyenet al 2021nd (Baumanret al
2019)under tte licence numbers 577831087 #8@05778700805645.

As shown inError! Reference source not foundthe tidemark underlines the boundary
between the deep zone and the calcified layer. Within the calcified layer, there is gradual coalition
of cartilage tissue with the underlying subchondral bone. This is mainly achieved through the
robust anchorage tife collagen fibrils to the bone surface and the conversion of chondrocytes

to a hypertropic phenotypdFox. A, 2009; Pagt al 2009)Hypertrophy alters the structure of
cartilage through the biomineralisation of hydroxyapatite crystals within vesicles budding from
hypertrophic chondrocyté3rimo, 210)

On a deeper leveachof the state@dones are comprised ohondron units; which specifically
consist of an individual chondrocyte and a pericellular (Redsget al 2006)In terms of the
pericellular matrix, this is a uniguieroenvironment comprised of tyjheand VI collagen,
proteoglgansfibronectin and biglycamhich envelopes the chondrocytgEediseet al 2006;
Pooleet al 1987)It specificallfunctionsas the critical communication interfaetveen the

chondrocyte and thdarger surroundingeECM system whilst also mediatiogllular
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mechanotransduction and the exchange of nutrients, oxygen and signalling (@oitaddes
al, 2006)

1.2.2.2 Articular cartilage function

Articular cartilage serves as a vital component in efficiently transmitting mechanical loads and
enabling smoothictionlesgoint motion, which is particularly critical consideringhtiztual

adivities such as walking can impose substantial load stresses, reaching up to four times the body
weight, on articulating cartilage joint regions like théXhewraet al 2012)This tissue's ability

to withstand such loads and maintain essentidbdaddg capacity is intricately tied to the
mechanism of biphasic lubrication.

The biphasic lubritian of articular cartilage is a sophisticated and dynamic process that relies
on its unique compositioas mentioned previouslZomprising a solid matrix primarily
consisting of collagen fibres and proteoglycans, and interatiitiatcupying the spas within

this matrix, articular cartilage exhibits biphasic behaviour in response to mechanical forces. When
pressure is exerted on the cartilage during activities like walking or joint movement, the interstitial
waterwithin its structure is expelledfradhe compressed regiofiatta et al 2008) This

expulsion creates a presearienvironment within the tissue, counteracting the external load
and contthuting significantly to its lohe&aring capacity. Crucially, biphasic lubrication also plays

a pivotal role in miniming friction and reducing wear during joint articuléforser & Fisher,

1996) As the interstitiakateris forced out during compression, it acts as a lubricant between
the sliding surfaces of the joint, facilitating smooth movement. This lubricatiiyesféecitial

for preventing detrimentalear that cdd occur if joint surfaces were to experience direct
friction.

Alongside interstitial water, chondrocsitessynovial celdso secrete the glycoprotein lubricin,

of which acts assecondarlubricantspecifically coatirgxposedrticularcartilage surfaces and
forming a molecular barrier tiiattherreduces friction and prevents adhesion between cartilage
surfaceqAn et al 2022)Finally,other lubricants present specifically in the synovial fluid
contribute to articular cartilage lubrication. These infiledeor boundhyaluronic acid,
phospholipids, and proteoglycans, which collectively enhance lubrication and provide additional
protection to the cartilage surfdéa et al 2022)In the case of hyaluronic aditis helps

maintain the viscosity and lubricating properties of the synovial fluid, while phospholipids and
proteoglycans contribute the formation of boundary layers and reduce friction during joint
movementLin et al 2020)

1.2.2.3 Chondrocytes and cartilage homeostasis

Cartilage is sparsely populated with chondrocyt@oellA, 2009vhich are responsible for
the synthesis, organisation and turnover of cartilage tissue, specifically with regards to large ECM
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components including type Il collagen and proteoglgBhasale & Richardson, 200Bach
chondrocyte is embeeid within its own localised microenvironment, the chondron, directing
specific ECM recycling whilst heavily restricting its own bilateral migration. As a result, cellular
turnover and proliferation characteristics remain remarkably low, and therafarsigmifizant

factor for which cartilage tissue possesses poor repair capacities in respong&aa.idjury

2009)

Healthy hyalineartilagds maintained via a delicate interplay of catabolic and anabolic cell
signallingnecharsms, which lead to the controlled degradation and/or synthesis the various
ECM components, respectiveiyg(rel.3) (Finnsonet al 2012) Chondrocytesontinuously

monitor the tissue's architecture and biochemical compositiowing for sitespecific
adjustments tthe cartilage B@ constituents depending on the mechanical and chemical need
within the joint space. This allows for the maintenance and replenishment of old with new tissue
(Buckwalter. J, 2008)must be noted howeviratcartilage remodelling primarily functions to
maintain tissue hteostasiwith large scale systematic turnover , as seen in bone remodelling,
not being possible in this environm@rbkotaet al 2011)or example, when activated

changes to its cellular microenvironment (soluble factors, oxygen levels ocahstkag)
chondrocytes produce inflammatory cytokines and chenibgpessfically interleukins (1A |

IL-6), Transforming Growth Factors (T@Paswell as matrix degrading enzymes such as
metalloproteinases andiggrecanaseqA Disintegrin and Metalbproteinase  with
Thrombospondin motifADAMTS) (GlynJonet al 2015)Many of these molecules influence

vital signalling and transcriptional activities of cartilage maintenance genes within chondrocytes.
Specificayl, as anabolic and catabolic regulators, cytokines suthAsllan-d T&R di r ec
affect complex signalling pathways resulting in changes in chondrocyte matrix metabolism
(Demooret al 2014)

IL-1 A i s sy nlyHy enmridmaytds biit alsp gyeoviocytesnd macrophagesthin

the synovial membrarfeaving direct influence on locally resident MSC differentiation and
lineage commitmen(oldring & Marcu, 2009y hrough binding to its receptor interletkin
receptor type 1 (HLR1) aignalling cascade is creatbich ultimately leads to the activation of
NFB. This transcription factor permiigpression of genes encodingtni metalloproteinase
(MMP) enzymesuch as the cataboMtMP-13 which activelyemove ageing or damaged
carilagematrix by cleavage of ndwelical telopeptides of type Il collagBilinghurstet al

1997) Crucially, nder normal homeostadavels of this cytokine importantly remain do

its expression tightly controlled.
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Figure 13 0 Influence of catabolic and anabolic cellular signalling and growth factors for t
maintenance and/or healthy turnover of cartilage tissud.NF: Tumour necrosis factor, TIMP: Tis
inhibitor of metalloproteinad&F: Insulin growth factor. Imagdaptel from (Demooret al 2014)

Due to the mechanessitive nature of chondrocytes, levels of activeTGE c onver t ed f
latent formhave been shown noarkedly increase when a loatgiscted by cells (strain below

20%, stress below 18 MRBpugauliet al 2012; Natenstedt al 2015) At this point, the

type |1 r
( T GF A&t acijvin receptelike kinas& (ALK5) cascade. This leatts downstream
translation bgenes specific foECM component synthesaticular cartilage maintenance,

associated intracellular signalling patfsniaitiated and results in theG F A

regulation of other inflammatory cytokirmscli adlL-1) and the inhibition of chondrocyte

hypertrophyFinnsonret al 2008)

1.3 Gradients of the osteochondral tissue

As illustrated in sectioh?.1and1.2.2 subchondral bone and articular cartilage are two highly
distinct and variable tisstypes, which possess functionally adapted characteristics at macro,
micro, and nanoscale levels. This includes high variability with regards to structural, biochemical
(cellular and matrix) and biomechanical properties within each of the tissues. Yet, when
amalgamated into one whole tissue system (as the osteochondral tissue unit), they act
synergistically, whereby each tissue relies on the other for functionally dependent support. This
relationship is achieved and maintained by a number of gradientsliideaescribed in more

detail below.

1.3.1 Structural gradients

Osteochondral tissue functions effectively due to the presence of axial gradients along its

structure, specifically with regards to natural tissue porosity, pore size and pehméwebility.
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aricular cartilage region, the distinctive composition of collagen and aggrecan ECM proteins
create a géike tissue with an overall porosity ranging fro8680.Here, pre sizes fall within

the range of -B nm in diametegruciallyremaining open and @ntonnected, enabling the
diffusion of smalsized nutrients and waste prod(&tssariet al 2019)Despite its low overall
permeabilitypermeability gradients alswist across different cartilage zones. For instance,
Boschettet ateported permeability value®@&3x106, 8.01x1@and 7.11xI®m4/Ns for the
superficial, transitional, and degjrularcartilage zones, respectiyElBoschettet al 2004)

In the subchodral bone region, these axial gradients undergo further modifications. The
subchondral bone plaseahighly compact and hard cortical tissue characterized by lower overall
porosity (830%) and larger pore sizes- @30 OQm) compar edrcartdaget he u |
region(Ansariet al 2019) The final trabecular bone layer then exhibits a unique structural
composition marked by varying levels of compactness, ranging-8@¥ g6rosity and pore

sizes spanningb0 0 in d@ameter. This intricate gradient in porosity and pore size ensures
optimal nutrient exchange and mechanical support throughout the osteochondral tissue structure
(Ansariet al 2019) Significantly, permeability irit such bone regions is also increased to an
approximate value of 2 Xt0%/Ns (Martinet al 2007)

1.3.2 Cellular and matrix gradients

Osteochondral sle contains a variety of cells and matrix components throughout its distinct
layers. This includes osteoblasts, osteoclasts, osteocytes, bone lining cells and mineralised type
collagen within the bone layer, hypertrophic chondrocytes and mineralisedltggen within

the calcified cartilage layer, and primary chondrocytes embedded within type Il collagen and
proteoglycans within the articular cartilage (Msgerget al 2022)Significantly, in terms of the
transition from trabecular bone to the corboale plate, it can be said that no obvious cellular
gradient is present. In contrast, within the articular cartilage tissue unit, several gradients exist
specifically with regards to cell distribution and size. Firstly, concerning chondrocyte cell density,
it has been found that chondrocyte numbers (per unit cartilage volume) decrease markedly when
transitioning between the respective superficial, transitional and deep zonés1(23@0

7,700 cells/mA) (Quinnet al 2013) This amounts to a 59% and 67% decrease in overall cell
density and is indicative of the zonally specific functional requirdmentsigher density

regions being more resistive to shear forces whereas low density regions allpve$siveom

force propagation via the higher proportion of zonally deposited matrix components. Secondly,
in addition to cell density changes, there is also graded variation in the size of chondrocytes within
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the articular cartilage tissue unit, with celblitaensions increasing and becoming more
elongated from the superficial layer down towards the deepiganeld) (Fox. A, 2009)

4 & Flattened chondrocytes Bhondrocyted
¥
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¥ \”””"ﬁ"rsﬂk b kg\nyv_’ Parallel-oriented CN:"'U”
4 & & Collagen Fibers oaegeo

Water
A\ 0, : Randomly-oriented
» ' .
j \ \ \ Collagen Fibers

Rounded Chondrocyles

LA

Collagen Fibers

* — Tide Mark

Hypertrophic
. Chondrocyte

GAGs
Stifness
Fiber Diameter
Chondrocyte Siz

Subchondral Bone

Cancellus Bone

Figure 146 Graphical illustration of the various cellular (chondrocyte) and matrix (collagen fibre
proteoglycans, water) gradients found within the osteochondral tissue compartmeiiiaken fron
(Zhouet a.2020under licence number 5658290205623

The composition and arrangement of cartilage ECM gradually changes according to proximal
location to the articular surface or the inner cortica begions. The cartilage fluid phase
(interstitial water and electrolytes) shows zonal gradation, with superficial regions possessing
upwards of 80% total water content, in comparison to only 67% in the deepigaress4)

(Crollaet al 2022; Maroudas & Venn, 197Fnctionally, this graduated decrease appears
inherently linked to the need for extensivel@ehutrient supplies in the upper regions as well

as allowing for mechanical load distribution and finally providing lubricative properties. With
such properties becoming less essential upon increases to tissue depth, the proportional fluid
phase decreasdurther throughout the calcified cartilage layers and eventually into the
subchondral bone region, where water content is as lo@52 (Burowieet al 2022)

Gradients are present within the solid phase of the cartilage ECM. The superficial cartilage zone
contains the highest density of collagen (yp&86% of the zonabtlry weight and is
characterised specifically by the presence of thin component filB8sn(B0in diameter)

packed in a dense and parallel orient@ogariet al 2019) This direction determés the

greatest tensile and shear stre(®jtosale & Richardson, 200@pving into the transitional

zone, collagen type Il fibril density then decreases, appearing marginally more diffuse over the
larger overall zonal area. Furthermore fibril diameter increases with depth whilst asseming a mo
angular conformatioifhe deepzone displays a further reduction in collages Il content,

with these fibrilaow constitutingonly67% of thezonaldry weight. Notably, the collagen fibrils

in this zone are the largest, ranging from 40 to 80 nrarretdr. They are arranged

perpendicular to the articular surfageh functional emphasis on the reinforcement between
12



the cartilage and the underhgngchondrabone(Figurel.4) (Ansariet al 2019)In terms of

the calcified cartilage layer, the proportion of type Il collagen decreases further in this zone (only
20% zonal dry weight) and furthermore begins transitioning towards a mineralitgpephe
(Zhanget al 2012)At the subchondral bone region, no collagen type Il is present with bone
tissue instead being composed of misedatollagen type | fibres.

Alongside a gradient in collagen content, it is further found that the proportion of and type of
proteoglycans can also differ along the articular cartilage depths. This is illustrated firstly by their
apparent zonal dry weighcrease from the superficial region to the transitional region (15%
25%) before diminishing marginally in the deep region (20%ariet al 2019) The
predominant proteoglycans in the superficial zones are thie deddriglycan subtypes whilst
aggrecans are found most concentrated in the dedp\aideRuggieraet al 2023Ansariet

al, 2019)

1.3.3 Biomechanical gradients

The mechanical properties of the osteochondral tissue also vary because of the structural, cellular
and natrix gradients presentd compessive modulus of articutartilageegionsgradudy
increasefrom the superficigl0.02 MPajo the deep zong.44 MPj and the compressive
strengthincreasesom 0.005 to 4 MP deeper calcified cartilage lag@ompressive modulus

of 6 GPa is exhibited, a clear indication of the mechanical strength imbued by mineralisation
processed.he subkchondral cortical bone plate exhibits a Young's modulus ranging-28m 16
GPa, whereas it falls within the range2Pa for the trabecular ba@eigat & Schorlemmer,

2006; Gibson, 198%urthermore, the compressive and tensile strength of the corticédteone p
measures 138Pa and 480 MPa respectively, contrasting witHOGbMPa and-20 MPa in

the trabecular bone laydtawson & Czamuszka, 1998; Roedetr al 2008; Suchanek &
Yoshimura, 1998)

1.4 Osteochondral defects and postraumatic OA

1.4.1 Classification

An osteochondral defect can be defined as a localised lesion in which severe destruction and
alteration occurs within both the articular cartilage archentral bone units of articulating
osteochondral tissy€hou et al 202Q) Often this can be as a result of sudden stimuli of
mechanical origin (hyperphysiological blunt trauma/ repetitiveisgvenicrotrauma) or
underlying biological factors (i.e. osteochondritis dissecans or osteoact@sig) pccur in

joints such as knee, ankle and(fippmaset al 2017) Post injury symptoms are generally
progressive with pain, swelling, severe inflammation and loss of matiditgialindicators

which materialise quickly after defect cre@owellet al 2021)
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Given that the symptomatic presentation of osteochondral defectsrefesalyles that of
partial or fulthickness chondral defeci®.(lesions which stem only as far as the calcified
cartilage layer), clinicians utilise macroscopic evaluation techniques in combination with a
standardid classificatiosystem to fully chacterise individual lesion sevdf@grbachovaet

al, 2018; Mithoefeat al 2015) The Outerbridge system and the ICRS (International Cartilage
Repair Society) grading stalee been used specifically fiis purpos@ with both generally
discriminating on account of lesion size and {8fttery & Kweon, 201&)espite the ICRS
system being the most recently formulatedngradale (established by Brittberg and Winalski
in 2003(Brittberg & Winalski, 2003t is now widely regarded as a gold standard classifying
system, specificalbaturing five grading levels ranging froom @armalissugto 4 or severely
abnormallDe Larochet al 2018)Examples of these gradings can be fouridumel.5. Due

to the disruption and destruction to the-shbndral bone layer, osteochondral defects are
defined solely as ICRS grade 4 lesions.

ICRS Grade 2 ~ Abnormal
Lesions extenaing down 1o <50% of cartilage depth
ICRS Grade 0 - Normal

ICRS Grade 1 - Nearly Normal ICRS Grade 3 - Severely Abnormal
Superficial leslons. Soft indentation (A) and/or superficial fissures and cracks (8) Cartilage defecls extending down >50% of cartilage deptn (A) as well as down to calcified layer (B) and down 1o
but not through the subchondral bone (C). Biisters are Included In this Grade (D)

Figure 15 8 Graphicalillustration of various degrees of cartilagand sub-chondral bonelesions
according to the ICRS grading systemTaken from théCRS Cartilage Injury Package.

1.4.2 Post defect tissue response

In previous sections, it was discussed how intricacies indispasition and cell signalling of

both articular cartilage and-sliondral bone lead to healthy maintenance and turnover, allowing
the articulating joint to remain functional over an entire lifetime. However, upon subjection to a
hyperphysiological traatic stimuli, the delicate homeostasis can become skewed, leading to
inappropriate activation of catabolic factors, which induce degradation and lead to system wide
loss of function. This runaway effect can ultimately result in the condition known as post

traumatic osteoarthritis (PTOA).
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The pathogenic mechanism of PTOA following an osteochondral lesion usually proceeds
according to three phases, the immediate phase (relating to the causative mechanistic event), the
acute phase (relating to associatedes and inflammation), and finally the chronic phase
(relating to end stage joint pain and dysfundtiowgrset al 2022) As such, the acute phase
proceeds directly after the supraphysiological trauma, and can be characterised by the significant
loss of integrity of chondrocytes within the damaged r@®pgajet al 2010) This cellular
destabilisation results in an influx of calcium ions into the joint space, leading to substantial waves
of adjacent chondrocyte apoptq®4d.imaet al 2001) During the apoptosis process, such
chondrocytes release unique inflammatory mediators suetfaanid [1 AHe et al 2018)

These bind to their associated receptors capaptotic chondrocytes and begin the previously
describedNF«B signalling cascade. The final result b#iaginduction and subsequent
expression of catabolic MMPG6s (MMP3 and MM
breakdowr{Klatt et al 2006; Liacirt al 2003)

Alongside this, trauma associated damage can also lead to changes to the synovial tissue and sut
chondral bone layers. Here, local chemokines as well as individually released cartilage matrix
components sucflycoproteins, proteoglycans, or GAGs act as damage associated molecular
patterns (DAMPS), and therefore can induce an innate immune response in the form of the
polarisation of resident synovial macroph@@esrset al 2022) Through toHike receptor

activation, the immune cells upregulate similar inflammat&grsnegleasing more or less the

same catabolic factors into the region whilst further promoting joint inflammatory processes. Of
these,IlA particul arly has s p-ehondral boaalayersgwhersby wi t h
its receptor binding wittxgosed bone cells leads to promotion of osteoclastodBrilesiet

al, 2023)As a result, an inflaf bone remodelling cells can be observed, with bone resorption
presenting as a common earig stage PTOA indicatdfigurel.6).

In the final chroit phase, of which may last months or years, progressive synovitis, hemarthrosis,
osteophyte development and fibrosis of the joint capsule are all commonly presented and the
causative factors for the severe joint pain and overall dysfunction preseatbdRiiley et

al, 2023)
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Figure 16 8 Schematicillustration of the crosstalk between cartilagesub-chondral bone, andthe
synovial tissue in the pathogenesis of PTOAL) Traumatic injury resulting in the formation ¢
osteochondral defect. As a result of such injury, large scale chondrocyie apdptesrosis occurs
Mitochondrial dysregulation of adjacent chondrocytes results in the release of inflammatory m
6), of whichstimulateshe production of catabolMMPs 4) Simultaneously, trauma associated ¢
to synovial tissuedds to resident macrophage polarisation 5) of which can cause the prodi
release of further catabolic fact®idR-a , -1 1AL &)rintb the dynovial fluid. Ultimately, the pres
of such factors induces wisleale cartilage degradation akagethe induction of stdhondral bor
remodelling. 6) Extensive cartilage and bone remodelling favours the progression of in
behaviours restricting reparative mechanisms. TakefDitlayet al 2023)

1.4.3 Symptoms of posttraumatic osteoarthritis

In unfortunate individuals who experience severe osteochondral lesions, the pathogenic process
outlined above can be considered the most likely disease pathway if interventions are not sought.
Characteristically, in these scenarios patients will ultimately present with classical degenerative
osteoarthritis symptoms including pain (both activity relatatrast), joint stiffness/instability

and reduced overall articulating range of mfflanteret al 2008)In these cases, the pain
presents early due to direct exposure of thehanugral bonaegions and is then further
exacerbated upon the triggering of inflammatory processes, synovitis and downstream bone
degeneration. Furthermore, through actions of said inflammatory mediators, primary afferent
nerves previously considered -pooblematiclater become aggravated and highly sensitised,

meaning even gentle physical activities elicit discomfort afidiupaémet al 2008)

In contrast, being an aneural tissue, the progressivetiestofi the solid phase articular
cartilage regions has less significance with regards to the symptomatic pain experienced by

patients, however it does play a substantial role in the presented biomechanical tissue

dysregulatioMansour, 2003)

Firstly, as a direct outcome of the hyperphysiological load, the proximal articular cartilage
becomes heavily damaged, and as a result assumes a more disorganised and swellec
conformational state. At the molecular level, this is characterised bydfibGiMtaetworks

whereby the collagen fibres appear ruptured and matrix associated GAGs are rap{Bly cleared
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Miccoet al 2004)Crucially, in this state, tensile modulus properties are reduced by up to 90%
whilst its compressive modulus is also heavilytedpdious impairinthe tissue's ability to
withstand and transmatny additional compressive loads post trgdkiauki et al 1986)
Furthermore, load associated chondrocyte apoptosis and the progressive diminishing of local
proteoglycans result in heightened collagen type | deposition in compatisomure
functional collagen type Il previously found in healthy hyaline articular cartilage, leading to stiffer
and thinner matrix being deposited within the injured area, which possegstanaullastic
modulugSilveret al 2002)This ultmatelymeans future mechanitd may not be properly
dissipated and in fact are transmitted follhe subchondral boneAs a resultsignificant
structural alterations take place within both thetsaridral cortical bone plate and underlying
trabeular bone layers including bone marrow oedema and the formation of periarticular

osteophytefGoldring & Goldring, 2010; van der Kraan & van den Berg, 2007)

1.5 Current treatments for osteochondral defects

Although epidemiological data is sparse comparing knee, ankle and hip PTOA, it is generally
accepted that knee PTOA is the most prevalent of the three woflaidet al 2023)

Naturally, multiple knee jbispecific surgical approaches have therefore been reported which
have aimed to treat the condition, at various stages of its disease pathway.

In chronic late stage PTOA cases, in which large scale osteochondral tissue degeneration has
occurred, the mosppropriate treatment option is a total knee replacd®emenkeet al

2014) Typically tts involves the majority of the articulating joint being replaced with a metal
prosthesis being implanted. TKR3®ds have prov
patients (> 70 years old), with significant improvements in knee functionignof djiebeing

observed post operation, whilst significantly its survivorship remains in the region of 95% when
collectively analysed after 10 y&zmnovas & Dagneaux, 2018;dtal 2023)However, in the

case of younger more active individuals who present with late stage osteoarthritis, TKR outcomes
have been less favourable, with higher rates of complications and increased risk of revision often
observed in the firstB) years post opion (Julinet al 2010) Iterative revision surgery is
particularly debilitating with additional bone alteratitarsrequired to accommodate occlusion

of new implants, leading to substantial bone loss and compromised bone quality. Moreover,
revised TKR&s may not achieve s am@onmamtyv el of
al, 2022)Although several contributing factors have been proposed, the overriding mechanism
appears to stem from the higher physical denpdacksd on the implants by said patients
resulting in faster than anticipated fa{lunsina & Katz, 2012)

It is therdore recommended that alternative treatments are sought for younger patients, which
can be applied in the early stages of the disease timeline, thus delaying the onset of severe

degradative pathologies and the consequent necessity for total prostivetitianteFor
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osteochondral defects specifically, such treatments include: microfracture, mosaicplasty and
autologous chondrocyte implanation..

1.5.1 Microfracture

The strategy of microfracture was first coined by Steatlialawwho put forward the idea that
precise drillingf microholes at the site ofsanall osteochondrigsion could induce a degree
of sitespecific repai(Steadman. JR, 199%pecificallythroughusing an arthroscopawl,
multiple fracture holes roughi 3nm apartan be generated at the lesion site. Theiesavi
penetrate into the suthondral bone plate (approximatetgrd depth), and importantgads

to underlying bone marrow infiltration, without disaupdfsubzchondral bone plabetegrities
and supeclot formation(Bhosale & Richardson, 2008)doing soendogenous bone marrow
mesenchyal stem cells (BMSCs)contained within theuper clotan adhere to and fill the
defect, before undergoing diffietiation to form new articular cartilage and bone tiSgueg(

17).

Despite a healing response being activated via the above process, the resulting neotissue that is
deposited is often in the form of fibrocartilage rather than the desired hyaline phenotype, which
possesses less durability and is generally consideredhdrimakgc inferioBhosale &
Richardson, 2008; Howetlal 2021)Furthermore, the repair tissue possesses homogeneity with

no evidence of the cellular, matrix dridmechanical gradients indicative of natural
osteochondral tissue. As a result of these two factors, load induced degeneration occurs in the
period possurgery and ultimately the reoccurrence of joint dysfuiditbhneferet al 2009)
Furthermore, in the case of the repair of larger osteochondral lesions (bétarg@nitzhas

been suggested that microfracture is largely inef{€ttimaltengwendéordonet al 2020)

Haematoma Articular cartilage

Osteochondral
lesion

- Calcified
cartilage

Bone Bone marrow

Figure 1.7 8 Graphical illustration of the surgical procedure known as microfracture for the rep
of osteochondral lesions.l(eftimage) shows the precise creation of multiple-hmdes within a defe
through the use of an arthroscopic awl (and dRight imagé demonstrates the formation c
haematomauperclot, of which contains reparative bamerow derived MSQRightimageaken fror
(Hunzikeret a12015with permission from Elseviander licence number 5658680567026.
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1.5.2 Mosaicplasty

Mosaicplasty was first reported in91B9 Kish and Hangodys a potential method for the
treatment of osteochondral defégtishet al 1999)It utilises the concept of autologous tissue
transplantation, whereby cylindrical osteochondral plugs are isolated from a heaighton
bearing region dffie articulating knee joint and consequently transplanted onto various locations
within the defect sitBhosale & Richardson, 2Q008gure1.8 provides an example of this
procedure. Thenan benefitof its useinclude the vast coverage afesion withhigh quality
autologous tisswehich possesses natural osteochondral tissue gradients. With the provision of
such gradients, functional biomechanical tissue properties (such as contpeegtive s
viscoelasticity and load transmission) can be critically restored to this defg@ateginn

2011) Additional advantages include high defect coverage (up to 90% of thstdbfegiess

fit of transplanted tissue (without the need for additattachment additives), and the fact that

the operation is a single stage arthroscopic day prq@&thsale & Richardson, 2008; Hildner

et al 2011; Shah. M, 2007)

l

Osteochondral
plugs taken and
transplanted into
cartilage and/or
bone lesion

Figure 1.8 8 The mosaicplasty surgical concept in which osteochondral plugs are extracted fr
non-weight bearing regions and implanted into the lesion sitéAdapted fron{Barthaet al 2006)

However, considerable amount of the literature also details several adverse consequences
associated with this procedure. Firstly, it has been stated that the act of removing osteochondral
tissue from healthy naveight bearing joint sites destagemparable amount of healthy tissue

the surgeon would be attempting to frestding to severe donor site morbigtynziker,

2002) Furthermore, the procedure itsele@hnically challenging, requispgcialised surgical
equipment and can only be used in certain contexts (e.g. patellar defects often untreatable)
(Bentley, 2004In terms of quality of integration and repair, this process is not held in particularly
high regard. The mosaic plugs often fail to intdgtetallyvith native cartil@whilst the space

between the plugs is filled with fibrocartilage. Synovial leakage can also occur resulting in cyst
formation(Bhosale & Richardson, 2008)ditionally, upon analysis of the donor sites, it has

been identified that chondrocytes undergo significant degeneration in thetpesadyefy

whilst formation of osteophytes is also com(Kan et al 1991)
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1.5.3 Autologous chondrocyte implantation

Due to the ability of chondrocytes to deposit new cartilage matrix, a cell based method known
as autologous chondrocyte implantation (ACI) was proposed for osteochondral defects. This
approach wafirst reported by Brittberg and can be separated into two distindBsitigesy

et al 1994)The first stage involves the debridement of the osteochondral defect site followed
by the harvesting of a @.5cm norweight bearing full thickness articular cartilage biopsy.
Chondrocytes from ih healthy tissue sample are then isolated and exipanide@entleyet

d., 2012)After 35 weeks of cell culture (ensuring cell phenotype is maintained), the second stage
is carried out. This comprises thanplantation of chondrocytes into the defect site and either

a periosteal autograft or a porcine collagen mentiwiaigeapplied to enclose the defect. For
effective surface fixation, sutures and/or fibrin glue are added around the defect circumference
in a final stepOzmeriget al 2014)Under optimum conditions-@3weeks unload, 610 weeks

minimal mechanical loading), transplanted chondrocytes gradually deposit cartilage ECM within
the osteochondral defect, which can in some cases develop intdikeyalarélage tissue
(Brittberget al 1994)A followup study by Oguret alminimum 2 years) looked at the ghbilit

of ACI methods for osteochondral defect repair (chondral lesiam,60ne defect area of

1.7 cr). In the sample set of 15 patients, it was found 83% of patients illustrated complete defect
filling (Oguraet al 2019)

Despite havingmelatively high success thgre remains limitations of the use of ACI for large
osteochondral defect repair. This includes firstly the requirement of a prolonged treatment
process with two major surgical interventions at multiple sites, as @thntzkdret al 2015)
Secondly, the loqgpstoperative recovery time (taking2ldmonths for biomechanically stable
neotissue to be fully integratg&@Briet al 2009)Thirdly the high cost, with a full ACI procedure
generally costing upwards of $14,400 per p@ilargt al 2005)And fnally, the failure to fully
reproduce the osteochondral gradient tissue environment. Despite the appearancékaf hyaline
cartilage within the central defect, it has been reportetikigbcartilage can form on the outer
edges of the membratigsue iterface with subptimal functional properti€®zmeriget al

2014)

Based on the pidinical and clinical outcomes of the three surgical treatment methods discussed
in sectionl.§ it is clear that a cesffective, high quality, gradient tissue producing strategy for
osteochondral defect repair remains elusive. The approach of tissue engifezeriag
promising avenue for ercoming these challenges. By combining biomaterials, cells, and
signalling factors, engineered scaffolds can be designed enchiiaoditatéhe recapitulation
of the native tissue environment, providing a platform for controlled and effectivad
cartilage regeneration. Pursuing tissue engineering strategies holds the potential to address the
shortcomings of traditional approacheseriofy more reliable, persoredis and durable
solutions for the repair of osteochondral defects.
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1.6 Osteochondral tssue engineering

The field of tissue engineenmgs first defined and presentedRbpert Langer and Joseph P.
Vacanti in their seminal report in 192anger & Vacanti, 1993Jhey defined it aan
interdisciplinary field combinirtige ideas ophysiology, cell biology & gene therapy with
biotechnology and material engineering in the hope of developing medical therapies and
innovations whichave theapability to restore, maintain, or improve the functional capacity of

a tissue or orgaBince then, the field has developed exponentially, with developed approaches
following an established paradigm involving the use of biomaterials, cells, and
inductive/regulatory stimuli, which work in tandem to bring about a full healing response to an
injured region specifically lacking the capacity to spontaneouslighedl ) (Parveeret al

2006)

Biomaterials

Natural polymers, synthetic
polymers, ceramics

Cells attach and
migrate into scaffold
which supports cell
growth, proliferation

and matrix
deposition

Facilitate growth
factor delivery

Tissue
Engineering Regulatory

’ ‘ signals

Cells

0990

Autologous, allogeneic, cell _ Growth factors, chemical

lines, primary cells compounds, mechanical stimulus
Induce cell

differentiation and
tissue formation

Figure 1.9 0 The threeinterlinked components which encompass the tissue engineering triad
Adapted fron{Murphyet al 2013

The most common tissue engineering process takes place as follows: 1) a patient presents with a
sitespedic injury or defect, 2) a cellular sample is obtained from the patient and drpanded

vitrg 3) the expanded population is homogeneously seeded throughout a mechanically supportive
structure (known as a scaffold), 4) thdam#in construct is then tsgphanted directly into the

defect site, whereby repair then engfleshekar & Kandasubramanian, 20MNjturally,
variationshave been developed, includingfedl and scaffolftee strategies, which may be

applied depending on the nature of the defect in question. In terms of this thesis however, cell
free approaches will be particularly acknowledged and discussed deggigagpecifically for

their application in osteochondral defect repair.
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1.6.1 Biomaterial composition

As part of the tissue engineering triad, the biomaterial scaffold represents a vital component
without which a full and powerful tissue repair responsenmaydroceed. Within the field, they

can be represented as 3D sponges, hydrogelsowem fibrous constructs, electrospun or
woven structures or as 3D printed systems. In terms of their function, these biomaterials
inherently provide 3D environmentsathallow for endogenous cellular recruitment, adhesion,
infiltration and growtRamzaret al 2023)Moreover, as a result of their unique natural tissue
mimicry (via chemical or mechanical cues), it is possible large and interconnected cell populations
can be established, which over time gradually begin-aogari§e and differentiate, thus
facilitaing new healthy bone and cartilage tissue deposition within and surrounding the implanted
scaffold syste(Berthiaumet al 2011)Significantly, as such eyt would be implanted within

a living articulating tissue environment, it is crucial that they possess not only appropriate cell
adhesion abilities, but also have a good degree of biomechanical strengtleigiabdity,
norrimmunogenicity and biodadabilityDhandayuthapasei al 2011) Additionally, for the

purpose of osteochondral repair, scaffold wide osteoconductivity is considered paramount
(Ramzaret al 2023) Furthermore, structural parameters including pore size, porosity, and
geometry must also be considered due to their roles in influencing cellular adhesion, nutrition,
behaiour and fate. Such parameters can also affect overall mechanical properties of the scaffold
system. This specifically includes the -tHdeelationship between porosity and overall
mechanical strength, whereby highly porous systems generally haveealeskieal properties

in comparison to an equivalent biomaterial system with lower bulk jDiogist al 2014)

meanig a fine balance must be struck throughout the biomaterial, thus allowing for the ultimate
formation of high quality end stage functional repair tissue.

With these factors in mind, various scaffold formulations have been proposed, which are made
up of eitker naturally occurring or synthetically manufactured constituents.

1.6.1.1 Synthetic polymers

Over the last 30 years, many different synthetically formulated polymers have been exploited with
remarkable success as medicinal treatments, with several Food AdchDistgation (FDA)

approved uses in fields such as orthopaedic fixation, ligament augmentation and as components
of vascular stenfMaitz, 2015)Due to possessing a large number of advantageous traits,
including strong biocompatibility, biodegréditfaland scalap manufacturing potential, many

have been recently earmarked for translational use as 3D osteochondral tissue engineering
scaffold§Makadia & Siegel, 2013)ichderivatives include poly(glycolic acid) (PGA), poly(lactic

acid) (PLA), poly(lactoo-glycolic acid) (PLGA), poly(vinyl alcohol) (PVA) and
poly(caprolactone) (PClda Silvaet al 2009; Tiaet al 2023; Wei & Dai, 2021)
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A s -hydlroxy acid containing polymers, PLGA and PLA have undewusiderable testing as
potential bone and cartilage scaffold systems, with researchers significantly producing scaffolds
with tuneable biodegradation profiles which coincide witHadssll osteogenic and
chondrogenic neotissue formation réfdala, 2007)Furthermore, upon the existence of an

ester bond linkage within the polymer chains, the biomaterial can be subjecteuiztowaiic
hydrolysis, which crucially producestooit degradation produ¢ilacest al 2009)

Further advantages of synthetic polymers is thealility and applicability across a range of
fabrication techniques, with polymer blend solutions being highly suitable with systems such as
fibre bonding, electrospinning and additive manufac(lrirghenet al 2023; Mikost al

1993) In the case of electrospinning, polymer fibrous meshes can be reproducibly manufactured
with speed, accuracy and precision, and crucially can be generated to resemble gradient structura
architectures of native EGMhouet al 2018)This includes in some cases the ability to adjust
polymer fibre diameter, orientation and overall scaffold pad@deagure highly relevant whe
considering the gradient compositions observed in natural osteochondral tissue.

Recent technological advances in additive manufacturing techniques have seen a recent surge ir
reported examples of synthetic biomaterial scaffolds of which possestitrutuscstructural
variabilitieqLi et al 2021) One of these methods, 3D printing, has been especially popular,
owing to its ability to firstyenerate a computer aided predictive digital model of the scaffold in
guestion, which can be easily modified and altered, before then being physically replicated in lab
settings via controlled deposition of fluid bioinks. One such example is that bgdoirtaca

et al who were able to fabricate 3D printed scaffolds with continuous pore size gradients
throughout its entire scaffold b(lk Luca, Ostrowskat al 2016; Di Luca, Szlazekal 2016)

Their unique cylindrical scaffold, formulated via fused deposition modelling of poly(ethylene
oxide terephthalate)/poly(butylene terephthad&dek cepolymer, consisted initially of small

pore diameters (500 Om fibre spacing) whict
new fibre deposited, up to a final large pore diameter ofQIH00 | nt er est i ngl vy
gradient and negradent scaffold seeding and culture of hMSCs in osteogenic media, it was
found that overall cell differentiation into osteoblasts was enhanced (12 times increase in alkaline
phosphatase (ALP)) specifically in favour of the gradiented iteration. Moreovemilgron

culture in chondrogenic media, it was further identified that chondrogenesis could also be
increased, but significantly in an inverse direction, whereby smaller pore regions specifically
induced the greatest amount of GAG produdfigin_uca, Ostrowskagt al 2016; Di Luca,

Szlazalket al 2016)

Alternative continuous deposition ggeses have also been utilised to generate structural
gradients, with several commercialoromu s e manuf actured oO0gradi ent
In these examples, a minimum of two separate reservoirs are established which continually feed

bio-ink or géatable solutions into a single joined outlet, of which can then be extruded and cast
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within scaffold mold@.i et al 2021)Significantly, by using pumps which control the relative

flow rate of each reservoir solution, it is possible to generate highly unique structural gradients
over the resulting scaffold bulk, upon its casting. This idea was specifically applied in a clever
proof-of-concept eport by Constantini and colleagues, of whom developed an adjustable valve
based flow focusing outlet system. Within this system gelatin and nanoHA reservoirs were
combined with a controllable-hirbble generating valve, thus allowing the creatioreaiengr

3Dfoaml i ke scaffold crucially with pores rang
biological and mechanical characterisation remains untested as of this thesis, such a uniquely
controllable scaffold holds significant potential, allowingtfonly structural gradients but also

the inclusion of active biolog{€ostantinet al 2019)

However, several drawbacks are present with the use of synthetic scaffold biomaterials, in some
cases stopping its wisigread adoption as a 3D osteochondral scaffold matrix. Firstly, as they
are artificial polymers, they are considered mostly bioicldrig lenherent cellular binding

motifs as well as any natural ECM comporientg. Cheret al 2023)Furthermore, polymer

chains often possess high hydrophobicity, which when combined with the previous limitations,
produces a system which is somewhat restrictive to large scale cell attachment and thus the
effective deposition of bone and cartilage m@&idiquiet al 2018)As a result of this, it is
commonly reported synthetic polymers undergoing additionalotimening modification

steps, such adagma treatment, or simply having them be incorporated as part of a larger
composite biomaterial with knowagllular adherence capabilitienget al 2002)Regrettably,

one davnfall of the continuous structural gradient scaffold approaches described above is their
distinct lack of prelinical data, with most systems appearing to be at an earbf-poraiept

stage with onliyrvitracellular and mechanical tests generally teported.

1.6.1.2 Natural polymers

Given the substantial recent advancement in biotechnological isolation and purification
methodologies, it makes considerable sense to formulate reparative scaffold systems from
naturally occurring constituents, particuiidgssible with those found inherently within the

ti ssue thatoés aiming to be repaired. For os
for biomaterial frameworks to contain one or many of the previously described cartilage and
bone matrix coponents, with specific examples including the generation of collagenjtiyaluron
acidand hydroxyapatite 3D systdisensicet al 2022; Bernhardt al 2018; Magalhaeisal

2014; Parist al 2020) Additionally, several other natural polymers have been identified for
potential use as a scaffold through their high degree of stryotonatry with the natural bone

and cartilage ECM environment. This includes polymeric protein and polysaccharide hydrogels
such as gelatin, fibrin, alginate, agarose and chitosan, as well as solid scaffoldsasuth as silk
silk-fibroin (Alves da Silvat al 2010; Let al 2017; Macintosét al 2008) Through having
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ancestral native/organic chemistry, these polymers primarily offer excellent biocompatibility
profiles, with low level cytotoxicity, lammunogenicity and good biodegradability also
characteristically observed. Furthermore, they also often possessdahdenadherence

whereby cell recognition and attachment motifs are expressed on the scaffold surfaces, allowing
for cellulamattabimentand subsequent differentiation and downstream matrix deposition within

the 3D environmern(O'Brien, 2011)

Among thes, collagestands out as a highly populatural polymefior osteochondral tissue
engineeringpproachesn these examplesynified collagen type | and type I, derived from
various sources including mammalian, amphibian, fish, and marine tisduee lidiked to
specifically craftet hydrogels or 3D nanofibrous framew@lenget al 2022)Interestingly,

eally endeavours withuchpure collagen, however, revealed challenges relateaffodd
fragility and degradation saterompting the incorporation of crdsking steps into the
fabrication process(Zaneti et al 2013) Through such modifications (physical or chemical),
next generation 3D collagen cdadsed scaffolds have since been formulated with enhanced
durabilitieand mechanical strengithVhen combined with its other inherent propertiesasuch
good hydrophilicity, cytocompatibility and the presence of amino acid sequence motifs for cell
adhesion, they represent highly promising candidates for tissue repair bigbaigrialky,

2016)

Another highly promsing avenue involves the use of polysaccharide hydrogels, which are an
important class of natural polymeric materials widely found in plants, animals and micro
organisms. They are generally defined as repeating monosaccharides bound by a glycosidic bonc
ard can possess highly variable physicochemical properties, specifically dependent on their
inherent organic chemistry and functional grid\nrasamudhaat al 2014)In the case of tissue
engineering hydrogels, examples can be found utilising positively charged chitosan
polysaccharides, negatively charged alginate and the electroneutréliagetrede2008)

Crucially, each is able to assemble into highly interconnected 3D hydrogel structures from their
agueous solutions, either through ionic, covalent or physisdinking processgdinet al

2021) When in their crodmked gebtate, they are able to mimic the inner environment of the
osteochondral ECM, specifically exhibiting not only water swelling and viscoelastic behaviour,
but also good biocompatibilities|lular adherenead favourablegoosity. This is significant,

as they can all promote and facilitate endogenous cellular retention, adhesion, migration and
differentiationWu et al 2023) Additionally, through the presentation of functional greups (

OH, -COOH, -NH_), the gels are considered a facile platform for additional functionalisation,

allowing for instance the encapsulation of severgdebtcadrug moieti¢Bashiret al 2020)

1.6.1.2.1 Agarose
Derived from the cell walls of various red algae spécsemweedRhodophygeagarose

constitutes a linear polysaccharide composed of repeating agarobiose units, cembining D
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galactose and &@hydrel-galactopyranose sugaesNijenhuis, 199/ urthermore tiserves

as the primary companteof agamand can be extracted a large scale through methods like
agaropectin precipitation, ion exchange and ionic liquid kieg.extracted and processed,
agarossubsequentigresents as white powder with a melting temperature 88@0C andh

aqueous gelation temperature @480C, however it is noted that such properties can vary
depending on its molecular weight, concentration and number of side groups present (i.e.
chemically modified low melting point agar@iahget al 2023) Moreover, upon heating,
agarose can be easily solubilisgelveral organic/inorganidwents and buffers including water
and4-(2-hydroxyethyi)-piperazineethanesulfonic gtiEPES)(Zarrintajet al 2018)

In its aqueous form, agarose exhibits unique thresponsiveeversible gelation behaviours,
whereby sequential heating and cooling can result in the spontaneous orientation of helical
agarose fibres into a structured 3D hydrogel framewvigukell. 10). Such frameworks are held
together through strong hydrogen bonding between abundant hydroxyl groups present on the
agarose chains, and the hydrogen molecules found withi@Jiaaget al 2023) Ultimately,

this results in the entrapment of buffer or selmeslecules and the formation of a highly

interconnected and nanoporous matrix structure.

OH OH o
o Heati Heati
o o eating eating
n

Cooling Cooling

- -

Free agarose polymer chains Agarose fibre double helix Aggregated double helix
hydrogel network

Figure 11006 The chemical structure and gelation mechanism of agaros@dapted fron{Jianget
al, 2023)

Interestingly, through modifications to agarose concentration, structural and mechanical
properties of such physically cirised agarose gels can also be tuned, thus allowing the
hydrogels to possess variable properties depending on its functiose(Palatet al 2020)
Furthermore, it is also known that increases in agarose concentration can lead to denser or tighter
agarose fibre networks, which contain less space asmdhiaspores (pore diameters of 1 wt%

and 3 wt% agarose hydrogels = ~500 nm and ~300 nm respéctisghgr Maalouret al

(Maaloumet al 198). Mechanically speaking, increases in agarose concentration have also
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resulted in gels which possess variable elastic modulus, with values of 38, 254 and 929 KPa being
reported for 1 wt%, 2.5 wt% and 5 wt% agarose hydrogels resparketyal 2005)

Owing to its electrostatic neutrality and modifiable porous network, agarose hydrogels have
further utility as a filling material for gel electrophdi®arsget al 2023)In this technique,

groups of charged macromolecules (e.g. nucleic acids, proteins, viruses) are induced to migrate
through a biomatetiaystem on account of the generation of an electric potentigLfdce

Arakawa, 2019; Tomiogtaal 2022)Moreover, as such mobility within solid matrices is linked
directly to its molecular mass, macromolecules of different sizes migrate throughout the agarose
hydrogel at markedly diffeterspeeds, thus allowing for their effective separation,
characterisation and if required purificqtgtallwagen & Stellwagen, 2009)

Alongside possessing thermesponsive seffelling capabilities and excell&umeable
mechanical properties, agarose hydrogels are also hydrophilic and considered highly
biocompatible, inducing low levels of cytotoxicity as well as minimal immunogenic responses
when exposed to cellular matéBaimroet al 2023)This was exemplified by work by Cigfan

al who reported the effective encapsulation of human chondrotlytes3id agarose matrix.

It was shown that over a2lmonth culture period, cells not only remained viable and
proliferated, but also maintained chondrocyte phenotype, thus allowing for effective
proteoglycan and GAG deposition. Crucially, upon exami@tiome month, constructs
exhibited near native human cartilge functional properties, with compressive Youngs
modulus and dynamic moduli of 254 and 945 KPa, respéCligahgt al 2016)

Limitations do however remain with the lmape use of agarose hydrogels for specific
osteochondral tissue engineering purpo3dss includes its potentially restrictive
biodegradability, which requires agarase enzyme for its unanimous breakdown, not naturally
occurring in humarn(®g et al 2009)Additionally, agarose hydrogels have also been known to
lack appropriate cell adhesion motifs, thus chemical, surfacegasiwomodifications may be
required for large scale 3D cell attachment and infiltration (in comparison to cellular
encapsulatio® which works effectively(Bloch et al 2005) Finally, in the case of bone
regeneration, the essential requirement of macroporosity often requires additional physical and
structural modifications to nanoporous agarosé getls processes such as fredizing, gas

foaming, porogen templating disdth good success in these cases.

While a range of natural and synthetic polymers currently exist which can be fabricated into 3D
biomaterial structures that mimic the natural ECM environment, as illustFaggadeih.,

scaffold systems alone may not always be sufficient for effective repair. Supplementation with
regulatory signals to fully induce native tissue repair and recapitulation is an emerging approach.

The combination of 3D scaffolds with gene delivery théi@peators (gene activated matrix
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(GAM)) (Bonadicet al 1999)s an approach which has potential utility for osteochondral tissue
repair.

1.7 Gene therapy

Genetherapy can be defined as the act of transferring genetic material (DNA or RNA) to a
patient, leading to durable transgene expression within host cells ultimately curing disease
symptoms(Gelehrteret al 1998) In any successful gene therapy approacte specific
components are required: a therapeutic/corrective gene, an effective exprtessiandys

delivery agenSpeci fically for genetic diseases, S
Thalassaemia, the above approach must be tailored to induce a permanent alteration in the
genetic code in order to bring about the desired cure/tredrottan referred to as a stable

gene transfer. Precursor cells or stem cells are targeted in this regard, meaning upon cell division
the gene is passed to every daughter celhfjpost, slowly dividing cells may be subjected to

this treatment also). lnontrast, tissue repair approachesh as osteochondral defect
regeneratioequire a limited, tirmdependent strategy, inducing a powerful yet-Igreaft

reparative effect that diminishes over time. This is termed transient genéGielabféeret

al, 1998)

As of 2022, a total of 24 gene therapies have been approved for clinical use with the majority
utilising a permanemttégrating vector strategy. Such diseases which have been treated include
familial lipoprotein lipase deficiency, adenosine deaminas&CAD)Y haemophilia B and for

a range of cancers (bladder, myeloma, lympb@rak)et al 2022)

1.7.1 Non-viral expression systems
1.7.1.1 Plasmids

Plasmids (pDNA) are generally accepted as the standard nuerpressibrnector for non

viral gene therapy strategies. Commonly found in bacteria as small, circular, double stranded
DNA, plasnids act as complementary gene reservoirs to bacterial chromosomes, containing
additional genetic sequences which often infer a selective advantage, namely antibiotic resistance
Their size can vary from €{L80kb, permitting inclusion and expressionmbat any transgene

DNA sequence, whilst also allowing its effective replication within bacterial host cells
(Linnemann & Krawet2009; Pahle & Walther, 2016)

Structurally, natural bacterial plasmids contain the following components: Origin of Replication
(ori), and a minimum of one gene sequence coding for an advantageous gene. The origin of
replication acts fundamentally to allow a plasmid to replicate defelyemwithin a cell,
controlling the host range and copy number of the plasmid. This ability to drive replication stems
from its three functional elements (for example in B.oolC); the conserved DNA repeat
sequenced termed Dnafboxes (recognised IDnaA bacterial initiator protein), gdenine

and thyminegich DNA unwinding elemerand further binding sites for replication initiation
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proteins(Costaet al 2013; Leonard & Mechali, 2013pst replication enzymes are then
recruited tdegin DNA sequence replicat{®dolansket al 2015)

Overall, the naturallgxisting plasmid structure described is sufficient for bacterial function,
however to employ plasmids as gene therapy vectors, significant alterations are required. The
altered plasmids, known as artificial plasmid vectors, are specifically dessgiyedctoofituce

foreign DNA into another cell, and secondly express the desired gene for an extended period of
time. As such, further sequence components, onttepat, are requiredigurel.1lillustrates

a common artificial plasmid vector composition containing these necessary sequences.

Selectable

marker Promoter

5’ primer site
Restriction site

Plasmid Map

Inserted gene

Restriction site
3’ primer site

Antibiotic
resistance gene

Origin of
replication (Ori)

Figure 1118 A generalised plasmid map for a standardrtificial plasmid gene expression vecto

Firstly, a promoter region (and associated downstream polyadenylation site) is an essential
requirement to dre the level of transcription of the transgene, a factor that in the vast majority

of vector systems is preferably optimally maximised. Due to this fact, and the variability seen in
each promoter sequences strength and duration potential, the selécsioitalitity of a

promoter to the vector application is critical. For example, a Cytomegalovirus (CMV) promoter,
which is indicative of a strong, ubiquitous promoter, has only a short expression cycle, whereas
tissue specific promoter sequences, knowgeasrally weaker promoters, will produce
prolonged, lorgerm transgene expressi@iolmachov, 2009; Wong & Harbottle, 2013)
Multiple restriction sites (MRS) are also vital components frequently incorporated into the
plasmid architecture. These short DNA segments are usually located downstream of the
promoter sequence and are recognisabéstoiction enzymes, thus permitting straightforward

DNA insertionFinally, for the purposes of amplification, identification and selection of plasmids
within transformed bacterial cells, artificial plasmids possess a selectable marker gene, usually in

the form of antibiotic resistance (e.g. ampicillin or kanamycin).
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In short, artificial plasmids have been engineegethénallpe a safe, stable, pliable and cheap
gene therapy technology, where genes/proteins can either be mass produced or used as a
therapeutic platform for gene delivery.

Yet, in terms of its gene therapy potential, specifically the efficiency of delivery/transfer of
plasmids into cells, is somewhat lin{itaddeeet al 2017; Mairhofer & Grabherr, 20@)ch
inefficiency for gene delivery of plasmids alone stems from the foreign nature of the vector and
the mobilisation of innate safety mechanisms dnualttvarriers withirhe body. This includes

vector sequestering by first pass organs (lungs andSalanjaet al 2001) nucleic acid
degradation by resident serum nucléBsegon & Seymour, 1998psonisation and immune
mediated uptake/remov@augharet al 2006) Furthermore, as the plasmid vector reaches the
target tissue, components within extracellular matrix environment (such as exogenous nucleases)
or the matrix itself will degrade or prevent tissue diffusion respdéisealffreet al 2010)
Moreover, even after entry into target cells, the vector must then progress through more
intracellular &rriers; the cytoplasmic trafficking to the nucleus (via potentially degradative
endosomal vesicles), and entry into the nucleolar compartmemiedsi#ed nuclear pore
complex)(Varkouhiet al 2011) Due to such obstacles, a number of strategies have been
developed to act as vehicles for plasmid delivery, imbuing the vectors with more effective entry
mechanisms whilst also permitting greater protg¢timmenet al 1995; Washbourne &
McAllister, 2002)

1.7.2 Methods for plasmid gene delivery

The act of transient cellular transfectian be defined as the process whereby foreign genetic
material is deliberately delivered into eukaryotic cells in order to indupermaoent gene
expression response. Crucially, unlike viral vector systemisalnegctors such as plasmids
requirea large degree of assistance to achieve such a feat. Over recent years, several strategie
have been formulated which facilitate this process and thus can be specifically characterised as

either physicddased or chemical based approaches.

In the physicat r ansf ecti on approaches, so called o0
escorted into cells via the purposeful creation of transient membrane holes (hlel@tesats

& Gao, 2009) Such membrane disruption techniques include electroporation (permeability
enhancement via short electric pu(&ss)offreet al 2009)gene gun (high speed delivery DNA

coated gold partidp(Uchidaet al 2009) microinjection (proximal injection of plasmids into
individual cells)(Lukacset al 2000)and ultrasound/sonoporation (proximal delivery of
microbubbles containing plasmids of whigtstounder sound wavg®ndoh et al 2002)

Although many of thesefpaches have been successfully utilised in variougWarmpthey

are generally considered impractical for large scale cellular transfection. Moreover, they suffer
from particular drawbacks such as low transfection efficiency (particularly ircgltsydrngh
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mortality rates (in the case of high voltage pulses), can be labour intensive, and also require
specialist equipmefitim & Eberwine, 2010)

Chemical transfection methods differ from the above approachg<domitol the fact that the

plasmid DNA, in terms of physical and chemical structure, is actually transiently modified and
coupled with specific chemical components into what is known as DNA complexes, which can
then facilitate cellular internalisation #nedexpression of the foreign genetic material. Such
chemical vehicles utilised for DNA coupling include inorganic nanoparticles (for example
Calcium phosphate (CaP)), cationic polymers (such poly(ethylenimine) (PEBLaydipe)y

and cationic lipidén all these cases the positively charged chemical compounds listed can form
stable electrostatic interactions with negatively charged DNA, leading to a transfection capable

complex.

1.7.2.1 Calcium phosphates

CaP nanoparticles are classified within the inorganic minevabhwactor suiset and have

been utilised as safe and conv@naitrag2005Asp | a s mi
one of the major compods within calcified tissues, CaP nanoparticles are considered highly
advantageous for gene delivery within bone contexts, specifically due to the fact that alongside
DNA delivery they can act as excellent nucleation sites for the deposition of hyitk@tydpat

large scale biomineralisatidiou et al 2022) They are also biocompatible witlsedignt

additional properties including natural biodegradability, low toxicity aimdhmorogenicity

(Bakaret al 2017; Pedraetal 2008) Furthermore, due to CaP pdesgossessing an overall
positive cationic character, they are distinctly capable of binding with high affinity to negatively
charged phosphate groups within DNA molecules, specifically via calcium ion chelation.
Crucially, within this chelated confororait has been found that DNA-complexes can be

largely protected from intracellular nucledsepreviously stated barrier for plasmid based
transfection, and thus stimulate transient gene exp(Bsdiaret al 2017)

In terms of the formation and synthesis of both CaP nanoparticles afddPNAcompexes,

the most established method is that reported by Gedladimthis method, therapeutic plasmid

DNA is mixed initially with a CaGblution, before subsequent additional collaboration with a
HEPES phosphate buffer. Through this sequential appibaeis observed that the plasmids

were condensed into a heterogeneous population e§imadaand micron sized DNzaP
nanoparticle coomplexes, which visually can represent themselves as insoluble precipitate
regions(Graham, 1988) Upon the introduction dhe DNA-CaP cecomplex solution to a
cellular culture, the process of transient transfection is initiated.

Generally, the transfection process continues over four established stages; the cellular

uptake/endocytosis stage, the endosomal trafficking ratatggr entry stage and the gene
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expression stage. In the first uptake stage, the positively charg&€hPNé&omplexes are
attracted to the negatively charged cell membrane and are induced to form stable interactions
with specific cell surface receptoBuch interactions crucially stimulates the endocytosis
signalling response, which can result in one of the following uptake pathways: phagocytosis,
clathrirmediated endocytosis (CME), caveokediated endocytosis (CvME) and
micropinocytosi€Sahagt al 2010) Although marginal differences exist between each individual
endocytosis process, the overriding outcome is the engulfment and internalisation -of the CaP
plasmid complexes, specifically incorporating them into intracellular vesicles. Aftethenterin
cytoplasm within this vesicle (stage 2), the inorganic complexes are specifically trafficked towards
the nucleus, gradually transitioning in conformation through endiiseic@inpartments until

finally maturing into the low pH region known asdteedndosome (pH®&) (Xu, 2022) In

normal circumstances, the endosome, at this stage, begins actively puorsngtdlits own
compartment to induce the acidified degradation of foreign material (lysosomal(Qittovay)

et al 2015)However, due CaP-complexes inherent insolubility adkhlinity, such Hion

pumps are effectively neutralised. Moreover, this mechanism is additionally coupled with the pH
mediated dissolution of free calcium ions away from-toerguex into the endosomal vesicular

area, which results in firstly the &iew of its osmotic pressure and thus prompting its eventual
swelling (water influx) and bursting (i.e. the reverse salt osmoti¢Giftacet al 2011)The

end result of this stage is therefore the proximal delivery elaNAomplexes to the nucleolar
membrane boundary. In the third step, the DNA is introdotethe nucleus. Crucially, tisis
governeckither by natural cellular division or bglear pore complexes (NPQugfich act as

filtration channels allowing for the siependent transfer of genetic material across the nuclear
envelope(Feray, 2017; La& Dean, 2010)In the case of CaP -complexes, the calcium
interacts with the NPC and allows for the fast diffusion of nanosized particles. In the final stage,
the delivered genetic template is separated fully from the inorganic nanopartictpsemseds e

via the initiation of transcription and translation processes. In the case of plasmid vectors, this
encompasses initial transcription factor binding to promoter sequences, mRNA production, and
finally ribosomal mediated translafidiiler & Dean, 2009)

Of the many properties of CaP nanoparticles which aid in its successful use as a nucleic acid
delivery vehicle, it is generally accepted that its inherent particle size is the most significant f
the purposes of efficient transfection. One reason for this, stems from distinct criteria
surrounding endocytosis mediated payload uptake, such that effective complex internalisation is
often capped between the ranges-@®@0nm in diameter. In theseaof nanoparticles payloads

above this range, it is evidenced instead that the interaction between the membrane and the
particles is weaker, leading to the induction of the less effective phagocytosis internalisation
pathwayqHan et al 2012; Xiangt al 2006) With this in mind, one limitation commonly
observed with the Graham and van der Eb aguegu®dipitation based approach, is the

uncontroled particle aggregation identified during initial process of mineral synthesis and
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complexation. As particles are produced in-8drei@g liquid environment, they can be prone

to unwanted colloidal behaviours, which can ultimately result in thei@naxfiectarge number

of micron scale CaP -complex particles. Upon their subsequent application to cells, it was
found such colloidal suspensions have severely limited capability for successful vector
transfection and downstream gene expre@3avozhkin, 2010; Welzet al 2004)

Crucially, in the last decade, a multitude of approaches have been utilised to either overcome
such isses with CaP aqueous nanoparticle synthesis or provide supplementary complex
modifications which enhance the entry and trafficking pathway. This includes glycerol shock
treatment (transient alteration of cell membrane integrity for@aRAentry}Jordanet al

1996) CaP synthesis in the presence of lipid coatings andhaliliomplexes (GEMA -

CaRDNA conformation)Li et al 2010; Sokolowet al 2006) Additionally, a further highly

novel approach involving electrophoresis mediated CaP synthesis in agarosdhaydisgels

been proposed. This will be discussed in sac8dhiWatanabe & Akashi, 2006)

1.7.2.2 Polyethylenimine

Another chemical vehicle utilised in the field of gene therapy is the polymer known as
Polyethylenimine (PEI). In terms of its chemistry, PEI consists of repeating unitbpifatio a

carbon groups and an amino nitrogen, and is commercially available in a linear or branched
polymeric forms (with molecular weights ranging from 200 Da and 1,50FigOr&).(2)

(Boussifet al 1995) Although sharing a multitude of similarities, branched PEI differs from
linear PEI on account of the fact it contains primasgndary and tertiary amines, whereas the

latter only possesses secondary afila#iet al 2017)It is worth noting through the existence

of said prtonatable amines, these polymers possess highly desirable traits for nucleic acid
delivery vehicles; for example, its naturally high cationic charge density as well as a buffering
capacity which maintains pH above that commonly observed in tHgseadme (pH 67)

(Boussifet al 1995) As such, upon exposure of plasmids to solutions of cationic PEI, the
strongly positive charges attract the negatively charged phosphates presentgeitieiicthe
material, thus inducing wholesale condensation and the eventual formulation@NA PEI

complexd or polyplex for short.
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Figure 1126 Linear and branched PEI structures.

Interestingly, seminal research has shown that polyplexes generally induce successful transfectior
of eukaryotic cells in a largely comparable manner to that previously outlined for calcium
phosphate complexes, wigolyplexes undergoing sequential cellular uptake, endosomal
trafficking, nuclear entry and transcription/translation siagessifet al 1995; Zakesgt al

2018) The mechanism of vector internalisation is carried out almost identically in the polyplex
transfection pathway, withhatpositive charge of DNREI complexes inducing the strong
association with the negative cell membrane. Upon successful endocytosis (clathrin mediated),
polyplexes are similarly trafficked across the cytoplasm within intracellular endosomal vesicles,
yetcrucially they utilise a modified mechanistic process for its subsequent escape. The process in
guestion has been termed the proton sponge hypothesis and was introduced in the well
established report by Behr and collea@edw, 1997)n this process Hions ae once more

pumped into the late endosome for the purpose of lowering the overall compartment pH, in
anticipation for lysosomal fusion and foreign cargo degradation. However, due to the remarkable
buffering capacity of PEI, the polyplex is able to e#écbind these protons, thereby limiting

the acidification process. Due to the pH therefore remaining stable, further protons are
translocated into the endosomal compartment and crucially this is partnered with the
simultaneous accompaniment of chlodds (in order to maintain overall charge balance). The

final result of this is an unbalanced endosome with very high ionic concentration. The only choice
herein is to transport water into the system, which generates an unsustainable osmotic pressure
and thus the swelling and rupture of the endosomal v@&ictaeuleret al 2018)Much like

the DNA-CaP cecomplexes, the polyplexes are subsequently released into the cytoaol within
close proximity to the nucleus. By interacting effectively with the NPC, they are able to diffuse
into the nucleus and consequently initiate nucleic acid vector transcription and téathslation

final stage in the transfection process. A diagramitoati@tion of the above polyplex gene

delivery process can be seen beléigurel.13A and B.
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Although considered the gold standard nucleic acid delivery vehicle, the transfection efficiency
of polyplexes can be highly variable,iwititrcandinvivgerformance largely being determined

by the hydrodynamic radius, surface charge and shape mdlyimeric particles initially
synthesised. Crucially, such properties can however be controlled by three main mechanisms in
order to maximise transfection. This includes modifications to reaction containment volume, the
inherent PEI molecular weight, dastly the concentration of PEI added. With regards to the
latter, this is often referred to as the N/P ratio, whereby a number is given to repragient the

of thetotal number of amines in PEI added to a system in comparison to the original number of
phosphates present within plasmid Df¥#fahajan & Tang, 201%s polyplex formation is
govened by electrostatic attractive forces, it can therefore be assumed that introducing higher
concentrations of cationic PEI to the same quantity of plasmid, results in significantly more
effective polyplex condensation and thus particle populations syititthesised with smaller

overall diameters (<200 nm) as well as a larger net positive zeta potential. Ultimately, through the
application of these higher N/P ratio polyplexes, it can be observed improvements in cell
membrane interactions, enhanced aebuld nuclear uptake efficiencies as well as greater
downstream expression characteright al 2002)
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Figure L13(A & B) d Summary of the PEI mediated nonviral gene delivery procesgA), including
specific diagrammatic illustration of the proton sponge effect{B). Imagesaken from(Wu et al
2018)and(Vermeuleretal, 2018with permission from Elseviander licence numb&66071123865
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Unfortunately, one limitation with the use of polyplexes with high N/P ratios is the increased
prevalence of free unbound PEI within the transfection solution, which possesses cytotoxic
potential to eukaryotic cel3h et al 2002) Although the mechanisms remain up for debate, it

is hypothesisedat in such a conformation, delivery of free PEI can result in not only cell
membrane destabilisation and damage, but also induce amplified endosomal and lysosomal
compartment rupturg€aspeet al 2023)Through such systemic rupture, degradative lysosomal
enzymes and reactive oxygen species can be released into the cytosol, thus inducing cellular stres
pathways which can ultimately lead to cellular apaptosisrosigLin et al 2012; Moghinat

al, 2005)With this factoin mind, norviral gene delivery protocols must therefore consider the

fine interplay between PEI concentration, polyplex size and surface charge, and associated
cytotoxicity, in order to bring about highly effective and successful PEI mediatedamansfect

1.8 Gene activated matrices (GAMs)

As briefly stated earlier in this literature review, the concept of a gene activated matrix or GAM
is effectively the successful amalgamation of two therapeutic approachesiaseaffosdue
engineering and getieerapy. Classically, this approach is epitomised by the existence of a 3D
biomaterial framework (natural, synthetic or composite scaffolds), which contains a reservoir of
therapeutic genetic material (nucleicteanidfection vehicle comple®igure1.14). Upon
subsequent implantation of said system, it is hypothesised that endogenous cellular infiltration
into the 3D scaffold will occur, leadinghte €xposure, release and transfer of the incorporated
genetic payload into nearby adherent cells. Such transfer will eventually lead to the existence of a
local transiently modified cell population, which expresses a desired therapeutic protein over a
sushined time period, thus ultimately facilitating high quality repair of a diseased or injured
region. Although the possibilities are vast for the specific protein encoded within the DNA
vector, a preference is generally observed towards the use of gimvathtfanscription factor

based strategies. Through their system wide production, long term phenotypic responses such as
cellular differentiation, vascularisation andrdlammation behaviours can be achieved.

The concept of a GAM tissue engingesystem originated due to several inherent limitations
present within previous scaffold mediated tissue engineering systems involving recombinant
proteins (i.e. growth factors). These systems were generally found-tpbmaltue to pre

loaded proteis being highly susceptiblétaivgroteolytic enzymes as well as possessing short
halflives. Moreover, recombinant proteins were also expensive and highly challenging to
manufacture at scdf@hiet al 2014)In contrast, GAM systems containing-wioal plasmid
complexes were seen as a promising alternative, whereby proteins can ins{zad beeself

by locally tresduced/transfected cells. Through this mechanism, the necessity for
supraphysiological doses of protein is completely negated, with inexpensive low lose plasmids
(nanogrammicrogram levels) inducing powerful and sustained protein expression in a

spatiotempral mannefCheret al 2011)Importantly, througtatile scaffold loading of plasmid
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vectors, payloads can be gradually released over a period of weeks as opptadorgte
release patterns observed with some recombinant protein stadfiolés al 2021)

Therapeutic gene vectors Biomaterials

Non-viral vectors Viral vectors Solid scaffolds Hydrogels
, % J

1

Vector-loaded biomaterials

Controlled delivery of gene therapy

" T

2 v

Subchondral bone

Figure 1144 lllustration of the fabrication and implantation process for an osteochondral GA
system. Taken from(Cucchiarini & Madry, 201®)th permission frongSpringer Naturender icenc
number5660830797086.

Development of an osteochondral GAM system involves the fabrication of dikde€eisiffold

analogue which possesses one or multiple osteogenic and chondrogenic gene therapy DNA
vectors. Through the expression and production of-astelochondranductive proteins,

growth factors or signalling molecules, it is predicted that high quality-likadiene and

cartilage tissue would form, upon its implantation within an osteochondral defect.

1.8.1 Candidate transgenes for osteochondral sge repair

The main function of a DNA loaded scaffold syssetm deliver a specific gene of interest to a

tissue or specific cells to bring about a desired cellular response or change. The transgene is the
singular component within the vector systerabdamf conveying clu a change, and thais

highly important factor of a gene therapy strategy.aRoosteochondral GAMtrategya

substantial number of transgenes exist which, upon their expression, induce either osteogenic
and chondrogenic cellular signalling and repair pathways. A selection of these genes can be found
in Tablel.1.
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In terms of monotherapeutic/tissue spesiiiclies, successes have been illustrated regarding the
use of plasmid encoding bone morphogenic family members2(BE)P which in
femoralf/fibular defdcmodels inducedffective ostagenesis andascularisatio(Betzet al

2013; Loozent al 2013)Evidence has also been shown XR2 asanadditional osteogenic

growth factor regator(Needhanet al 2014) SimilarlyBMP-6, TGFA 1 has been identified

as a possible cartilage inducing agents as a result of their ability as differentiation controllers or
as anabolic/catabolic regulators, #ilasving for thenhanement or downregulationtodalthy

or OA phenotypes spectivelyU Songet al 2005)

Table 116 Summary of the potential osteogenic and chondrogenic transgenes which have been

utilised in recent GAM approachesAbbreviations, VEGRascular endothelial growth facRIDGF:
platelet derived growth factéGF: Insulin growth factor.

Transgene GeneFunction Therapeutic Response References

Chondrogeniand
_ _ Anabolic growth differentiation, cartilage| (Leeet al 2017; B. Li
TGF-A1, -AJZ ] ]
factor matrix synthesis, cellular et al 2014)

proliferation

Anabolic growth o o (Betzet al 2013;
BMP-2, BMR7 Osteogenic differentiatior
factor Loozenet al 2013)
RUNX2 Transcription factor | Osteogenidifferentiation | (Needhanet al 2014)

) Osteogenic differentiatipr
Anabolic growth

VEGF, PDGF fact cellular proliferatign (D'Melloet al 2015)
actor
angiogenesis
Anabolic growth Chondrogenic
IGF ] o (Lenget al 2012)
factor differentiation
Osterix Transcription factor| Osteogenic differentiatioy  (Yangetal, 2015)
o Chondrogenic (Ledoet al 2020;
SOX9 Transcription factor ] o
differentiation Needhanet al 2014)

1.8.2 Current osteochondral GAM scaffolds

Having discussed the various natural and synthetic biomaterial constituents which may be utilised
within osteochondral tissue engineering (OCTE) as well as the fundamental concepts behind
gene therapy, the following section will now discuss the cutesoit G#&M approaches utilised

for osteochondral defect repair and recapitulation.

In terms of the present generation of acellular OCTE GAM systems, they can generally be seen
to follow either a monophasic approach; whereby a single structurally comeisteitis
produced which possesses one or multiple gene payloads, or it may be multiphasic approach;
whereby a collection of different biomaterials are amalgamated, each possess both structural
tissue specific cues as well as tissue specific gengsp@goastemductive or chondro
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inductive). With regards to the latter discrete lalgased approach, layayer fusion or cross
linking steps are often required between each biomaterial phase to generate a single facile system
this can be compldime-consuming, potentially damaging telpaeed biological components

and may induce mechanical weak $etet al 2014)

One of the earliest instances of an osteochondral GAM was the pédayesedi chitosan

gelatin (CG) scaffold approach reportedChenet al 2011) In this particular example, a
chondrogenic CG phase containing pGE vect ors was combined, \
osteogenic CHIA phase containing pBMPvectors, thus producing full GAM systEigure

115 A). Uponinvitrotesting, this scaffold was shown tauged 3D seeded rabbit MSCs to
differentiate into either chondrocytes or osteoblasts depending on their proximal region of
adherence (upper or lower scaffold regions). Specifically, after two wedkdaftGBEMP2

protein production was elevated withirirdis regions whilst according to qPCR analysis
chondrogenic (aggrecan, collagen Il) and osteogenic (osteonectin, osteopontin, collagen )
markers were also upregulated. The scaffolds were also evaluated within an animal defect model,
however implantatiotook place using cédiden bilayered GAM constructs as opposed to
scaffolds in their acellular form. In this subsequent study, although simultaneous bone and
cartilage tissue repair was repanteitoit was highlighted that phase separation andmwatha
instabilities may exist between the CG layers as a result ofpgeenmament use of fibrin glue

(Chenet al 2011)Given this system was only applied in a small sized animal defect model, it
therefore remains up for debate whether optimal performance can be maintained in larger more
mechanically chahging environments with more expansive defects. It is also puzzling that this
report remains the sole osteochondral GAM study found which successfully utilises naked
plasmid DNA alone for gene delivery and the induction of osteochondral differeAsation.
primary cells such as MSCs are notoriously difficult to transfect, it appears surprising how such
powerful cellular responses were achieved without the use of a chemical transfection vehicle in
this exampl€Zhou et al 2023)

Indeed, new reports have since emerged which employ a more orthodox GAM approach,
whereby therapeutic plasmid vectors are utilised in conjunction with previously described
chemical transfection vehicles, specifically within a bipgtasichondral scaffold system. One

such example is the collagen typerHIA bi-layered GAM as reported by ke¢a(Figurel.15

B) (Leeet al 2017)In terms of its structure, medtth e | | nanoparticle compl
3/CaP/PEI and CaP/pBMR2/CaP/PEI were found to be individually incorporated into
separately freezkeied ollagen type Il and collagen typeHA scaffold phases before eventual
amalgamation via microbial transglutaminase (mTGase) mediatiokicrgps©Once in the

form of a single GAM system, the authors were then able to probe not only its mechanical
propeties but also its 3Dnvitro chondrogenic and osteogenic differentiation capability.
Crucially, they firstly found that under load, tteyered GAM possessed compressive strengths
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similar in magnitude to cancellous bone. Furthermore, upon seedmgnaithmesenchymal

stem cells (hMSCs), they secondly illustrated successful and long term therapeutic transgene
expression (~28 days), which was followed by thegufation of several additional
osteochondral genes and the deposition of ECM matrix praétsia result, they surmised the
developed GAM was capable of discrete chondrogenic and osteogenic differentiation, with a
specific dependence on the region of cellular adherence and unique payload uptake. With such
potential, the authors believe testiitgin aninvivaanimal model remaitfse logical next step

for such a promising inventifreeet al 2017)
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Figure L15(A & B) 8 Examples of two different bilayered osteochondral GAM systems whii
have been incorporated with chondrogenic and osteogenic growth factor encoding plas
payloads. A: bi-layered chitosagelatin(CG) and HAchitosargelatin scaffold b§Chenet al 2011
which contains respective layers of naked pXGFd @BMPR2 DNA vectors. SEM micrograj
illustrated blayered scaffolds possessed a highly poteusonnected, honeycosike structurevith &
pore size range of B00Qm (black arrows indicating the integrated scaffold interface)inwiooMSC
seeding as welliazvivamplantation, new bone and cartilage tissue was simultaneously deposit
layered compositellagen type lIAnHA scaffold by{Leeet al 2017hich contains respective laye
Ca P/ p BE&AEI and CaP/pBMR/CaP/PEI transfection payloads. Despite two diff
collagen types being utilised, a highly integrated porous scaffold was produced with an aver
i n bot h p mmaFsrthermooef upah BMSC Qell seeding sustained levels of transfectio
plasmids were released from the GAM, all of which promatsdene expression dme stimulation
osteogenic and chondrogenic differentiafiaken from(Chenet al 2011)and(Leeet al 2017 )with
permission fronklseviemunder licence numbeb$636710294@5Hhd5663671263326
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A further osteochondral GAM approach of significant promise was that of &taajaed
Needhamet al who developed a series of synthetiaylered oligo(poly(ethylene glycol)
fumerate) (OPF) hydrogel systems specifically contaasngdsl encoding chondrogenic and
osteogenic master transcription factors (SOX trio and RUKx&)eret al 2006; Needhaet

al, 2014)In a similar fashion to Leealthe hydrogel GAMs developed here contained plasmid
vectors complexed with a chemical transfection reagent (branched PEI and hyaluronic acid), thus
imbuing plasmids with a cleadasiable delivery pathway for downstream protein production.
Upon their implantatiomvivo it was shown that scaffold mediated gene delivery was largely
successful and could effectively enhance simultaneous bone and cartilage tissue repair within rat
osteochondral defects (1.5 mm diameter and 1 mm depth), in comparison to empty hydrogels
and monophasic groups. This proved particularly significant given SE®XINK@
combinations have, in the past, been shown to fmpsoial for such defect repair bpgitions

(a result previously hypothesised to be due to thdawarant nature of SOX trio expression

versus RUNX2)Caoet al 2011; Jeaat al 2012)In contrast, Needham and colleaguiésviee

the distinct blayered nature of the OPF GAMSs restricted cellular migration and dual uptake of
bone and cartilage inducing payloads, thus allowing for the enforcement of the desired singular
transcription factor expression. Despite the obviousneeidf tissue repair, they purport that

more effective regenerative responses could have been achieved if the GAM release profiles were
optimised (currently 80% plasmid release after 4 days). As hyaline cartilage formation is largely
dependent on suthordral bone support, they believe a delayed chondrogenic release method
would facilitate a more systematic delivery process and thus induce more effective and higher
guality overall osteochondral tissue form@Needhanet al 2014)

A further limitation often identified in thevitroandinvivaapplication of biayered GAMs is

the categorical zonal osteogenicity and chondrogenicity observed within 3D cultured scaffolds
or repaired defect regions, whgrstrict tissue boundaries are often exhibited with little evidence

of osteochondral tissue gradients or transitighiegdharet al 2014; Ywet al 2023)As a

result, highly crucial intermediate regions such as the calcified cartilage layer fail to be
recapitulated, which can sigaiftly impact downstream processes such as vascular
development in neobone tissue as well as the facilitation of an appropriate avascular environment
in cartilage zongBlunziker & Driesang, 2003)

1.8.3 Continuous gradient GAM scaffolds

In response to the limitations and substantial complexities observed in the techniques above, it
is the view of the Feichtinger research group at the University of Leeds that in ouller for tr
successful regeneration of native osteochondral tissue, 3D GAM systems should evolve away
from the dogmatic concept of a lageentated design modality, instead striving to construct a
single biomaterial preparation with multiple tissue specifiadzayhcorporated in subtle
gradiemlike conformation$ i.e. a continuous gradient GAM. In the context of a continuous
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gradient osteochondral GAM, this would likely involve the fabrication of a scaffold system
containing bdirectional concentration grats, whereby distal ends contain purely chondro
inducing or osteoinducing genetic payloads whilst the middle portion contains a variable blend.
As a result of this novel design standpoisthiereforeanticipateduch systems, upon payload
uptake anéxpression, should allow for enhancements in scaffolcellilde communicatign
facilitaemore synchronisduerarchical tissue depositemd ultimately induce the final creation

of smooth transitional high quality osteochondral tisflelitionally on account of the
hypothesiseshonghasimature such gradient GAM systems may ti@gotential to mitigate

other previously observeti-layered relateissues, such asectissue separation, layer
stratification, andcaffoldphase instabilities.

Unfortunately, despite the existence of a large number of continuous gradient recombinant
protein incorporated scaffold concepts, it is surprising to find no examples currently exist for
equivalent continuous gradient GAMs, specifically in the contextastdolchondral tissue

(bone and cartilage) repair. Furthermore, in the examples that do currently exist (recombinant
protein scaffolds), it appeared the generatiositdfgradients required the application of unique

and highly complex additive mantfang methods including 3D printing, controlled fluid
mixing, electrospinnir{Bittneret al 2019; Castret al 2015; Dormegt al 2010; Mohaet al

2014)

Although the methods above showed considerable promise with regards to inducing more
synchronised and hierarchical osteochondral tissue formation, they were meteerbitlieir

high complexities, ovegliance on synthetic itk components and overall unfeasibility for
largescale low cost batch manufacture. Furthermore, it was found issues still existéd over the
vivostability, halfives and dosage of recombinant growth factor protein payloads, particularly
with regards to inducing long term and sustained therapeutic cellular responses in defect sites.
Based on these limitations, there is a clear demand for nplifiedjrfow cost methodologies

which are capable of generatirgjtucontinuous gradients with the more advantageous gene
based payloads.

1.8.3.1 Concept of electrophoretic spatial patterning

One simple and cesffective method for generating gene payloaliegis is the use of
electrophoresis, whereby charged components are spatially distributed within a monophasic 3D
hydrogel matrix using attractive electrical force potentials. In such methods, this specifically
involves the establishment of positive agdthe electrode sites at spatially opposing locations
within or adjacent to the biomaterial of interest, thus allowing for the facile movement of charged
molecules into and across the 3D system and the eventual formation of a continuous gradient.
Theorettally based on thisonceptit would therefore be possifide the spatial orientation of
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charged molecules mineralsacross the X, y, amyen thez directionsdependingn the
electrophoretic capabilities of the system.

A seminal paper which firgstribes an iteration of this concept is that of Watanabe and Akashi,
who proposed the combined ideological approach of electrophoretic ion migration (within
electrecapable hydrogels) in combination with facile mineralisation/crystal synthesis in
confinenent. As a result of this uniqgue combination, they were able to develop a highly novel
system whereby CaP and/or HA particles could be synthesised and subsequently spatially
deposited at specific locations within a 3D agarose hydrogel containmeri dlystarthe

simple and straightforward use of agarose hydrogels, electrophoretic potentials and salt reservoirs
(Watanabe & Akast#006)

Their formative method from 2006, as showkignrel.16, can be described in the following
stepwise process. 1) Using a standarddragkgel electrophoresis tank, a 3 wt% agarose gel

was first cast and set up between separate reservoirs (f@Ca®) and N&PO, (40 mM),

which acted as anode and cathode specific loading buffers. 2) Each buffer was then adjusted to
approximately pH.4 prior to mineral synthesis and patterning. 3) A 100V electrophoretic field
potential was finally induced, over a period of 30 minutes, prompting the mobilisationof electro
mobile salt ions (in the form ofZ8aHPO2, PO, OH") to successfully eniato the hydrogel

network. 4) Due to the opposing migration patterns, salt ions were able to interact specifically

within the agarose gel matrix, allowing fointhigusynthesis of CaP and HA particles.

Post mineralisation, all gels were submergedtrapure water before then undergoing
lyophilisation in preparation for characterisation studies. Ultimately, they found under scanning
electron microscopy (SEM) that numerous spatially distinct HA populations of approximately 1
Om di amet e sisedwgthinesaicsggRiduréld6 B-D) (Watanabe & Akashi, 2006)
Significantly, through the capabilities of this agarose gel electrophoresis (AGE) method, as well
as a subsequent Watanetedteration (electrophoresis with additional alternate soaking), it was
confidently purported by the authors that such novel anisotropic CaP and HA agarose gels may
hold significant potential as a mineralised bone repair device, and as such the plafedn des
should warrant further study and greater optimisation to achieve this ultinjfatatgnab&

Akashi, 2006, 2008)
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Figure 116 (A & B) 0 Seminal agarose gel electrophoresis methodology for CaP/HA crys
synthesis/n-situ within 3D agarose hydrogelsA: Schematic illustration of the electrophoresis
for theformation ofCaP/HA in a large 3wt%garose hydrogd@hrough theprovision of two differe
salt solution reservoirs (Ca&lid NaHPO,) at the anode and cathode regions it was possible tc
electrophoretic ion migration into an agarose gel region. Ufmmralcsation within the centre port
HA precipitate pradct is formed and deposiiesitu B: SEM image of blank agarose hydrogel. C: !
imaging ofnsitudeposited HA precipitates. D: High magnification micrograph of individual HA |
Figures dapted with permission frofWatanabe & Akashi, 2008) Copyright 2023 American Cher
Society.

Utilising the core concepts described above, a further research groukalfaneeta gl

reported a modified version of the AGE approach, which specifically sought to speed up the rate
of insituCaP/HA synthesis as well as reduce the excessive salt reservoir volumes previously
required (100 mL rang@amitakaharat al 2012) Crucially, this was achieved by the
formulation of a more facile opposite loading well apprheleby specific 40 uL cationic (20

mM CaGClJ) and anionic (12 mM PO, salt loading solutions were instead loaded individually

into agarose gel wells separated by a width of 48 mm or Efgomei.(L7A). This new system

also used both 3 wt% and 1 wt% bulk agarose gels as well as a 40 mM Tris buffer (pH 8), which
acted as the electrophoresis buffer working solution. Post solution loading, a 100V
electrophoretic field potential was again induced, significantly resulting in the appearance of a
white precipitate between the wells after only 11 minutes. Unlike Wataalabgevey
Kamitakahara and colleagues characterised each of the mineraliaad 3wt% gel slices via
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direct and indirect lyophilisation (with or without submergencpwlkravater), showing that
amorphous CaP particles were generally produced directly after gel synthesis but could be
converted into HA through incubation with wakdoreover, in this case of the submerged 1

wt% and 3 wt% gels, upon SEM imaging, the authors also identified distinct populations of 500
600 nm and 36800 nm spinous HA particles respectivegu(el.17 B) (Kamitakaharat al

2012) This was a signifidfinding as it led to the proposition that an inverse relationship exists
within this approach specifically between agarose percentage and particle diameter, whereby
controlling the hydrogel pore characteristics (i.e the rigid nanoporous gel stnqosée)ely

restrict crystal growth and result in the synthesis of smalhsimaalineral populations. As

native hydroxyapatite found within mineralised collagen fibrils is generally less than 100 nm, this
method holds considerable promise thautiitdurther optimisation via agarose type, buffer

pH and gel concentration modifications, near native HA populations and/or gradients could
feasibly be synthesised, and thus such mineralised gels could be applied within bone repair
contexts.

®
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Figure 117 (A & B) & Modified agarose gel electrophoresis methodology for CaP/HA cryst
synthesis /n-situ within 3D agarose hydrogels.A: Schematic illustration of ttupposite loadir
electrophoresis setuyghereby small volumes of salt solutions were placed into individual gel
Following electrophoresis, 26GaPQs3, H* ion migration resulted in individual precipitate re
containing either amorphous calcium phosphate or HA nanoparticles 8gEMaftHA particles sug
particle size was decreased if agarose percentage was increaseakeimaigegikamitakaharat al
2012)with permission fronklsevieunder licence number 5659271219293)
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In summary, the methods discussed in the section above illustrate a methodology for the joint
synthesis and spatial deposition of nanosized CaP/HA containing minerals throughout an
agarose hydrogel biomaterial. Through the physical resemblancesiii symthesised CaP
nanoparticles to near native bone minerals as well as agarose hydrogels possessing structura
similarities to the ECM, the seminal authors for this approach believe such a system could be
utilised within a multitude of bone related atsnend diseases.

Considering this high degree of promise, it is the belief of Dr Feichtinger and colleagues at the
University of Leeds that this platform technology holds several further uses which have currently
not been explored in any capacity. Orl application, which forms the focus of this PhD,
concerns the partial use of this agarose electrophoretic synthesis and patterning system for the
creation of continuous DNE&aP gradient agarose GAMs (Watapaldpatent application:
WO2007061001 AQNatanabe & Akashi, 20@/9nly coverghe insitusynthesis of calcium
phosphate nanopatrticles and not calghiosphate/DNA ceprecipitate nanoparticle§he

following sections will now disss in detail the core Feichtinger AGE GAM methodology and

how highly novel potential GAM systems can be generated for subsequent application in
osteochondral repair contexts.

1.9 Feichtinger AGE GAMs for use OCTE

The controlled induction @forganic nanoptcle crystalBation within a confineslystemor

biomaterial hydrogel stands as a pivotal process in biomaterialdtsaiemetes the intricate
mineraliation pathwaysbserved in native biomineratien processesparticularly in bone
formation.Intriguingly, when such biomaterials are combined with gene loading strategies, such
as those utilised in various GAM systems, it could be hypothesised that a new generation of smart
spatially patterned transfection systesuld be generated. The research performed in this thesis

for the first time seeks to comprehensmghjore novel strategies which utilise biomineralisation

in confinement concepts (described above i20B@ and 200&portsby Watanabet abnd
Kamitakaharaet gl alongside standard electrophoretic DNA patterning/migration in the hope
that such an amalgamation can produce a continuous gradient GAM system capable of spatial
cellular transduction within a 3D a&tlen scaffold constru¢Kamitakaharaet al 2012;
Watanabe & Akashi, 2006)

As such, a brand neltectrophoretic nucleic acid payload patterning nedldmben tentatively
proposedor the combined synthesis;looalisation and spatiatteaning ofinsitubiomineral

DNA complexes, specifically within a single agarose hydrogel Bysteqpproach combines

the following scientific concepts; 1) the idea of biomineral crystallisation in confinement and 2)
the use of electrophoretic agan@issmid patterning for controlling spatial deposition of nucleic
acids within a nanoporous hydrogel matrix. It is proposed that such methods can be used to
produce a new class of spatially controlled or gradiented GAM which may overcome the

previously desibed limitations found within currentldyered osteochondral GAM systems.
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Theminimalproof-of-concept development for this method is detailed in the following sections
(with unpublished data froffeeichtinger, 2016)

1.9.1 Feichtinger-AGE-1 proofof-concept

Prior to commencement of this thesis, investigations by Dr G Feichtinger and colleagues
established an initial unpublished methodology by which inorganic phuspbaeticles (e.g.

CaP) and gradient DNA payloads could be spatially patterned withiowrsgeans of 1 wt%

agarose gels, using electrophoresis. It was hypothesised that by utilising the dual electrophoretic
movement of both particles (Gadsitive charge, plasmid DMNwgative charge) nanoparicle

DNA complexation could be controlled andureblin-sity thus ultimately generating spatially
patterned transfection capable therapeutic payloads. This approach was named the Feichtinger
agarose gel electrophoresis (#GE-1) method and significantly built on and repurposed
several concepts prewsly reported by the groups Wataretbeland Kamitakaharet al-
specifically of that relatinguse of electrophoresis to control the formadiuth depositioof
calciumphosphate nanopatrticle precipitdtéamitakahara&t al 2012; Watanabe & Akashi,

2006) The FAGE-1 methodology utilised a conventional horizontal electrophoresis tank and is
illustrated ifFigurel.18 Briefly, a 1 wt% agarose gel containing 0.75 raNPaand 25 mM

HEPESat pH 7.4 was cast specifically containing a single row of 16 wells. A 5 pg plasmid solution
with 30% glycerol was loaded into all wells and a 60V eledtiophotential was applied to

load the nucleic acid payload into the gel. After 6 minutes, the potential was removed and CacCl
solutions (225 mM) were added to all wells, followed by reversal of the electric field polarity
and the reapplication of a 60V potential for a further 6 minutes. Betw@anirRites, white
precipitates began to appear adjacent to the wells (in¢heiciméy of the previously loaded
plasmid vectors), with an intensity dependent on the initiald@a®lg concentration.
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Figure L18(A-E) 0 Spatial patterning of nucleic acid payloads within 1 wtl%garose gels usin
the FAGE-1 approachA: 25 QL plasmid DNA |l oading so
at the bottom under gravity. B: a 60V potential is applied across the gel for 6 minutes, usi
el ectrode conf Ca@idoading solution pip€tted wattin agatose wells, settling
bottom under gravity. D: a 60V potential is applied across the gel for 6 minutes, usinglectrod
configuration. E: Actual-AGE-1 agarose gel containing DITAP precipitates (nF4225mM CaCl
used).

Post precipitation, each individual mineralised gel was either stained to illustrate DNA

complexation/encapsulation or direftgezedried for nanoparticle SEM (and EDX) analysis

(Figurel.19.

To initially ascertain if successful DNAP cecomplexation took place during thAGE-1
patterning process, various precipitate containing gel slices (of diffepargnCexdrations)
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were stained with étlium bromide (EthB), which possessed strong affinities to plasmid DNA.
Through imaging in both the EthB filter (Pink colouration) alongside false imaging the opaque
precipitates (light blue colouration), a qualitative indication of succeksfalisabn was
provided. In the case Bigurel.19A (FAGE-1 0225mM CaGlpatterning), it was therefore
shown that DNACaP cdocalisation appeared largely successful and was most effective in the
highest Cagtoncentration utilisetl225 mM).

A
+5ug +0pg
DNA DNA
s | s | s s s s s | s s s | s s s | s s | s
P ———
mm CaP
I DNA

L H”th

] 100 200 300 <00 500 600 700
Particle Size (nm)

Figure 119 (A-E) & A selection of results from the FAGE-1 proof of concept investigatio
regarding the synthesis and characterisation oh-s/itu DNA -CaP nanoparticle complexesA:
Confirmation of electrophoretic -tmralisation betvee CaP precipitatesd plasmid DNA via Ett
DNA staining in combination with false imaging (DNA:pink EthB stain) (CaP: blue false Bx
Digitalcamera image of DN8aP gel slice pre and post fresrgéng. C: SEM imaget1l wt% scaffol
and pDNA-nanoparticles synthesized in agarose miatridectron dispersive-nay scattering (ED.
based analysis wEsituparticle composition (calcium = red and phosphageeen)E: Particle si:
distribution of pDNACaP ceprecipita¢ synthesised withinnt% ayarose gel.

Percentage of Total (%)

The gel slice containing the optimat@mplexed DNACaP nanoparticle precipitate (225 mM

CaClJ) was extracted and freelzeed to produce a macroporous GAdsed on visual analysis,
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it was found that lyophilisati had a substantial effect on these lower percentage agarose gels,
wherebya white, glossy, highly porous scaffold was synthesised. Unfortunately, as a result of this
proces®r Feichtingealso observed significant alterations to the agarose scafftldestwith

resulting GAM scaffoldsxhibiting largecale mechanical fragility (collapsing under moderate
physical handling) as well as considerable bulk surface area ¢hignkafyé9 B). Despite

such poor mechanical properties, it was confirmed via SEM (and EDX imaging) that spherical
CaP particles had been effectively synthesised and deipesitedsing the FAGE-1
methodologyKigurel.19 C and D). Additionally, through extensive high magnification image
analysis it was identified that the CaP populations werieagh nature with a hydrodynamic

radius which ranged from 1®@00 nm.

Importantly, despite multiple variations between tA&HE-1 methodology versus that
previously described by Watanatbebnd Kamitakahaset glit was shown in these prauff

concept investigations that a modified AGE method could be generated which allows for similar
synthesis and deposition of CaP nanopartiesisiwithin a 3D agarose hydrogel matrix
(Kamitakaharat al 2012; Watanabe & Akashi, 2006, 2BQ8hermore, it uniquely shows that

it is possible to combine an AGE CaP synthesis approach with a simple electrophoretic plasmid
loading strategy, thus allowiftg the apparent production of nanosized DS#P ce
complexes. As previously discussed in this literature review regarding how the sizeaéf DNA
co-complexes severely impacts the efficiency of the CaP mediated transfection process, this novel
method hold potential for combatting such a limitation, crucially via the synthesis-GaPNA
co-complexes in 3D confinement (i.e within a nanoporous agarose hydrogel).

1.9.2 Additional method for producing /n-situ plasmid gradients

Evidently, in the basitAGE-1 methodology described above, only a single DNA loading step
was utilised for basic premffconcept testing regarding DNaP synthesis andlogalisation.

As a result, it can be said that the agarose GAMs generated at this stage wereklegking the
gradiented characteristic sought by the Feichtinger research group for osteochondral GAM
fabrication. To rectify this issue and allow for the creation of continuous gradients of nucleic acid
payloads, the research group proposed one simple modificti®fAGE-1 methodology.

This change specifically included the use of multiple sequential plasmid DNA loading steps (dual
or triple DNA loading), prior to the Cafdading step. Through this method, it was hypothesised

that multiple DNA payloads coubed spatially distributed throughout an agarose hydrogel,
crucially in a continuous overlapping gradient conformation. Furthermore, by loading different
DNA vectors, each encoding for a specific t
it was propsed that a boratermediateartilage anisotropic payload gradient would be
possible, and thus allow for the facilitation of more native osteochondral tissue formation via the
regionally specific DNA payload uptake by cells. To test this hypotheslisioaalgaroofof-
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concept study was performed whereby plasmids were labelled with diianeatimer dye

(blue- YOYOL1, greed POPO3, re® TOTO3) (ThermoFisher) prior to sequential loading into

a 1 wt% agarose gel. Crucially, by running the DBlA&a@tstant voltage (60V) with 5 minute
intervals per DNA loading, it was possible to generate a highly contsitil®@NA gradient

pattern Figurel.20A & B). Ultimately, through this success, it was envisaged thaiGEe F

1 method would eventually be modified with such sequential loading steps, thus forming a true

continuous gradient osteochondral GAM.

A

1. 5pg pDNA1 (3;e=15min) 1. 5pg pDNA2 (3 ;,,.=10min) 1. 5ug pDNA3 (3 ;.=5min)

TRIPLE DUAL

D
[+]

Loading direction
Polarity

el

Figure 120 (A & B) 0 Investigation into control of DNA gradients in 1 wt%agarose hydrogel
using different cyaninedimer dye labelled pDNA samples (pINA1-3) and sequential loadingA:
DNA distribution and overlapping gradients as observed by confocal micr&emy)n a separi
experiment on 8ioRad GelDodémaging station. Control over distribution as well as depend
dispersion and size of different zones/pDNAs on loading time clearly obs8reablé. e b a r

1.10 Rationale for spatially patterned GAM systems for osteochondral repair

This review has highlighted a clear imperative for early interventions with regards to the treatment
of large scale or severe osteochondral defects. Whilst microfracture, moaait phdsty

current frontline treatments present reasonable therapeutic profiles, they are somewhat dogged
by several innate limitations which restrict their restorative or regenerative power, specifically
within complex muHissue environments. Thisludes limited mechanical resilience (in cell
therapies), lack of tissue specific morphogenic cues, as well as damagingfaatgisasech

as donor site morbidities (in the case of mosaicplasty). The field of tissue engineering on the
other hand shovases several attributes which may allow for the circumvention of said

limitations. Frustratingly, despite such potential, translation in recent years has appeared more
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challenging than anticipated, with many recombinant proteinlayerdil GAM concepssill

falling short in terms of replicating the precisafwbitecture required for adequate repair of

the full osteochondral environmé@henet al 2011; Leet al 2017)This discrepancy can
consequently impdaty fundamentals within the repair pathway such as healthy long term tissue
maintenace as well d8omechanicaroperties.

The Feichtinger research groamticipate that 3D gefaetivated matrix (GAM) systems,
featuring electrophoretic patterning gradients, offer a distinctive design ideal for effectively
treating severe osteochondngiries. Through the creation of smart 3D scaffold biomaterials
featuring directional gradients of multiple nucleidracisfection payloads, it can be anticipated

that advanced cellular orchestration can be achieved within distinct regions oabspaegeri
crucially emulating and recapitulating natural tissue morphogenetic @rovesisdike those

seen in embryonic development. The Feichtinger research group hypothesise therefore that upon
cellfree implantation of patterned GAM systems (likeonjunction with microfracture),
endogenous cells will infiltrate, populate and therapeutically respond to not only the basic
biomaterial framework but also the-gesigned spatial gene payloads distributed within,
ultimately directing cells to eithesteogenic and chondrogenic lineages, within a single
biomaterial system.

1.10.1 Project outline

Specifically, this PhD project aims to build on and advance the small pool of evidence currently
acquired regarding a new class of GAM biomaterials developdeemhtireger research group
(Feichtinger, 2016)Vhilst the current unpublished material and early process development data
(conference material only) shows promisinqifiadihe overall system remains at a very early
stage of developmemeg¢hnology readiness lel«d), and as such inherently contains systems

and processes that remain either untested, require further validation or simply possess direct
limitations. Fortis thesis such factors included:

1) Current biomaterial/hydrogel physical properties unsuitable for application within an
osteochondral treatment context (poor physical/structural properties post
lyophilisation)

2) Unconfirmed cytotoxicity and long term 3Dutat adhesion of-AGE-1 agarose
GAM scaffolds

3) Full validation required for short and long term 3D gene transfection in relevant cell
lines

With such factors in mind, this project will investigate firstly the translation of previously
established nuclegcid patterning platform -&GE-1) within freezelry compatible agarose

gels, as well as attempt to further modify tA6&E-1 methodology with the view of novel
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incorporation of cationic polymers such as PEI within said systems. Furthermore, the potentia
of using freezdried agarose scaffolds as 3D gene delivery biomaterials will be studied in greater
depth, with particular emphasis on cellular cytotoxicity, 3D cellular adhesion, proliferation and
differentiation. Finally, upon provision of an optintedsigned adherence capable biomaterial
system, short and long term transfection of spatially patterned agarose GAMs will be investigated,
with an additional proof of concept study being performed regarding alternative nucleic acid
vector systems.

Ultimately, he longterm goal for this construct involves tme of the aforementioned
Feichtingr electrophoretic GAM patterning approaches to creatdiradtional gradiented
biomaterial system in which numerous therapeutic nucleic acid payloads are spatially patterned
and thus capable of directing complexhoussue formation. However to amle this final

design outcomeFigure 1.21), singular payload patterning and transfection must first be
thoroughly established and optimised. As fardhjs PhD thesis project, only singular payload
patterning using the Feichtinger electrophoretic patterning principles was applied;oft a proof
concept structure.
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1.11 Project aims and objectives
The specific aim of this project was to comprehensively characterise and optimise the biological
responses and gene delivery capabilities of the developed electrophoretically patterned agarose
GAMs.

In order to achieve this aim, the following researehtivMgis were developed.

1 To determine the effect of freednying on different agarose formulations.
I To determine if the primaryAGE-1 agarose gel electrophoresis approach can be

successfully translated into higher percentage agarose gels.
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1 To design andalidate a new iteration of the agarose gel electrophoresis approach which
could synthesise and spatially deposit pPERransfection payloaussitu
To determinghe biocompatibilitgf agarose GAM scaffolds.
To characterise the 3D gene delivery ddjgsbof developed agarose GAM scaffolds.
To explore the potential of covalently closed hairpin loop vector (CCHLV) systems as

an alternative nucleic acid vector for agarose GAM incorporation.

This thesis is therefore organised into four experimentarshapich chronologically outline
the various research methodologies and associated results in relation to the stated research

objectives.

Chapter3 therefore quaatively and quantitatively investigates the physical and structural
differences in 1wt% and 3wt% fredred agarose GAM biomaterial compositions for their
specific use in osteochondral defect repair applications, as well as for the first time
comprehasively verifying that theAGE spatial patterning approach can synthesise and
spatially control not only pDN8aP payloads-situbut also DNAPEI polyplexes.

Chapter4 describes the optimisation of sterility, cytotoxicity and cellular adhesion (cell
attachment, viability, 3D infiltration and differentiation) capabilities of agarose scaffolds or
GAMs for support of 3D culture of biological relevant adheretiheslsuch as L929, C2C12

and Y201. This included the testing and phgb&mical characterisation of three different
surface coatings (Fibronectin, LapeRE©®, Polydopamine.

Chapteb describes the optimisatiorcafcium phosphat€aP)mediated angolyethylenamine

(PEI) mediated 2D cell monolayer transfection protocols for two different cell lines (C2C12 and
Y201) the validation of agarose scaffolds actingequate surfaces for 3D transfection (control
study), and finally the characterisation of gene delivery capabdliéiesagfhoretically loaded

PDA coatechgarose GAM scaffolds

Chaptesillustrates the construction and 2D transfection testing of two novel enzymatic ligation
assisted by nucleases (ELAN) strategies which allow for efficient synthesis of CCHLY DNA

vectors.
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CHAPTER 2

GENERAL MATERIALS AND
METHODS
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2 CHAPTER 2:GENERAL MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment
All equipment used in this project is tabulated in the App€alizg.1.

2.1.2 Consumables

All consumables used in this project is tabulated in the Apetdis,2.

2.1.3 Celllines

All cell lines used the following cell culture media preparation:

Cell culturemedium Dulbecco's Modified Eagle MedigbMEM) (MediumHigh Glucose)
10% v/v Fetal Bovine SerunfFBS), 100U/mL penicillin/streptomycin (P/S), 2 mM L
Glutamine.

L929 Mouse Connective Tissue Cell Line

Description: L929 cells (NCTC clone 929: CCL Eriten Type Culture Collection (ATCC)
Manassas, VA, USA; ECACC No. 88102702, European CollectionGifli@eds, Salisbury,
Wiltshire, SP4 OJG, UK).

Subculture duration: twice weekly (1:5 passage ratio)
Incubation conditions: 37°C, 5% £6umidified environment
C2C12 Mouse Skeletal Myoblast Precursor Cell line

Description: Mouse C3H Muscle Myl purbased from the Germarollection of
microorganisms and calltares DSMZ#ACC565 (Braunschweig, Germany).

Subculture duration: twice weekly (1:5 passage ratio)
Incubation conditions: 37°C, 5% £6umidified environment
Y201 Human Telomerase Revdrsmscriptase (WTERT) immortalised human MSC Cell line

Description: Clonally derived primary bone marrow mesenchymal Stem Cells (MSC) manipulated
postisolation using a stable lentiviral hTERT integration system. Kindly donated by Dr Paul
Genever (Univetyiof York).

Subculture duration: once weekly (1:2 passage ratio)
Incubation conditions: 37°C, 5% £6umidified environment
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2.1.4 Chemicals and reagents
All chemicalsstock reagentand restriction enzymesed in this project is tdated in the
Appendix,Table8.3 andTable8.4.

2.1.5 Plasmids
The plasmidased in this project are detaile@able2.1 andFigure2.1 andFigure2.2.

Table 2.10 Plasmids used in this study.

Plasmids
Name Purpose Manufacturer
. Primary vector expression system .
PCAG-d2eGFP(Figure CCHLYV gene expression cassette templatg gg\gﬂ ?ﬁinbye?r
21) Enhanced GreeRluorescent Protein (eGFP 9
Insert and colleagues
. Clontech/TaKaR3
pMetLucFigure22A) | Metridia Luciferase (Metic) Insert (Palo Alto,
CA, USA)
. Metridid uciferase (Mdtuc) Insert
PCAGMetLuc(Figure Gene insert isolated from pMetLuc2 plasm In-hdous;_e
2.2B) Cloned into pCAG backbone using restricti prﬁ u:: :é)n
enzyme mediated cloning (chaptes)
Metridid.uciferase (Mdtuc) Insert In-house
PCAGMetLuc2(Esp3l) | Esp3l recognition sites clonegistream and | production
downstream of gene expression cassette | (chapter b

Munl CMV
Enhancer

Chicken B
Actin
Promoter

pCAG-d2-eGFP
[5692bp]

OriR eGFP

Poly (A)
Munl
Figure 2.1 pCAG-d2-eGFP vector mapCytomegaloviru€£MV) enhancer sequence, chickewtir
promoter, selfeplication origin (oriR), Simian virus 40 (SV40) Polyadenylation (Poly(A))

enhanced Green Fluorescent Protein (eGFP), Ampicillin resistancergaiection in E.coli). ML
recognition sites flanking the gene expression cassette region.
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cmv

Poly (A
A Enhancer B S:’g?‘a(l )
g
Chicken B oriR
— Actin
Promoter \
pCAG-MetLuc2 pMetLuc2 Control
[5502bp] HSV TK [4781bp]
Poly (A)
Signal
OriR—
Soe o e Kank by
Poly (A)

Figure 2.2 (A & B) 8 pCAG-MetLuc2 and pMetLuc2 Control vector maps.A) CMV enhanc
sequence, chickévactin promoter, set&plication origin (oriR), Simian virus 40 (SV40) Polyade!
(Poly(A)) sequenddetridid.uciferase gene insert (NMeic), Ampicillin resistance gene (for selecti
E.coli). Munl recognitiosites flanking the gene expression cassette regdviVBInhancer sequer
CMV promoter sequence, seplication origin (oriRHerpes Simplex Virugi§V) thymidine kina
(TK) and SV40 Poly(A) sequendastridid uciferase gene insert (Netc), Kammycin/Neomycin ope
reading frame.

2.2 Methods

2.2.1 Tissue culture methods

Essential protocols for successful mammalian cell culture were performed in accordance with
strict asceptic technique. This importantly included the correct storage and subsequent handling
of all presterilised cell culture consumables prior to and thgin thie confines of a class Il
ventilated safety cabinet.

2.2.1.1 Cell culture media preparation

For 200 mL of L929, Y201 and C2C12 complete media, 174 mL of DMEM (Sigma) was added
to; 20 mL of FBS, 4 mL of P/S (5 mglr)and 2 mL of tglutamine (200 mM).

2.2.1.2 Cellcounting

A Countess automatic cell counter (Invitrogen) was used to count total cell numbers in a
suspensi on. A 50 QL <cell aliquot was initiaé
ratio). A Countess disposable slide (Invitrogen) was thendloadvi t h -trypdn bipe c el |
suspension before insertion and counting within the cell counter chamber. The resulting output
determined the proportion of live and dead cells, in cells per mL. The live cell number value,

from this output, was then used detl seeding density calculations.
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2.2.1.3 Cell culture resurrection, maintenance and passage

A cryopreserved cell aliguot was gently warmed to room temperature and its contents
transferred to a 15 mL falcon tube-Waemed complete media (5 mL) was addeevid®pnd

the suspension was centrifugedLfbminutesit 150 g. The supernatant was discarded and the

cell pellet reconstituted in 10 mL supplemented cell media. The cell suspension was subsequently
seeded into a-TI75 tissue culture flask and placedhimadified incubator (37°C, 5% §O

Samples were incubated for a further 48 hours before the culture media was removed and
replenished, a process which also extracts any unbotadheoent cells from the starting cell
aliquot. Depending on cell linmliferation rate, cell culture media was exchanged weekly or
twiceweekly until 680% confluency was achieved, as seen under light microscopy.

Once 6680% confluent, cells were passaged. Depleted growth medium was aspirated. Flasks
were washed once witerile PBS (without calcium and magnesium) and 5 mL/ERIFN

was added before returning into incubator (37°C, 5% 6046 mirutes After visual
confirmation of cell detachment, the suspension was transferred to a sterile 50 mL falcon tube
contairing 10 mL supplemented media (FBS presence leading to trypsin inactivation). The cell
suspension was centrifuged for 10ute 150xg, the supernatant removed asdispended

in 5 mL supplemented media to be counted, as per 22tlo@when necessary. Cell cultures

were reestablished in new75 flasks at the desired passage ratio.

2.2.1.4 Cell freezing

To maintain a good supply of frozen cell stocks, once each qulbdiressed successfully
through 23 rounds of passage and expansion, a proportion of cells were frozen. Specifically, any
excess cells not taken forward for continued culture were separated and then centrifuged for 5
minutes 150xg. The supernatant wasoved and the remaining cell pellet wasispended in

freezing media (10% dimethylsulfoxide (DMSO), 90% FBS) at a desired ratio of 1 mé. per 1x10
cells. The cell suspension was then briefly kept on ice before transfer to labelled cryovials within
a freezig container. The container was storeddQ°& freezer for 48 hours before reallocation

to liquid nitrogemewarfor long term storage.
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2.2.2 Spatial patterning of nucleic acid transfection payloads within agarose
hydrogels

Nucleic acid payload patterning was accomplished in each of the following methodologies
throughthe use of a horizontal SGell GT electrophoresis system (BioRad, Massachusetts,

USA) Figure2.3). Each method utilised a 3 wt% agarose gel formulated using @é&Kem
agarose powder (Lonza, UK) in combination &iitier Buffer A: 0.75 mM MN4PO, and 25

mM 4(2-hydroxyethyi}-piperazieethanesulfonic acid (HEPES) (pH 7.4) or Buffer B: 25 mM
HEPES (pH 8). Molten gels (130 mL) were cast withinreuggproduced gel tray of 15% 1

cmdimensions, alongsidehauseproduced galombs, as shown igure2.4.

Figure 2.3 8 The horizontal SubCell GT electrophoresis system and associated power p
(PowerPac 300, BioRad) useith the F-AGE approaches.

Figure 2.4 0 The in-house agarose gel tray and condteveloped by the Feichtinger research groi
for high throughput nucleic acid payload patterning within agarose gel&€ach15 x 5 cmgel tra
contains 15 fixed comb positions. Each comb produces 16 possible wells upon agarose gel
of 240 pogble wells per agarose gel.

2.2.2.1 F-AGE-1 nanoparticle approach
The Feichtinger Agarose Gel Electrophoresfg[E-1) nanoparticle approach was a strategy
first conceptualised by Dr G Feichtinger as a simple method to spatially control nucleic acid and
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nanoparticle deposition within 3D agarose gel matrices, spyealfaihg for thénsituco-

localisation of nucleic acids with CaP nanopatrticles.

2.2.2.1.1 Loading solutions

Master stock loading solutions for both the DNA vectors and the inorganic nanoparécles
prepared as shown Trable2.2 and Table2.3. Each master stock solution contained enough

volume for 60i ng

ndi vi

dual

| oadi

mastermixes were stored2it°C until required.

Table 2.2 8 DNA M aster stockloading solutionsused for the FAGE-1 method.pCAG-d2-eGFP

runs

wi t h

25

or pPCAGMetLuc?2 was used as the plasmid vectors for all DNA master stocks. FN = Fibronectin.

Master Stockloading Solution Constituents
(Total vol ume:

Master- pDNA Glycerol FN
stockType | ( 1 Og /]| (30%) WH0 1 0g7 4
2.5 DNA 150 @250. 21098 N/A
only
5Q DNA 300 QP250. 2[1949.80L | N/A
only
10Qy FN N/A 250. 2| 649.80L |6000L
Only
2.5 DNA 150 Q250. 2|498QL 6000Q L
+ FN
5@DNA+ |30 OQL|250. 2]1349.8L 600Q L
FN

Table 2.3 8 CaCk Master stock loading solutions used for the fAGE-1 method.

Master Stockloading Solution Constituents

(Total wvol ume:
) CaCb Glycerol
Master Mix Type ddH 0O
(500mM) (30%)
OomM N/A 250. 2 Q1249.80L
112.5mM 337.80L 250. 2 Q[9120L
162.5mM 487.8QL 250. 2 Q762QL
212.5mM 637.80 L 250. 2 Q6120L
225mM 6750QL 250. 2 (Q57480QL
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2.2.2.1.2 Buffer and agarose gel solution
The FAGE-1 method utilised the buffer solution known as Buffer A for agarose hydrogel
creation and as a running buffer, as stated in s2&idn

A concentrat stock solution of Buffer A (500 mM HEPES + 15 mMH¥D,) was
formulated as follows; 119.16 g HEPES and 2.128H&avas added to ~1000 mL dgfH

After sufficient mixing, the pH of the solution was subsequently brought up to 7.4 using 6M
NaOH before wrage in the dark.

To achieve a working/running Buffer A solution (25 mM HEPES and 0.75 ARy the
concentrated stock was simply diluted 20 fold inQIdél a final volume of 2000 mL. The
working stock was then utilised as required.

To generate awt% agarose gel slab, 130 mL working Buffer A was added to 3.9 g agarose
powder respectively. Once mixed, the solution was then heated until the agarose had completely
dissolved (solution appearing transparent), before then being allowed to cool For50°C (
analytical agarose gels, SYEFafe DNA Stain (Thermo Fisher) was added at this stage using a
dilution factor of 1:10,000). Once cooled, the molten solution was poured into a-HeNSES in

gel tray containing appropriate comb inserts. Followadhailoaded gel tray was incubated

for 60 mins at room temperature, thus permitting gel solidification. Once hardersalibe in

comb inserts were carefully removed, leaving behind intact loading wells.

2.2.2.1.3 Gel loading and electrophoretic patterning

Firsly, master stock loading solutions formulated in s@c@@nl.ivere gently thawed on ice.

At the same time, the solidified agarose gel slabs made ireseetib@vere carefully placed

within a horizontal SeBell GT gel tank before 1800 mL working/running Buffer A was added,
ensuring anionic and cationic reservoirs were filled equally. After a subsequent 20 minute gel
buffer equilibration (room temperature), $lstesn was considered ready for nucleic acid payload
patterning.

The following protocol was specific to thRAGE-1 system in which both pDNA and GacCl
loading solutions were used to induce pBIN#R celocalisation (as diagrammatically illustrated
in chaper1, Figurel.18). For pDNA only controlgir CaP only controls, the same protocol was
applied but with only one loading solution used.

Briefly, 25 QL of pDNA master stock was gen
Gilson pipette (stage 1). A 300V potential was then immeadaield across the agarose gel

for 5 minutes, inducing negatively <charged
towards the positively charged cathode ( stz
specific Cagmastermix loading solution whsrt carefully applied (stage 3). Importantly, this

was followed by reversal of the electric field polarity. A further 60V potential was then
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immediately induced across the gel for 6 minutes, this time inducing the cationic species to
(due tching
towards the previously loaded pDNA (stage 4). Over this 6 minute process, white CaP

transl ocawar dsné tdhier eccutp o n t o swi

precipitates materialise within the region directly below the loaded well.

2.2.2.1.4 Gel Excision

After formulation of the FAGE-1 nucleic acid payloads within the agarose gelsh@umsin
designed hydrogel excision téafjre2.5) was used to removach individual hydrogel. The

tool was designed similarly to a biopsy punch whereby the cutting element simply slides through
the bulk agarose gel, taking up only the small hydrogel of interest. Precise hydrogels of
dimensions 6mm by 4.6mm by 5.8mm weneddiusing this tool, as showrrigure25E.

Furthermore, based on the pDNA concentration used and then@ater mix type, the excised
hydrogels were then renamethdividual agarose GAMs as showhable2.4.

A

L=6mm

ﬁ: 4.6mm

Figure 2.5 (A-E) 6 The in-house designed hydrogel excision toaleveloped by the Feichtinge
research groupA: SolidWorks model of treombinedexcision toglincluding the cutting element
the removal tooB: The manufactured steel cutting element. C: Théattaned steel removal tool
The combined excision and removal tools. E: Dimensions of the excised hydrogel product pc

>
D =5.8mm

Table 2.4 8 F-AGE-1 Agarose GAMdesignations after individual gel excision using the ihouse
excision tool.

DNA CaCbk Master Mix Used

Master

Stock OomM 112.5mM 162.5mM 212.5mM 225mM

Used

2.5 AGE1-25 AGE1-2.5 AGE1-2.5 AGE1-2.5 AGE1-2.5
DNA only OomM 112.5nM 162.5nM 212.5nM 225mM
5 Qg AGE1-5-0mM | AGE1-5 AGE1-5 AGE1-5 AGE1-5

only 112.5nM 162.5nM 212.5nM 225nM
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2. 5 |AGEL25N- | AGEL-25FN | AGEL-25FN | AGEL-2.5FN | AGEL-2.5FN
DNA + | OmM 112.50M 162.5nM 212.50M 225nM
FN
5 Og |AGELEFN- | AGEL5FN- | AGEL-5FN- | AGEI-5FN- | AGEL-5FN-
+EN omMm 112.50M 162.51M 212.50M 225MM

2.2.2.2 F-AGE polyplex approach

The Feichtinger Agarose Gel Electrophoresi8GE polyplex) approach was a strategy
developed by this author and can be considered an amalgamatiorAGERE fRethodology

and the opposite loading methodology champion@€ahyitakaharat al 2012) Specifically,

this involved the substitution of inorganic nanoparticle salt solutiony {Qa&lcationic

polymer such as linear PEI. Due to the high charge density of PEI, it was hypothesised that such
polymers would be electrophoretically mobile and thus aliesifgpatterning within agarose

gels. Moreover, by loading PEI and pDNA ppasitely located agarose gel wells, the
components would be able telocalise to form a polyplex. The following sections describe the
F-AGE polyplex approach in a ste{se manner.

2.2.2.2.1 Loading solutions

Linea Polyethylenimine (PEI) (25KDdfa Aesarwasreconstituted to Qy/ QL according to

an established twadep process. Initially, dgbiwas added to PEI powder followed by dropwise
addition of 1ivhydrochloric acidHCI), initiating complete dissolution at approximately pH 2.
Using continual stirring,dlpH was then raised to 7 through dropwise addition of 1M NaOH.
The resulting PEI solution was then filter sterilised through @\ fgr before aliquotting
and storage at(°C.

The 2.50 gand 50 dONA only master stock loading solutions previausdyl in the FAGE-1
approach were also used in th&®GE polyplex approacA @ble2.2). Additional PEI master

stock loading solutions were formulatedhar Table2.5. Each PEI master stock solution
contained enough volume for 60 individual

formulated, alinastermixes were stored2t°C until required.

Table 2.5 8 PEI master stock loading solutions used for the fAGE polyplex method.

PEI Master Stockloading Solution Constituents
(Total vol ume: 1
Desired N/P ratio / | Linear PEI Glycerol ddH,0
Master Mix Type (10Qg/ QL] (30%)
N/PO N/A 250. 2 Q1549.0L
N/P8 (2. 50g |[15540L 250. 2 Q1394.40L
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N/P16(2 . § Og [310.20L 250. 2 Q1239.60L
N/P24 (2. 5 Og |465.60L 250. 2 0 108a.0L
N/P40 (2. 9 Qg |775.80L 250. 2 0O 7740L

N/P8 (5 Qg 310.20 L 250. 2 0O 1239.60L
N/P16 (5 Qg 620.40 L 250. 2 0 929040L
N/P24 (5 Qg 9300 L 250. 2 0 619.80L
N/P40 (5 Qg 15480 L 250. 2 O 1.80L

2.2.2.2.2 Buffer and agarose gel solution
The FAGE polyplex method utilised the buffer solution known as Buffer B for agarose hydrogel
creation and as a running buffer, as stated in s2&idn

A concatrated stock solution of Buffer B (500 mM HEPES) was formulated as follows; 119.16
g HEPES was added to ~1000 mL ddHAfter sufficient mixing, the pH of the solution was
subsequently brought up to 7.4 using 6M NaOH before storage in the dark at peoatuem

To achieve a working/running buffer B solution (25 mM HEPES), the concentrated stock was
simply diluted 20 fold in dd@ to a final volume of 2000 mL. The working stock was then
utilised as required.

A 3 wt% agarose gel slab was generatedhesisgme protocol stated in secfidh2.1.2vith
the exception of using a working solution of Buffer B instead of Buffer A.

2.2.2.2.3 Gel loading and electrophoretic patrning

Master Stock loading solutions specific for fA6GE polyplex method were allowed to thaw

gently onice. Then, as previously described, a solidified agarose gel slab was subsequently inserte
into the horizontal SuBell GT tank and equilibratediwiunning buffer B.

The following protocol was specific to thRAGE polyplex system in which pDNA and PEI
loading solutions were used to generate and depositpaiyiexes within an agarose gel (as

diagrammatically illustratedrigure2.6).

Briefly, 25 OL of pDNA master stock was gen
Gilson pipette (stage ).300V potential was then immedjaietiuced across the agarose gel

for 20 minutes (stage 2). Subsequently,snghme wel I 30 QL of a speci
solution was added (stagel@portantly, electric field polarity was reversed at this stage. A
further 300V potential walsen immediately induced across the gel for 10 minutes (stage 4).
Over this 10 minute process, thin white polyplex deposits materialise within the region between
the loaded wells.
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Figure 2.6 (A-D) 6 Spatial patterning of nucleic acid payloads withiragarose gels using the {
AGE polyplexapproach.A: 2BDMNA | oading solution pipet
300V potential is applied across the gel for 25 minutes, using alectrode configuration. C: G0
PEI | oading solutions pipetted i nt 80Mpbtentiab
applied across the gel for 10 minutes, using a eélectrode configuration.

2.2.2.2.4 Gel Excision

F-AGE polyplexes were excised as per se&cfidh1.4Based on the pDNA concentration used

as well as the N/P master mix type, the excised hydrogels were then independently renamed as
individual agarose GAMs as shownhable2.6.
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Table 2.6 8 F-AGE polyplexAgarose GAM designations after individual gel excision using the4n

house excision tool.

DNA PEI Master StockUsed
Master
Stock N/PO N/P8 N/P16 N/P24 N/P40
Used
2.5 AGE-2.5 AGE-2.5 AGE-2.5 AGE-2.5 AGE-2.5
DNA only N/PO N/P 8 N/P 16 N/P 24 N/P 40
5 Qg AGE-5 AGE-5 AGE-5
only AGE-5-N/PO | AGE-5-N/P 8 \/P 16 /P 24 /P 40

2.2.3 Freezedrying protocol

Agarose hydrogels or poracaffolds were transferred to individual wells of a 48 well plate
before placement inside-8PC freezer for 45 minutes. Upon completion, well plates were
moved, with speed, to a freezger (ModulyoDThermo Savant), whereby aggeprogramme

was initated. Conditions of this programme includésC chamber temperature, 0.2 mb
chamber pressure. Samples were subsequently lyophilised for 12 hours or unless otherwise stated

2.2.4 Scaffold functionalisation methods

2.2.4.1 Fibronectin surface coating

Bovine plasmdibronectin (FN) (Invitrogen) was reconstituteith 50 pg/mL sodium
phosphate buffer pH 7.8 at two different concentratiolgy/2t. and 50»/mL. Freezelried
agarose scaffolds were then immersed in either solution for 12 hours, washé@cih RBES
subsequently freedeed overnight. Dry FN coated scaffolds were then washed with 70% ice
cold ethano{l mL)before a second freedsy step (sectian2.3.

2.2.4.2 LAP-PEO surface coating

Equal amounts of Laponite® RD (LAP) and Polyethylene oxide ifiRE€aular weight 10

g/mol - Sigma) were added to desedi water and mixed at room tenagure for 24 hours,
generating final combinedAP-PEO solutions of either 4éng/mL or 120 mg/mL
concentratiorFFreezedriedagarose scaffolds were then immersed in these solutions for 4 hours,
before undergoing standadtlitionafreezedrying procedures. The resulting O coated
scaffolds werarfally washed with 70%-celd ethano{l mL)before a second freedey step
(sectior2.2.3.
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2.2.4.3 Polydopamine surface coating

DopamineHCI (Sigma) was mixed withri® TrisHCI buffer (pH 8.5) in order to generate
either Img/mL or 2mg/mL fresh dopamine solutions. These solutions were then incubated,
under constant mixing conditions using magnetic stirrer, at room temperatureifiatel0
ensuring an initial colour change from colourless to light orange occurs (initial pagierisati
Freezedried agarose scaffolds were then immersed in either of the newly polymerised
polydopamin€PDA) solutions and incubated for 4, 8, 12 or 24 hours, over which time further
polymerisation occurBigure2.7). Upon completion, scaffolds were removed from solutions
and washed overnight in deionised water (room temperature), using an orbital shaker (180
revolutions per minutepm)) to remove unbund PDA. Scaffolds were then fregded,
followed by iceold ethanol sterilisatighmL washand a second freedey step (sectich2.3.

‘ )

Oxidative Self-
Polymerisation / 4hr

— 800pL PDA aliquot Incubation:

into each well
pH 8.5, 10mins \
Tris-HCI

Polydopamine
Buffer Solution (PDA) Incubation ford, | o
(_ | u ’,_ I ] i H \_1 8,12 or 24hrs
(] - Room
4 Temperature 12hr
4 Incubation:
(110
Transfer into
48 well plate
..... H
- r_ .‘ ‘ | _1 241r
= - - Incubation:
3%-Blank Agarose
Scaffold

Figure 2.7 6 Schematic for the functionalisation of agarose scaffolds using Polydopam
solutions.

2.2.5 3D Cell seeding methods

2.2.5.1 Static Seeding

3D scaffolds were seeded using passive static seeding techniques. InitiadlyyemafiEded
inside well®f untreated 48 well plates or treated plates with modificéale2.7). This
included deposition of a \8t% agarose layer within individual wells (to deteplastic
attachment). Additionally, prior to cell seeding, scaffolds were either kept in 4vettatbn
freezedried form, or preonditioned with 6QL complete culture media. For the latter, bydra
scaffolds were incubated formidutesat room temperature. Post conditioning, scaffolds were

then partially dehydrated via transfer into a 37°C, 5% CO2 incubator for 1 hour.
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At this point, C2C12 or Y201 cells wereugpended to a total volume@®f6 QL per scaf f
the required cell densi t-ygeededonte each bfZhe exposeal | i q u
surfaces of the scaffold and placed in an incubator3dnoRrs to allow sufficient cell
attachment. After incubation, 8Q0 complete mead was applied to enalgetire scaffold

coverage. Scaffolds were subsequently kept in culture undisturbed, with media changes occurring
every 23 days or when experimentally required.

Table 2.7 8 A range ofstatic seeding conditions utilised during this study.

Static Seeding
N Method 1 Method 2 Method 3 Method 4
Conditions
Treated 48 well
n n n 6
plate
Additional 3wt%
0 0 n n
agarose layer
Scaffold pre
e o) n 6 n
conditioning

2.2.6 Assessment of 3D cellulaattachment & viability

To ascertain the capacity for successful 3D cell growth of agarose scaffolds, cell attachment and
viability was monitored visually using a EDEAD Viability assay (Viability/Cytotoxicity

Assay Kit for Animal Live & Dead Cells (B0 Biotium California, USA) in tandem with
Confocal Laser Scanning Microscopy (CSLM) techniques. The assay comprised-of a LIVE
DEAD cell double stain in which solutions of acetoxymethyl esterase substrateAalcein

and a plasma membrdampermeant DNAlye (Ethidium homodimer III (EthDI)) were used

to simultaneously label live and dead cells for fluorescent detection.

In principle, double fluorescent cell labelling simply applies substrates of differing
lipophilic/phobic properties to cell materighvopposing membrane integrities to bring about

a specific fluorescent response. As such, upon entry into live cells, the lipophilic membrane
permeable CalceiM can be cleaved by residual intracellular esterase enzymes, producing a
greenfluorescent cegin product with excitation and emission wavelengths of 494nm and
517nm respectively. In contrast, EfiDa lipophobic DNA binding dye, can only produce a
fluorescent signal when cell membrane integrity is compromised (i.e in dead cells). 8uch cell dea
therefore provides sufficient access to the nucleolar compartment to enable DNA binding,
catalysing the production of a red fluorescent signdbld2®nhancement) with an
excitation/emission wavelength of B82625nm. Consequently, with the abosagspplied,

a cultured cell sample will stain live and dead cells green and red respectively. Furthermore, due
to overlapping excitation spectra, simultaneous viewing of live and dead cells can be achieved.
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A working fluorescent dye solution 0Q2v @AM and 40 M  E4dllhwBAs prepared
according to manufacturer 6s IInM GalceiraMand 2 n s . I
mMMEthDI I' Il were warmed to room t e mpregpetivelyr e, 0
added to 10 mL PBS. The subsequéduatien was vortexed, distributed into sufficient aliquots

and stored at20°C for future use. Cell seeded scaffolds were then removed from culture
medium, rinsed briefly with PBS to remove residual serum esterase activity, and placed in a 96
wellroundbdt om pl ate contai ni ng 1ID&AD s@utionaSkaiffajda ot s ©
were then incubated in the dark fedStninutesat room temperature before transfer onto glass

slides. Using a confocal microscope (Leica DM6 CS), samples were obseflumtassiein
isothiocyanatéFITC) (excitation filter: 468 495 nm, emission filter: 51& 555 nm) and
TexasRed® (excitation filter: 8880 nm, emission filter: 53885 nm) detection channels.

Images were captured for each scaffold orientation using LAS X, Leica software.

2.2.7 Assessment of 3D cellular proliferation

To further enhance the understanding of 3D agarose cell growth, specifically in tdféeperiod
initial cell atachment, lamarBlue® cell proliferation agent (BioRad, UK) was applied to the
fabricated scaffolds. Although primarily designed for evaluation of cell proliferation within 2D
conditions, the assay can be applied to 3D biomaterials with certain mioslificati

Specifically, this assay utilises aaxio nonfluorescent resazurin ingredient, which can signify
cellular metabolic activity and proliferation upon substrate reduction. The principle, as stated in
the assay manual, is based on the functioaaityagf actively metabolising cells to reduce the

blue norfluorescent resazurin compound into the highly fluorescent and diffusible red product

0 resorufin. The subsequent accumulation of such product can then be quantitatively measured

using absorbance fluorometric based spectrophotometry.

Biologically, proliferating cells can continuously convert resasurin into resorufin, such that a
proportional relationship between amount of fluorescence accumulation and increasing cellular
populations is foundnlcontrast, nowiable, metabolicalieficient cells lose their hydrolysing
capability, thus restricting successfudarda conversion, leading to an overall loss of

fluorescent signal.

Consequently, this difference can be utilised effectively fassi®esment of 3D scaffold
cultures, whereby fluorescence detected in culture medium is proportional to the number of
viable cells growing on the fabricated agarose GAMs.

2.2.7.1 Assay Protocol

AlamarBlue® reagent was diluted 1 in 10 in culture medium to geenendieg solution. 200

QL was then added in triplicate to sample a
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samples were then incubated at 37°C, 5%f@O4 hours before transfer of all sample
supernatent (including blanks) into a bilatikbatom 96 well plateAdditionally, a separate
sample oHlamarBlue working solution was autoclaved at 120°C foindi&sto produce a
fully reduced positive control. Fluorescence intensity was then measuredausiscpa Lux
microplate reader widppopriate excitation and emission wavelengths setn(®d90 nm).
Corrected fluorescence values were then generated using the form(Eabatomm?.1).

% Reduction FI590 (test sampl&)FI590 (untreated control)
= X 100 2.1

of
AlamarBlue® FI590 (Reduced sampddfI590 (untreated control)

2.2.8 Histological evaluation of agarose scaffolds

2.2.8.1 General histological processing

Agarose scaffolds were removed from culture medium, rinsed twiebosjhate buffered

saline PBS before being fixed in 10%&eutral buffered formalilNBF) for 24 hours, inside

individual plastic histology casseftesr(mofisher Scientific). Upon stifnt fixation, cassettes

were transferred to an automatic tissue processor whesetgrogramme was initiated. This
included a graded series of alcoholic dehydration chambers (70% d&thhnals 90%
methylated spirits 2 hours 100% methylatespirits- hours100% methylated spirdsl hour,

100% methylated spird2 hours 100% methylated spir® hour9. This was then followed

by 3 separate xylene washd®(29 to initiate clearance and finally-st€p impregnation of

molten paraffinvax (3hoursper step). After completion, scaffolds were placed into metal wax
base moulds, filled with excess molten paraffin wax, and subsequently cured using a cold plate.
The hardened wax blocks were then removed from the mould and sectione@MntioidiO

slices representing top, middle, bottom scaffold layers, using a microtome (Leica). Using a water
bath (45°C), each section was subsequently placed floating on the surface, allowing wrinkles to
gradually disappear, beftwing positiored onto a sperfrost microscope slide (SLS). The

sections were then placed overnight on-plats to dry.

2.2.8.2 Haematoxylin & Eosin staining
Haematoxylin and Eosin (H&E) staining was utilised to visualise cellular morphology and
histoarchitecture across the full lardjital plane of a cell seeded agarose scaffold. Sections
generated using the methodology outlined in s@cBdhlwereinitiallyplaced in a skdrack
before undergoing a common sequential H&E staining protocol. The samples were first de
waxed in xylene (Ifinutesd xylene I, 10ninutesd xylene 1), then dehydrated in a graded
sequence of ethanol chambermif@utes- 100% ethanol |, thinutesd 100% ethanol I, 2
minutesd 100% ethanol 1l, Zninutesd 70% ethanol), followed by a rehydratiase step in
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The
Scientific) for Ininute, before a further rinse stepap water. Sections were then transferred

tap wat erminutgyx) , f o
before staining in 1% eosin solution (Eosin Y) fioinBtes Eosin was then removed in running

tap water (3 minutes. sections were next Ssubmer gc¢

and submerged in Scottds
tap water, dehydeal in an ethanol seriessgnds- 70% ethanol, fninute d 100% ethanol

IV, 2minutesd 100% ethanol V,Binutesd 100% ethanol V1), and cleared in xylenm{fites

d xylene Ill, 10ninutesd xylene 1V). At this stage, the slides were mounted alongside a coverslip
using DPX mountant (Atom Scientific), and allowed to air dry. Visual analysis was performed

under a light microscope and images captured using Zeiss imaging software.

2.2.9 Molecular biology techniques

2.2.9.1 Restriction digest
Restriciond i gest s wer e
t hat

per hour for every unit of enzyme applied. Where possible, restriction enzymeshaees purc

perfor med according to

consideration under appropriate reacti
from the same manufacturer (ThermoFisher Scientific), with certain exceptions permitted. In the
case of double or multiple enzyme restriction digests, ThermoFisher Scientific double restriction
digest calculator was used to ascertain buffer cofitpeili andar d di gest s wer ¢

systems as péable2.8.

Table 2.8 (A & B) dReaction systems for single and double restriction digests of plasmid DN/

A B
Single Restiction Digest Double Restriction Digest
pDNA 1 Qg pDNA 1 Qg
Enzyme Buffer
2 0L Enzyme Buffer (1X) 2 0oL
(1X)
Enzyme 0.5 QU Enzymel 0.5 0
ddHO N/A Enzyme2 0.5 Q
ddH:O N/A
TOTAL 20 OL
TOTAL 20 OL

2.2.9.2 Agarose gel electrophoresis

DNA products generated from restriction digestioafRCR amplifications can be resolved,

based on their molecular weight, using agarose gel electrophoresis. The specific gel migration
distance of a DNA fragment varies inversely with the logarithm of the molecular weight, thus
providing a basis for rapggnsitive and reliable DNA sample identification. Electrophoresis was

performed on 1 wt% Mediubrow electroendemosisEEO) agarose (Acros Organics) gels in
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1X TAE (Tris base, glacial acetic acid, EDAfer. Working buffer (1X TAE) was produced

by diluting 50X TAE stock buffeTéble2.9 A) 1 in 50 in distilled watddNA staining was

carried out using 0.5X SYBR® safe DNA gel stain (Invitr@gels)of 7x7cm were cast and

run in a MiniSub Cell GT Cell (BioRad) horizontal electrophoresis system capable of relaying a

field strength o©300V. Preceding gel loading, samples were mixed with 1/6 volume of 6X BPB

(Bromophenol Blue gel loading buffalfle2.9 B). DNA bands were distinguished using a Gel

Doc (UVP, Germanyia U\tillumination & SYBR Green filters. The resulting gel images were

then saved fadocumentation and analysis.

2.2.9.3 DNA extraction from agarose gels

Specific DNA bands, identified by size, were excised from agarose gels and placed in a pre

Table 2.9 (A & B) 8 Composition of 50X TAE buffer and 6X Bromophenol Blue loading buffer.

A

50X TAE Buffer Composition

Tris-base 242 g
Glacial Acetic
_ 57.1 mL
Acid
0.5M EDTA (pH
100 mL
8)
ddH:0O N/A
TOTAL 1000 mL

weighted 1.5 mL Eppendorf tube. The Promega Wizard SV Gel & PCRICggstem was
for subsequent

then used

2.2.9.4 DN A purification methods

B

6X BPB Gel Loading Buffer

Bromophenol Blug 0.025%
Glycerol 30%
ddH.O 70%

purification,

f

ol

To concentrate or simply purify generated DNA samples, Chloroform extraction & Ethanol

precipitation methods were appliedloroform extraction involveuditiallythe addition of 1:1
volume of chloroform to the DNA solution. The tare was then vortexed and subsegpent
centrifuged (13,000 rpm, 5 minut@he upper DNA layer was carefully separated from the
chloroform and placed in a new 1.5 mL Eppendorf Ethanol precipitation involved firstly
the addition of 1/10 3M Sodium étate followed by 2.5X volume-oxdd 100% Ethanol. The
mixture was thoroughly vortexed before overnight incubati®fRGt The precipitated solution
was placed in a centrifuge (13@00, 10minute$ and the resulting pellet was washed twice
with icecold 70% Ethanol. The pellet was then left tdrgibefore reconstitution in nuclease

free water.

73



2.2.9.5 Restriction enzyme mediated ligation (T4 DNA Ligase)

Post extraction and purification, downstream restriction digest DNA products were ligated with
precut plasmids in a total volume of QQat £C overnight using T4 DNA ligase (Roche
Diagnostics GmbH; Mannheim, Germafigble 2.10). Concentrations of fragments were
calculated usj a nanodrop spectrophotometed as a consequence a ratio of 1:3 (25ng:75ng)
vector:insert was generated within the ligation systenmigBsistidt DNA ligase was inactivated

via incubation at 65°C for 20 minutes.

Table 2.100 T4 DNA ligase reaction system for downstream restriction digest and PCR products

T4 DNA Ligase Reaction System
T4 DNA Ligase
1 QL
Buffer (1X)
Insert (3X) 75 ng
Vector (1X) 25ng
T4 DNA Ligase
1 QL
(5U/ QL)
ddHO N/A
TOTAL 10 OL

2.2.9.6 Culture of E.coli TOP10

E.coli TOP10 was grown at°87using liquid Luria Bertani Broth medium (CLahle2.11A)

or on LBagar platesT@ble2.11 B). The active resistance markers for selection of positively
transformed colonies wiae Ampicillin resistance gene (FEMIdktamase, bla) or Kanamycin
resistance gene (Neomycin phosphotransferase II, NPT II/Neo) respectively. Working
concentrations of both antibiotics in liquid and solid media v@gn30. In the case of the
liquidLB media, an appropriate volume of antibiotic stock solution was added before E.coli
inoculation, whilst the LBgar plates were infused with stock antibioticgsting.
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Table 2.11(A & B) & Composition of Luria-Bertani liquid broth and Luria-Bertani-agar mix.

A B
LB Medium LB-Agar
Tryptone 1049 Tryptone 109
Yeast Extract 59
Yeast Extract 549
NaCl 109
NacCl 109 Agar 15¢
ddH:O 1000 mL ddH.O 1000 mL

2.2.9.7 Preparation of competent E.coli TOP10

Using a 5 mL overnight culture of E.coli TOP10 cells, a further 100 mL LB media was added
and subsequently grown to an optical density (Op©D.4, using a shaking incubatofC37
250rpm). The cells were transferred to a 50 mL polypropylene centrifuge tube and kept on ice
for 10minutesbefore centrifugation at 4000 rpm fomiiGuteg(4°C). After aspiration of the
supernatant, theacterial pellet was reconstituted in 30 mtaick80mM MgCh 20mM CaCl

ddH;O solution. After a further inutecentrifugation step (406im, £C), the pellet was-re
suspended in 2 mL of iceld 100mM CaCd 10% glycerol ddi® solution. This compent

E.coli TOP10 mixture was then separated intoplO8liquots and sndmzen in liquid
Nitrogen. Transformation capable stocks were stofé@@tready for use.

2.2.9.8 Transformation of E.coli TOP10

300L competent E.col i T @dnproductsdas generatectin seationt h
2.2.9.5 and incubated on ice for Bihutes The transformation mixture was then exposed to
heat shock trément (42°C, 45econdsbefore being immediately cooled on ice for a further 2
minutes A f ur tupee optinalOmediuin with catabolic repre€30I0 mediumwas

then added and the bacteria transferred to a shaking incubator (3fffi@) 5045minutes,
allowing outgrowth and production of antibiotic resistance pr@italise2.12). The cells (25

OL) wer e gdaaplasicontaiminglth® applicable antibiotic, as shown in the vector
maps in sectio@.1.5 and incubatedvernight. Individually distinct colonies were picked and
separately 1suspended in 5 mL bBedia as per overnight culture protocols illustrated in
sectior2.2.9.6
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Table 2.128 Composition of SOC medium.

SOC Medium
Tryptone 2%
YeasExtract 0.5%

NaCl 10 mM

KCI 2.5mM
MgCh 10 mM
MgSQ 10 mM
Glucose 20 mM

2.2.9.9 Minipreparation and maxipreparation of plasmid DNA

Minipreparation ofplasmid DNA was performed using the Promega Wizard® SV

mi ni preparation kit (Promega, Madi son, Wil
Overnight cultures were formulated with an
plasmid DNAwasdlued wi t h 5free dHO amdistoredeaRCe

Maxipreparation of plasmid DNA was performed using the Qiagen EndoFree Plasmid Maxi kit
( Qi agen, Hi |l den, Germany) according to mantu
el uted usi20@and5storéd a8XC. d d H

For determination of DNA concentrations, a spectrophotoifmeteodropas used. Aozso
measurements (with as¢fc onver si on factor of 1.0 for 50
quantification of DNA samples, whereby @ 1.8 wagonsidered the baseline for DNA purity

with negligible protein contamination.

2.2.9.10T7 DNA Polymerase Digestion

A typical exonuclease digestion reaction involving T7 DNA polymerase (New England Biolabs,
England) generally utilised &®ystem as shownTable213 speci fically wuti
650 exonucl e ¢henexingaf the DWNA/dligonucleetide reaterial with the enzyme,

the mixtue was incubated for 60 minutes ai@8itring which digestion occurred. For enzyme

inactivation, a second incubation step was performeé€dbr30 minutes.
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Table 2.130 T7 DNA polymerase reaction system for exonuclease mediated double stranded
DNA digestion.

T7 DNA Polymerase Reaction
System
DNA Sample 2.5 or 5
T7 DNA
polymerase 1 OL
(10U/ QL
T4 DNA Ligase
Buffer (1X) 4 ot
ddH.O N/A
TOTAL 40 QL

2.2.9.11Polymerase Chain Reaction (PCR)

All PCR reactions were performed usiigraneT hermocyclefTechneBibby ScientifidJK).

KOD is a recombinant form afhermococcus kodakaka®idid DNA Pol y fadr as e
exonucleasgependent proefeading capaltili In comparison to standard Taq polymerase,

KOD maintains 2X faster extension speeds, thus producing blunt ended PCR products in a
shorter overall reaction ti me. KOD Pol ymer ¢
instructions with minor modifiéans.
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Table 2.14(A & B) 6 KOD Hot Start Polymerase PCR amplification reaction system and cycli
parameters.s/kb = seconds per kilobase).

A
Component Volume Final Conc
10X Buffer (for KOD Hot Start 50L 1X
DNA Pol)
25mM MgSQ@ 3 0oL 1.5mM
dNTPs (2mM each) 5 OL 0.2mM
PCR Grade Water N/A N/A
Enhancer/DMSO 5 OL 5%
Sense (&M Prim¢l.5 OQL 0.3QV
(20pmolQ I
Antrsense (@BOM Pril1.5 OL 0.3QMv
(20pmolQ I
KOD Hot Start DNA Polymerase 1. 0 OL 0. 02U/ QL
(1.0U/Q I
Template DNA 5-10ng N/A
TOTAL VOLUME 50 QL
B
Target Size
Step <500bp 506100bp 10063000bp | >3000bp
1. Polymerase | 95°C for2mins| 95°C for 2mins| 95°C for 2ming 95°C for 2mins
Activation
2. Denaturation | 95°C for 95°C for 95°C for 95°C for
20secs 20secs 20secs 20secs
3. Annealing [Lowest Primer Tm]°C for 10secs
4. Extension 70°C for 70°C for 70°C for 70°C for
10s/kb 15s/kb 20s/kb 25s/kb
Repeat steps4 20-40 cycles

Briefly, enzyme activation (removal of dualkadbD blocking antibodies) and DNA
denaturation steps were performed & 96r 2 minutesindor 20 seondsrespectively.-50

ng template DNA was used pecbIPCR system. Elongation and extension times were tailored
according to specific primer @nd expected PCR product length. The annealing and melting
temperatures of each employed primerocakulated using AmplifyX software. For improved

amplification in G@ich target sequences, organic enhancer additives, such as DMSO, were
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incorporated in the PCR syst@able2.14A & B illustrate the universal PCR parameters applied
in this study.

2.2.9.12Ligation independent cloning

Ligation independent cloning (LIC) relies on the employment of long complimentary overhang
sequences between adjacent PCR fragments, enabling stableonasandiatiector
transformation without ligation. Successful fragiregrhent fusion requires DNA base
overhangs of between-22bp often generated by T4 DNA polymerase. Alternatively, several
highly flexible and established commercial LIC kits existsghititessly clone multiple DNA
fragments together, forming gene expression vectors.

NEBuilder HiFi DNA Assembly Cloning Kit (#E55ZB)ew England Biolabs; Hitchin,
England) enables high fidelity assembly of multiple DNA fragments usirgjep @mzyme
master mix, resulting in a fullgaled double stranded DNA molecule capable of a multitude of
downstream molecular biology applications.

The NEBuil der Hi Fi DNA assembly reaction
instructiongTable2.15). For a 23 fragment assembly system, a total c02p&nol DNA was

used. The following formula was used to calculate DNA concentration: Picomoles = (weight
(ng)) x 1000 / (base pairs x 650Da)).

Table 2.150 General NEB HiFi DNA Assembly cloning system for 23 or 46 DNA fragments.

Recommended Amount of fragments used for HiFi DNA Assembly

2-3 Fragment 4-6 Fragment NEB Positive
Assembly Assembly Control

Recommended DNA Vector:Insert = 1:2 | Vector:Insert =

Molar Ratio 1:1

Total amounts of 0.030.2pmols 0.20.5pmols 10QL

Fragments

NEBuilder HiFi DNA 100 L 100 L 100 L

Assembly Master Mix

Deionised HO N/A N/A 0

Total Volume 200L 200L 200L

Samples were placed in a thermocycler and incubatéd go505 minutes (2 DNA
fragments) or 6Minuteg4-6 DNA fragments). The resulting DNA mixture was stor@@F&t

for future transformation or placed on ice for immediate use. As such, chemically competent
NEB 5-alpha competent E.coli were thawed on ice, to wIcDRIA mixture was added. &h

tube was placed on ice fom3iDutes, heat shocked (42 30saunds), before a furtheninute

incubation on ice. 950 room temperature SOC media was then added allowing for bacterial
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amplification in a shaking incubatorC372250pm) over a duration of @8inutes. 100CL cell
suspensiowvas plated on L-Bgar plates containing the applicable antibiotic, and incubated
overnight. Overnight cultures were produced containing individually selected bacterial colonies
from the aforementioned plate (3@ / O Lbiotia warking concentration).

2.2.10 Methods of transient cellular transfection

Two reporter expression vectors wereeeiffurchased or formulatedhiouse in order to
evaluate successful transfection of both 2D and 3D gene delivery systems. This includes pCAG
eGFP (GeneWiz®, Germanl)dure2.1) as a qualitative fluorescence based reporter expression
system and pCA®GletLuc2 (irhouse) Figure2.2) as a quantitativieiminescence based
reporter expression system.

Unless otherwise stated, the formulation of transfection payloads as described in later chapters
occurred only after 2D cell monolayer cultures (e.g. C2C21 and Y201) presented with

approximately 80% conflugnender phase contrast microscopy.

2.2.10.1Calcium phosphate mediated transfectiofBasic coprecipitation)

Transfection capable pDN2alcium phosphate nanoparticle complexes were formed via the
co-precipitation method, whereby sequential additions of pDNA,aDdCGHEPES take place

in solution, as pefigure2.8.

Solution A
Plasmid DNA
Calcium-TE buffer
solution

Incubate for 4 hours

Apply nanoparticle Replace transfection

transfection solution solution with

to sub-confluent cell complete growth
monolayer medium

P

+ Additional glycerol
shock treatment

Add solution A to
solution B using
repetitive pipetting

Solution B
2X HEPES

Figure 2.8 8 Simplified mechanism of CaP mediated transfection of 2D cell monolayers

Specifically, a plasmid solution (of the desired concentration) was first added kb GE&EP

0.1X TE buffer solution and vigorously mixed. An equal amount of phosphate caXaining
HEPES (N-2-hydroxyethylpiperazii-2-ethane sulfonic agid140 mM NaCl, 1.5 mM
NaHPO,4, 50 mM HEPES, pH 7.05) was then subsequently added and immediately mixed using
repetitive pipetting techniques, to form a heterogeneous nanoparticle transkéaterrims

final transfection solution was then added to appropriate wells containingoafigent cell
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monolayer population, at a dilution equivalent tohlithta@l culture volume, before incubation

for 4 hours (37C, 5% CQ). Upon completion, apmoriate wells were either directly media
changed with complete medium or underwent glycerol shock treatment. In these cases,
transfection solutions were aspirated and gently washed consecutively with PBS, 20% glycerol,
PBS, prior to a final addition of qolete medium. All transfected culture plates were then further
incubated under standard conditions before performance of a transfection assay at the desired

timepoint.

2.2.10.2Polyethylenimine mediated transfection

Based on previously established work, the transfection capability and effectiveness of formulated
PEI polyplexes varies according to its cationic chadadbéch is a function of the amount of

PEI polymer initially applied to a plasmid solution. Thiaathastic is more commonly referred

to as the ratio between the total number of PEI primary amines (N) and the total number of
phosphates in DNA (P), or in short the N/P ratio. As 23.2 mM of nitrogen is present per
microliter of a 1 mg/mL PEI stock sdlut, and 3 nmobf phosphorous is present per
microgram of double stranded DNA, the following equation was formulated to ascertain N/P
ratios for each polypl€¢Equation2.2).

(Q PEI working solution) x 23.2Nitdgen Residue
N/P = 22

(@ plasmid DNA) x 3 nM Phosphate

Polyplexes were subsequently prepared aBiquee 2.9. Briefly, pDNA (of the desired
concentration) was added to a sigetifolume of serufinee media, generating solution X. A
specific volume of PEI solution @i/ QL) (solution Y) was then added, using repeated pipette
mixing techniques, before a 15 minute incubation period, at rest. The resulting polyplexes were
then adde to appropriate wells containing a smmfluent cell monolayer population, at a
dilution equivalent to 1/¥Gotal culture volume, before incubation for 4 houfE€(HRo6 CQ).

Following this, all wells were directly media changed with comgdigten, then reultured

under standard conditions until eventual performance of a transfection assay, at the desired

timepoint.
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Solution X
Plasmid DNA
Serum-free media
solution

Incubate for 15 mins
Incubate for 4 hours
Apply polyplex
transfection solution Replace transfection
to sub-confluent cell solution with
monolayer complete growth
(containing SFM) medium

solution Y using
repetitive pipetting

Q Z Add solution X to

Solution Y
Linear PEI
(25KDa)

Figure 2.9 8 Simplified mechanism of PEI polyplex mediated transfection of2 cell monolayers

2.2.10.3Lipofectamine mediated transfection

Briefly,a plasmid solution (of the desired concentration) was firsttaddeda 50 OQL v ol
serum free medi a. I n tandem, a 2 OL vol ume
then separately added to a furtheQd0 v ol ume of serum free me:(
incubation. After this period, the diluted DNA and liglaf®ine solutions were combined,

gently mixed usingpeated pipette mixing technicaed then incubated again (for 20 minutes

at room temperature). Theentre DNA pi d sol ution (100 QL) wa:«
containing cells and growth medium (6040 ) and i ncubUponecdamplétioor 4 hc
appropriate wells wedirectly media changed with complete medindhsubsequenthe-

cultured under standard conditions until eventual performance of a transfection assay, at the
desired timepoint.

2.2.11 Assessnent of cellular transfection

2.2.11.1Qualitative assessment of transfection
Successful transfection of a fluorescent reporter plasmid vector such alpGAB was

visually assessed using fluorescent microscopy in combination with CLSM techniques.

2.2.11.1.12D Cell monolayer systems

Transfected cell monolayer cultures were washed twice with PBS before direct imaging using a
Leica DM6 CS confocal microscope. Samples were observed initially using brightfield
microscopy filters before transfer to fluorescent baseddiptitsling GFP detection channels
(excitation filter488 nmemission filter509 nm) Images were captured using LAS X Leica
software at different cell monolayer locatimpsoviding a detailed picture of transfection

mediated fluorescence.
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2.2.11.1.23D Scaffold sgtems

Fluorescent microscopy techniques were similarly applied for the evaluation of scaffold based
3D transfection, with modifications. Briefly, seeded scaffoldsameferred to a 96 well plate,

rinsed twice with PBS, followed by a 1 hour fixatipnrste0% NBF, then PBS washed again
removing any residual fixative. A worldnfgdiagidine2-phenylindoldDAPI) solution was

then formulated (0&/mL in PB§ and applied s 1 8 0 @ leactaskaiffajduon 1 hour

in dark conditions. Scaffolds were washed with PBS a final time before transfer onto a glass slide
in preparation for fluorescent imaging. Images were produced using LAS X Leica software
configured with dual band fluorescencarpaters to allow simultaneous capture of both the
cytosolic GFP and nucleolar DA&4pressionDAPI detection channel: excitation filter: 358

nm, emission filter: 461 nm.

2.2.11.2Quantitative assessment of transfection

Successful transfection was also assessadhththe use of a luciferase reporter asay
commonly used tool to study gene expression at the transcriptional level. In contrast to the
expensive and tinrownsuming fluorescenbased detection methods, luciferase assays are a
more convenient and kpensive method which most significantly can produce high throughput

guantitative measurements in an almost instantaneous fashion.

The basic principle which forms the basis for this assay type is referred to as bioluminescence, a
naturally occurring phenomenon in which luciferin substrates asedotadielease energy in

the form of light. Upon examination of species in which this occurs,Bhotirass pyrélsrth

American firefly) anllletridia lon@raarine copepod), the exact reactions could be characterised

into two types; those catalydsd nonsecreted luciferases or those catalysed by secreted
luciferased~{gure2.10).

Non-Secreted Luciferase mediated Bioluminescence

Firefly Luciferase
Luciferin + Q2 + ATP =——————— Oxyluciferin + CO2 + AMP + PPi + LIGHT

Secreted Luciferase mediated Bioluminescence

Metridia Luciferase

Coelenterazine + 0g —————  Excited

Coelenteramide

+ C02 —— Coelenteramide + LIGHT

Figure 2.108 Naturally occurring bioluminescence reactions found in th&hotinus pyralis (North
American firefly) and Metridia longa (marine copepod) species.

Due to the unique light generating characteristics of these reactions, scientists have sought to

isolate the individual components in the hope of repurposing &sauseninescence raper

system. Recent examples include thseaeted firefly Luciferase Assay System (Promega) and

ReadyTo-Glow Secreted Luciferase Reporter Assay (TaKaRa, California, USA), which both
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comprise of an expression vector encoding a luciferase reporemdyaneagent or substrate

which upon chemical reaction with luciferase produces light as a measupeatiletby
Crucially, both assays rely on the principle that the intensity of the light produced is directly
proportional to the amount of succesgfepressed luciferase enzyme within cells. As such, the
overall gene expression efficiency of transfection capable payloads can be assessed.

Due to the destructive nature of ramtreted luciferase assays (cell lysis step required), a secreted
luciferasassay system was selected for use in this thesis, whereby reporter molecules are naturally
secreted into cell media over time. Quantitative measurements of transfection for a single sample
could then be evaluated over multiple-poiats, more effectiwelllustrating the overall gene

expression profile.

An inrhouse Secreted Metridia Luciferase Assay drudléissay was therefore developed
utilising the pCAGMetLuc?2 vector system, notably containing the gene insert eivietditig
Luciferase.

2.2.11.2.22D Cellmonolayer systems

In order to standardise transfection efficiency, cell culture media was always exchanged 24 hours
prior to performance of Méfuc assay. The assay substrate Coelenterazine (Promega) was
subsequently reconstituted in acidified methararop conc. HCI in 10 mMethanol)to

generate a 5mg/mL stock substrate solution. @ 3fansfected cell media sample was then
removed from the culture plate on the day of testing and transferred into a specific well of a new
96 well white Maxisomgptiplate PerkinElme)in preparation for luminescence assa@l 10

working coelenterazine solution (1:500 dilution in sterile PBS) was then added to each well, gently
mixed before incubation over a rdthute period in the dark. Then, using a luminometer
micrgplate reader, light signals for each sample well were measured. Using the values generated
from negative control samples (cell witlyout luciferagefinal test readings were equated and
illustrated as Fold Luminescence over negative control.

2.2.11.2.23D Scaffdd systems

The MetLuc assay protocol outlined in secighl11.2.tvas subsequently applied with ease to
scaffold mediated transfection culturils @anly few modifications required. As such, in order

to again maintain standardised luminescence readings across multiple timepoints, cell seeded
scaffolds, on each day preceding the_ Meassay, were now transferred to wells of a new round
bottom 96 wll plate- also containing 2L f r es h ¢ ul bnuhe eay ofagbay a . Tt
per f or matmaoséected 8ell media sample was transferred to a well of a 96 well Maxisorp
plate in preparation for luminescence assay. The identical protocol lzed desegction

2.2.112.1was then followed from this point until completion.
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2.2.12 Data analysis
2.2.12.1Statistical analysis

Statistical analysis waerformed on numerical data using Graphpad Prism (version 9.2.0,
GraphPad Software LLC, San Diego, US). For each dataset, statistical analysis was performed in
two-stages. In stagde numerical data (containing groups less than 8) was evaluated in terms of
normality, with the ShapiWilk normality test being utilised specifically to confirm Gaussian
distribution. In stag2, the means of each group within a dataset was compared. In the case of
the comparison of normally distributed data with only two rfiea2sgroups), an unpaired

St u d etest wins used. For data where two means were compared and the data was not
normally distributed, a Mahvhitney U test was used. Furthermore, in the case of the
comparison of normally distributed data with multigans (i.e. greater than 2 groups), an
ordinaryonavay anal ysis of wvariance (ANOVA) with
used. Finally, in the case of the comparison of not normally distributed data with multiple means,
a KruskaWallis ANOVAwithinnds mul ti ple comparisons tes

In all comparison tests performed in sBygetatistical significance was taken at P < 0.05 and

was denoted graphically with a single * symbol either directly above the bar chart (showing
significance in companisto the negative control) or using connector lines (showing significance
between notwontrol groups). Additional significance levels were taken at P < 0.01, < 0.001, <
0.0001 and were denoted by **, *** **** gymbols respectively. In the contexhetihigatP

value below the 0.05 threshold indicated that the observed difference between a particular set of
means wasnlikely © have occurred by chance alone (i.e. a real effect or difference was likely
present). If no significant difference was obddr@mveen a particular set of means, the graph
was | eft unlabelled or in some cases was de
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3 CHAPTER 3: OPTIMISATION OF AGAROSE POLYMER
PERCENTAGE FOR POROUS OSTEOCHONDRAL
SCAFFOLD FORMATION AND ELECTROPHORETIC DNA
PAYLOAD PATTERNING

3.1 Introduction

As has been discussed in chédptier osteochondral tissue engineering (OCTE) approaches to

be successful, 3 biomaterial must be fabricated which possesses physical and biomechanical
attributes which resembles that identified within native osteochondréBasihi@meet al

2011) Furthermore, due to its primary function as a supportive framework for cellular interaction
and bone and cartilage tissue deposition, it must naturally allow for external cellular infiltration,
adhesion, proliferation and differentiat This has generally be exemplified by the production

of natural or synthetic 3D biomaterial scaffolds which possess an interconnected and open micro
or macroporous structure d30n0he@ne)ntwiptohr ehisg hz
porosity ad mechanical stabililyeeet al 2018)

Agarose hydrogels on the other hand are repeating unit polysaccharide systems containing dense
networks of polymers with absorbed water armbsizd pores (3&D0 nm), the latter of which

has been shown to hinder a large proportion of the previously stated cellular (ptotfesmes

2012; Liet al 2018) To rectify this, various fabrication strategies can be employed which can
adjust agareshydrogel physical properties (pore size, porosity, mechanical strength) so as to
more accurately generate a system which resembles the osteochondral environment as well as
facilitate cell ingrowth. These approaches can include; solvent castingeaecttitgeand
freezedrying(Annabiet al 2A.0) Of these selected methods, frelygang is considered most

popular on account of its ability to convert hydrogel (i.e. agarose) systems into heterogeneous
macremicroporous materials with high speed, high reliability, at relatively low coseequip
includes standar®0°C freezer and benchtop freeze drying sy&dindghaviet al 2020)
Furthermore, the freezieying procesis also considered simple and straightforward with no
specialist skillset required.

The freezalrying process, also known as lyopdtiis, is a wedstablished technique
extensively employedthetissue engingag, drug anébod packaging indugsi. It intricately

follows a threstage methodology that encompasses sequential freezing and drying steps. In the
initial stage, a liquabntaining material, such as a hydrogel, undergoes controlled cooling under
freezing conditions, transforming it iatsolid frozen state. Subsequently, in the second stage,
this newly formed ice undergoes direct sublimation under vacuum conditions within a freeze
dryer. The final stage involves the simultaneous occurrence of removing any residual water within

the mateal, be it in solid or liquid form, in a process known as secondary drying. Notably, the
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last two steps transpire concurrenthifedrdnt locations within the samfii¢ink et al 2002;
Nowak & Jakubczyk, 2020)

As shown in previous works from our groHmyrel.19B and C), a simple freehying

procedure could induce the macro/micropoxmrs/ersion of 1 wt% agarose GAM hydrogels

into porous agarose scaffolds. Unfortunately, this early data &s otledlr asimilar papers

showed that lower polymer percentage hydroQels Wt%) were highly susceptible to
lyophilisation associated phenomena such as bulk surface area shrinkage and structural chain
collapse. Significantly, literary reports have attritmigeto firstly the high overall water content

found within these hydrogels, of which a substantial portion is removed during lyophilisation,
and secondly, due to-ogstal mediated weakening of agarose fibre architectures, resulting in
significant ctdpse upon ice sublimati@uastaferreet al 2021) As a result, low weight
percentage agarose scaffold products commonly display physical and nrapkeasigicabns

making them not suitable for application as osteochondral treatment systems. It has however
been suggested that these limitations can be easily and straightforwardly ameliorated through
simply increasing the inherent agarose percentagsofthe hesi sed hydr ogel
shown by Guastaferat glthis results in a more densely packed and mechanically stable helical
fibre network in the agarose hydrogel with smaller liquid filled gaps. Subsequently, upon freeze
drying the more robustacrostructure is preserved as the damaging effects of-bightade

volumes and crystal growth are substantially restGctastaferret al 2021)

Despite acting as a potentially beneficial solution in the context efifygezend scaffold
preservation, it must however be considered that the increase in agarose percentage may
detrimentally alter several physical properties of the agarose adsffatsy produced
(Guastaferraet al 2021) As literature specifically purports an inverse association between
agarose percentage and hydrogel porpaiasity(Narayanant al 2005)if this solution were

to be applied, an effective working relationship would likely need to be establishbé across
three stated variables (agarose percentage, detrimentdhyiegzdfects, final pore size and
porosity), thus facilitating the production of an effective osteochondral agarose scaffold
biomaterial with properties which crucially fall within ixéiqusly described optimal clinical

remits.

An additional factor that must also be considered is that alterations to agarose percentage will
result in the requirement for avadidated FAGE-1 spatial patterning procedure. Firstly to
account for the edilished fact that plasmid DNA migrates more slowly in higher percentage
agarose gels thus rendering the previously optiriggH-E DNA loading and ciocalisation

methods inadequateY E lemah2012)Secondly, as illustrated(Kgmitakaharat al 2012)
(Sectionl.8.3.}], a more densely packed higher percentage agarose hydrogel network may also

facilitate the formation of smaller CaP nanoparticles than what was previously identified within
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the 1 wt% prooebf-concept data. This specific areawever was the focus of an aligned PhD
project within the Feichtinger research grbapiél White, PhD student)

Ultimately, for the purpose of this PhD project and the formation of an osteochondral GAM
system, a functional and structurally stable psoaiffold biomaterial was considered essential
and thus this first chapter will seek to explore how this could be ackieNtahally, this
project will also explore for the first tithe incorporation oéither Fibronectin aréEl into

the insituFeichtinger patterning systein terms of the former, this chapter will attempt to
incorporate Fibronectin as part of the DNA loading solution specifically for the purpose of
enhancing cellular adhesion capabilities. In terms of the latter, PEI westkedoss a possible
alternative gene delivery vehicle to @ad&cision takeas a result ats excellenteported
cellular transfection ability across multiple cell types and its strong cationic (theratir

2017)
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3.2 Specific materials & methods

3.2.1 Physical characterisation of freezdried agarose scaffolds

To elucidate the structural effects of firstlyfrdrezedrying process and secondly of increasing
agarose polymer content on agarose hydrogels, a combination of qualitative and quantitative
methodologies were applied in this study. This included qualitative and quantitative evaluation of
the resulting sdfold architecture (including pore structure and size) in 3D (via scanning electron
microscopyand 2D (via histological analysis/tissue sectioning).

3.2.1.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used as an important tool ieea3Bespography
of fabricated agarose scaffolds, utilising its specific capability to examine closely the surface
structures of samples, both at a gross scale as well aniat@ubtre resolutions.

3.2.1.1.1 Determination of microarchitecture of agarose Scafis

Individual 15 x3 cm1 wt% and 3 wt% agarose hydrogel slabs were first fabricated using the
protocol set out in sectiok.2.2.1.2Using thein-house desigdehydrogel excision tqol
individual 1 wt% and 3 wt% hydrogels (6 mm x 4.6 mm) were then isolated from the large gel
slabs before specific placement into wells of a 48 well plate. This was then followed by the
performance of the freedeying procedure, atated in sectioB.2.3 resulting in the bulk
transformation of agarose hydrogels into porous scaffolds. From this point on agarose scaffolds
were termed eithefdBlank or 3%Blank and crucially were deemed ready for direct SEM
imaging.

In short, agarose scaffolds were mounted directly onto a 12 mm aluminium SEM stub (Agar
Scientific, UK) and then sputter coated with iridium (5 nm) for 5 minutes. Samples were
trarsferred and imaged under vacuum using a Hitachi SU8230 cold field emission SEM (Hitachi,
Japan) with following attachments: Oxford Instruments Aztec Energy EDX system with 80 mm
X-MAX SDD detector. Imaging was performed at a range of magnificationg) esnsidndih

analysis at each architectural level. All scaffolds were stored in a desiccated storage container
prior to SEM imaging, thus preventing moisture mediated damage of the scaffold fibres brought
about by the SEM working temperature and pressuréaadi

3.2.1.2 2D histology of agarose Scaffolds
To further evaluate pore size characteristics of agarose scaffolds of varying pereBlaake, 1%
and 3%Blank scaffolds were once again manufactured and then evaluated using simple two
dimensional histological &rsés. Through gross evaluation of 2D sections, agarose scaffold pore
structure and size was qualitatively andcgeantitatively assessed.
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3.2.1.2.1 Methodology for histological processing and visual analysis

1%-Blank and 3%Blank agarose scaffolds (n=3 per grawgsg histologically fixed, processed

and sectioned as described in se2t®8.1For each of the three scaffolds per group, a single
section(n=1)was takenérm i ts omi ddl ed6 geomet i-3000pm.r t i on
H&E staining, as per sectidi2.8.2was then used to stain the agarose fibres, thus distinguishing
and enhancing the aforementioned 2D pore strudtoages were captured using a light
microscope, in tandem with Zeiss imagegssing software.

3.2.1.2.2 Methodology for basic quantification of pore size

Each image captured was subsequently uploaded to an online software (WebPlotDigitizer)
whereby the distance between the two widest points of each pore was determined, as shown in
Figure3.1. For each scaffold section imaged) nall pores were measured and the mean pore

size calculated.

200 ym

Figure 3.1 d The data extraction process for mean pore size of 2idstologically processed an
stained agarose scaffoldsThe 200Qm scale bar was incorporated into the WebPlotDigitizer st
prior to measurements.

3.2.2 Re-validation of the FAGE-1 approach in 3 wt% agarose hydrogels

Based on the outcomes of experiments outlined in s&&tibthe FAGE-1 methodology was

validated for 3 wt% agarose hydrogels.

This validation process was didd into three incremental stages. Stagmsisted of the
synthesis and characterisatioringituCaP nanoparticle precipitates within 3 wt% agarose
scaffolds, using theAGE-1 method. In this stage, thebiedy e vi ew | ocati on o
the pecipitate within the agarose gel was measured to allow for future {xigAlisation.
Then, using these precipitate containing gels, the CaP nanoparticles were imaged via SEM (work
performed by Daniel WhitdDr FeichtingersupervisedPhD student). In stag, the
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electrophoretic mobility of plasmid DNA and Fibronectin (FN) proteins was assessed within 3
wt% agarose gels. Utilising the most optimal electrophoretic voltage, the time and distance taken
to reach the CaP precipitation region was specifi¢atly Rmally, in sta@e the entire ;AGE-

1 method was performed withlogalisation being confirmed via gel imaging.

For all experimental studies illustrated below, maxipreparations of thd €& plasmid
vector was utilised for all nucleic acaster stock solutions.

3.2.2.1 Stagel: FAGE-1 mediated CaP synthesis

Briefly, this included the formulation of 3 wt% agarose hydrogels which contained supersaturated
levels of a salt precursor {IRO4*), to which subsequent introduction of a cationic speeie

Ca*) via electrophoresis was tested specifically for its ability to induce spontaneous crystallisation
and precipitation within the agarose gel (TA6E-1 Feichtinger core concept).

The detaile@xperimental procedure used in this validatimly & illustrated below Trable
3.1. Each CaGmaster stock solution was loaded sequentially in a horizontal fashion (n=3) along
a single agarose gel row.

After completion of the AGE-1 gel loading procedure, the agarose gels were immediately
imaged using firstly a digital camera and ti&inSpectim® 810 imaging syste(wVP,

Germany) (set to image using thetkdvisillumination filter, 5 second exposure). Images were
subsequently exported to ImageJ software whereby the distance of final precipitate from the back
of the original loading well wasareur e d . From this initial val
was then subtracted away, providing a final distance measurement.

Table 3.1 0 Experimental procedure for the synthesis of CaP precipitates within an agarose gel,
specifically using the FAGE-1 approach.

_ » _ Detailed
Brief method Specific materials Product of
o _ Protocol
description required each step _
Location
Formulate FAGE-1 1500 QL
nanoparticle master stock | 500mM CaCl, 30% master stock
Step 1 _ _ ] 2.2.2.1.1
loadng solutions (enough | Glycerol, ddHO loading solution
for 60 runs) (OmM-225mM)
Generateoncentrated+ 1000 mL
. 500 mM HEPES]I5 mM
Step 2 | AGE-1buffer solution concentrated 22212
NaHPO4, ddH,O
(Buffer A) Buffer A
1 in 20 dilution of
concentrated Buffer A 2000 mL wrking
Step 3 ) ddH0 22212
solution to generate Buffer A
working/running solution

92



Generate 15 x 15v8% Working Buffer AddH;0O, o
Solidified agarose
agarose gelith SYBR SeaKem LE agarose powd
Step 4 o i gel used for 2.22.1.2
SAFEDNA stain, 1 in SYBR SAFE, irhouse gel )
) . payload patterning
10,000 tray, inhouse comb inserts
Equilbrate agarose gel with »
) o 3wt% agarose gel, 180Q | equilibrated
running Biffer A within )
Step 5 | working Buffer A, Sulell | agarose getady | 2.2.2.1.3
SubCell GT electrophoresis ) ]
GT electrophoresis tank for loading
tank
Performance of the-RGE- | CaC} master stocloading i
) ) Confined
1 gel loading procedure solutiors (OmM225mM), o
Step 6 o | crystallisation of | 2.2.2.1.3
speci fical |l y| SubCell GT electrophoresi )
. CaP nanoparticleg
36 tank PowerPak 300
Image capture of CaP Visual analysis of
nanoparticle precipitates | Standard digital camera, | CaP precipitates
Step 7 within agarose gels BioSpectrum 810 imaging | including distance| 2.2.2.1.3
(photographic andV-trans | system of precipitates
illuminatior) from loading well

3.2.2.1.1 CaP precipitate characterisation

SEM imaging was also used for the characterisation of CaP nanoparticle precipitates, formulated
using the FAGE-1 eletrophoretic loading method. Specifically, using micron antsoh

level magnification, the experiment aimed to confirm the presence and morphology of CaP

nanoparticles within powderised 3 wt% agarose scaffolds.

This study was carried outlbgniel Whie (PhD student, University of Leeds) who contributed

to experimental performance and analysis. This study followed directly on from the experiment
above, whereby peishaging, the 0 mM Ca@hd 225mM Caglirecipitates were excised using

the gel excisioprotocol (section 2.2.2.1.4) before undergoing a-thegzg process (section

2.2.3). After freezdrying, the scaffolds were then powderised with a small pestle and mortar
before being transferred to a 1.5 mL Eppendorf tube. A small proportiongairtise scaffold,

in its powderised form, was then mounted directly onto a 12 mm aluminium SEM stub and
coated with iridium (5 nm) for 5 minutes. SEM imaging was then performed as previously
outlined in sectioB.2.1.1.1specifically using the dual secondary electron (SE) detector modality.

3.2.2.2 Stage2: pDNA and fibronectin electrophoretic mobility

To ensure proximal docalisation with CaP complexes within agarose gels, the electrophoretic
mobility of two different payloads were assessed (plasmid DNA and bovine fibronectin).
Although bovine fibronectin was not included in H&IE-1 proofof-concet investigations,

it was purported by this author that due to its negative charge, its electrophoretic mobility and its
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usefulness agall adhesioenhancer, its presence in combination with pDNA (as a bioconjugate
pair) may have a positive enhancifegteto the final GAM systefHsiaoet al 2017; Musante
et al 1998)Its basic protein structure carfdnd inFigure3.2.
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RGD
sequences

Cell-surface—
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3 Fibrin
binding
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Collagen
binding
domains
Heparin and fibrin

binding
domains
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Figure 3.2 6 Diagrammatic representation of a bovine fibronectin protein (440KDa dimer)
Bovine FN possesses a net chargé2od at pH 7.

This study specificalhcluded measuring the time taken for the pDNA or FN band to reach the
previously calculated CaP precipitation region, at a constant voltage (300V). To aid in this
selection, equations provided by Dr G Feichtinger and colleagues, which have been used
prevously to estimate pDNA migration distance in a variety of agarose gel formulations were
utilised to good effecFigure3.3). Given the location ohé FAGE-1 CaP precipitates, an
electrophoresis time of 5 minutes was used and analysed initially for this experiment.
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Figure 3.3 & Distance versus tine graph for pDNA migration in 18 3 wt% agarose gelsat &
constant voltage(300V)
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Experimentally, steps7lstated in the above tablealfle 3.1) were repeated with minor
modifications. This included; the preparation and subsequent loading of all DNA and FN master
stock loading solutions (as pable2.2, Sectior?.2.2.1)1 Upon gel loading, the master stock

loading solutions were pipetted into ¥ixsadls (n=1) in a horizontal fashion.

During performance of the &AGE-1 gel patterning procedure (Sec2@i2.1.3 only stages 1

and 2 of the protocol were extadd before subsequent image analysis. Resulting DNA bands
were imaged through exposure tottévisillumination with SYBR Green filter, with specific
measurements then taken regarding the distance between the midpoint of the DNA or FN band

and the end ahe loading well.

3.2.2.3 Stage3: DNA-CaP calocalisation using FAGE-1 methodology

Using the results from the above pDNA/FN loading optimisation procedure AGBE-E

process outlined in secti®2.2.was then performed in full, inducing the proximal deposition

of pDNA payloads with CaP nanoparticle precipitates, within a 3 wt% agarose hydrogel. All
stated DNA and Caghaster mix loading solutions were formulated fwrigel patterning

whilst each agarose gel contained SYBR SAFE DNA stain. Furthermore, gel loading was
performed across a single horizontal row with controls including pDNA master mix only and
CaClmaster mix only (n=3 per group).

The resulting precipiies and band patterns were assessed once all electrophoresis steps were
performed, using the same techniques stated in s8@i@rfiand3.2.2.2

3.2.3 Creation of a FAGE method for PEI electrophoretic patterning

Due to the widely successful application of cationic PEI polymers as transfection vehicles for
nontviral vector gandelivery, both in 2D cell cultures and in scaffold based systems, the author
in this final study sought to investigate the potential incorporation of said polymers within the
context of electrophoretic-tacalisation in confinemefBoussifet al 1995; Dingt al 2022;

Zakeriet al 2018) As linear PEI contains a high positive charge density (protonated amine
functional groups), it was hypothesised that comparable electrophoiatgdregdtial control

(to that previously identified with inorganic metal cations) could also be achieved within similar
agarose hydrogels, leading to proximal pDNA and PEI polyelectrébydalisation and the
possible formation of polyplexes.

By utilsing fundamental concepts from bod#AGE-1 and Kamitakahara electrophoretic
nanoparticle synthesis meth@damitakaharat al 2012)proofof-concept experiments were
subsequently performed to investigate firstly; whether PEI alone possessed effective agarose
hydrogel migration potential under a constant electrophoretic potential. Then secondly, whether
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proximal DNA-PEI deposition could be achieved within said agarose gels, resulting in co
localisation and thesituformation of polyplexes.

3.2.3.1 Stagel: PEI mobility in agarose gels

Unlike the detection of nucleic acids within agarose gels, which possesses a highly reliable and
well established gold standard method (agar@dAyelye mediated detectidisYBR SAFE),

very little research has been undertaken to establish a sirhibar forethe detection and
subsequent characterisation of electrophoretically loaded polymer species within agarose gels
(Motohashi, 2019)nterestingly however, in the field of proteomics, staining methods exist for

the visualisation of different molecular weight proteinsR8BE& mediated protein analysis

with disulphonated tghenylmethane dyes specifically developed for this app(Gaticret

al, 2013)Such dyes (e.g. Coomassie Brilliant Blue) act through electrostatic interactions between
it and the prainated basic amino acid chains present within the proteins, thus allowing protein
specific staining, visualisation and analysis.

Using this same concept, PEI electrophoretically loaded agarose gels were similarly stained with
Coomassie Blue with the idieattspatial migration of the PEI polymer within the gel could be
visualised and characterised.

ExperimentallyReadyBlue Protein Gel St@terck, UK) was purchased and initially stored at
4°C. A 3 wit% agarose gel was then formulated (in the absen8RdBASYE DNA stain)
specifically utilising working Buffer B (sec#dh2.2.R whilst simultaneously, eight different
PEI masterstock loading solutions werelagay synthesised (PRIP8-2.5- PEI-N/P40-5)

as per sectioh2.2.2.1Table2.5.

To the gel, 30 OL PEI | oading solutions wer ¢
potential ¢ - electrode configurationjas then generated using the conditions: 300V for 10
minutes. After cometion, the gel was submergeldaadyBlue Protein Gel Staind incubated

for 2 hours under agitation (150 rpm). Post staining, gels were then imaged using a Gel Doc
Imaging system (BioRad) set for detection in the Coomassie Blue filter.

3.2.3.2 Stage2: PEI-DNA co-localisation using FAGE polyplex methodology

Upon confirmation of PEI electrophoretic mobility within agarose gels, -@fetoatept co
localisation investigation was subsequently performed with the hypothesis that pDNA loading

followed by reversedEPloading can induce the formation and depositiomsiitpolyplexes.

As such, thedAGE polyplex method outlined in sectih.2.2vas perfaned to completion.
This included the formulation of all stated DNA and PEI master stock loading solutions whilst
the agarose gel was produced with the additional SYBR SAFE DNA stain. Furthermore, a single
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horizontal gel row was used for gel loading pBiNA mastermix only and PEI/P24 alone
acting as controls (n=3 per group).
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3.3 Results

3.3.1 Physical characterisation of freeze dried agarose scaffolds

3.3.1.1 Visual analysis of freeza@lried agarose scaffolds

The University of Leeds freadying process (Sectidi2.3was applied to two different agarose
hydrogel formulations (1 wt% and 3 wt% hydrogels). The resufiaxg of this process, as
illustrated inFigure3.4, was twefold d synthesising white glossy porous biomaterials whilst
crucially preserving the dbeihelical agarose framework (previously encased buffer components
sublimated away). Additionally, scaffolds appeared fully lyophilised after a 12 hdwyirigeeze

procedure, with no evidence of frozen buffer components remaining within the sckffold bul

Significantly, upon individual visual analysis eBla®& scaffolds poefteeze drying, it was

found that this particular formulation was, as hypothesised, highly susceptible to lyophilisation
mediated damage with large scale shrinkage ancbibpse observed. This culminated in the
formation of porous scaffold structures approximately 1.3 fold smaller in size (length and width)
(Figure34 A). Furthermore, upon general handling, these scaffolds were also found to be
considerably more fragile and brittle with little to no inherent mechanical stability or strength
(based on physical examination only).

In contrast, following the freedeying of the 3 wt% agarose hydrogel formulation, it was shown

that nearly all previously observed lyophilisatietiated damage could be circumvented.
Crucially, this includes the maintenance of the desired hydrogel dimensions (approximately 6 mm
by 4.6 mm) as well as a stronger and more stable mechanical structure (based on physical
examination onlyF{gure3.4 B).

yr— v B

—— - s =

Figure 3.4 & Effect of freezedrying on 1wt% (A) and 3wt% (B) agarose hydrogels.
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3.3.1.2 Structural analysis of freezelried agarose scaffolds

Despite early success with regards to the protection against harmfdhfireezeediated

effects, it was deemed appropriate to perform medepih physical and structural
characterisation of the 3Btank scaffolds before its selection as a scaffold in further experiments
within this PhD project. This included structural analysis under SENgthis technique it

was anticipated that a greater understanding could be found regarding the differences in freeze
drying resistance illustrated above. Furthermore, based on the resulting micrographs collected, it
was hoped an indication of scaffoldgmize could be provided. For comparative purposes, 1%
Blank scaffolds were also imaged and analysed.

Firstly, SEM evaluation of said samples at low magnifications confirmed previous visual
interpretations, of which purportddht agarose hydrogels (1 wt% and 3 wt%) had transformed
successfully into porous, interconnected scaffolds upon exposure to a basigiggzecess
(FigureB5A and C). With such an appearance, it was considered highly likely that significant ice
crystallisation of water and HEPES buffer occurred throughout the gel, leaving large solid regions
available to sublimation. Interestingly, upon highgnification, both scaffold formulations
illustrated pores that were considered to be highly irregular with thin walls throughout the
scaffold bulkRigure3.5B and D).

1%-Blank

3%-Blank

Figure 3.58 SEM micrograph images of agarose scaffolds after freedeying fabrication process
A & B: Representative microstructurd @fBlankagarose scaffql@ & D: Representative microstruc
of 3%Blank agarose scaffold.

Unfortunately, despite clear physical differences in terms of structural stability and bulk
dimensions between 1Btank and 3%Blank scaffolds, the highly irregular and overlapping
nature of the resulting pores meant determiningispeni sizes across the two formulations

using SEM was incredibly challenging. Effective pore size measurements could not be obtained
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due to the incompatibility of the images with the imageJ BoneJ pore -$iz(Dpluigeet al

2010) As a result, an alternatimethod for pore size assessment was pursued.

3.3.1.3 Agarose scaffold 2D pore size and morphology

Due to studyspecific limitations of SEM data collection and analysis, representative 2D
histological images of 1Btank and 3%Blank scaffolds were subsequenthduced, with a

view to provide further evidence of scaffold pore characteristics. Histological sections were
analysed qualitatively and quantitatively, as described irBs2dtidn

Based on the images capturedBlaak and 39Blank scaffolds~(gure3.6 A-D) coniained

highly irregular pores separated by thin agarose fibre walls, as purported from SEM analysis of
the bulk scaffolds. It was also found thatBé&mk scaffoldgenerally contained a larger number

of pores over the analysed scaffold eestons, inamparison to 19Blank scaffolds. The

analysis of the mean pore size diameter revealed a significantly smaller valueBtartke 3%
scaffolds (215 Om MBllahk) scanmdaor ead t(3 8t8h e ml %
was also found that the $Bkark scaffolds contained a smaller median pore size and also the
smallest single diameter pore. Crucially, despite possessing lower pore diameters, the 3 wt%
scaffolds remain within the previously stated range for osteochondral scaffol{l egsteahs

2018)
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Figure 3.6 (A, B, C) 0 The effect of agarose percentage on 2D pore morphology and mean |
size, using histological processingnd imaging concepts H&E stained (and grescale) histologi
crosssections of 19Blank (A & B) and 39%lank (C & D) scaffolds. Prior to staining and im
scaffolds were fixed in NBF bteidk slicesSechionsowere sl
from the Omiddledéd portion of the scaffold.
sections (n=3 per scaffold type). Each pore was measured across its single greatest widthitAe
U test was used to compdretween the means of each of the scaffold groups. **** = P<0.0001

3.3.1.4 Final outcome of agarose scaffold characterisation

This small scaffold characterisation study suggests that 3 wt% agarose hydrogels represent a more
compatible formulation than the 1 wa#talogue for the lyophilisatioediated production of

porous agarose scaffolds, in the context of osteochondral GAM repair applications. This decision
was taken on account of its crucial resistive capabilities to scaffold shrinkage upon exposure to
the gressful conditions of freedeying as well as its ultimate possession of sufficient micro
porous pore size distributions across its scaffold bulk.

The following sections will now describe the results of-#laéidation of the AGE-1 spatial

patternig approach for 3 wt% hydrogels, as well as the steps involved in the creation of the PEI
modified FAGE methodology.

101



3.3.2 Spatial patterning using FAGE-1 approach

3.3.2.1 Synthesisof CaP precipitates

Using the previously illustrated datgsetgided by Dr Feichtinger and colleagaiseboth a
guide and as tentative positive controls k@ E-1 spatial patterning method was subsequently
re-validated for use in 3 wt% agarose hydrogels. The nanopaatigigation step (60V for 6
minutes) utilised in the preliminary work was utilised once more in the 3 wt% gels.

Upon stimulation of an electric potential across the Ia@édgel (specifically in the + -

electrode configuration), it was noted #ftdr approximately two minutefsint whiteo €

s h a ppeedipitates appeared to form within the gel structure below loadecbmtalihing

CaCi (Figure3.7 A). As electrophoresis then continue® @@inutes), the precipitates initially
identified appeared to grow larger and more intense in all cases. In terms of phimtipéase t

and intensity, a small Cattincentration dependent effect was observed, with the 225 mM CacCl
group displaying the thickest and most intense band whilst the 112.5 mM appeared the thinnest
with lower overall intensity.

A

OmM CacCl,
112.5mM CaCl,
162.5mM CaCl,
225mM CacCl,
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Figure 3.7 (A & B) & Formation of confined CaP precipitates within 3vt% agarose hydogels,
using the FAGE-1 method.All wells were exposed to a constant 60V electrophoretic potent
minutes. A: Range of CaP precipitates synthesised froslo@diiy solutions ranging from Or
225mM. B: Enlarged SYBR SAFE image used to calculate the overall distance of the CaP pre
the loading well (i.e. the CaP precipitate region).

Interestingly, such pattsrin CaP synthesis generally matched that identified by Feichtinger and
colleagues in the proof of concept work utilising 1 wt% gels, with similar thicknesses and
precipitate intensities identified over a similar timeframe, despite the increase igjehgarose

concentration. Furthermore, similar curved
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as was previously seen, a pattern hypothesised to be as a result of either lateral ion diffusion or
specific electric field profile boundaries.
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Figure 3.8 & Final distance measurements of the synthesised CaP precipitates after thAGE-1
electrophoretic loading process (n=3).ImageJ software was used to calculate total c
measurements between the leading edge of the CaP precipitatdacid dhé¢he initial loading w
Once calculated, the length of the well (2mm) was subtracted.

Upon measurement of the distance of the final formulated precipitates from the loading wells,
the CaP precipitategions were found to occur at2.25 mmKigure3.8). These values were

then used for pDNA mobility optimisation in the next section.

3.3.2.1.1 Analysis ofCaP precipitates

In a further experiment performed bBgniel Whitethe 0 mM and 225 mM Ca@barose
precipitate hydrogels were analysed via SEM to obtain a greater understanding of particle
morphology and size. The images accumulated were illustajace80.

Analysis of the contr@ mM sampleKigure3.9 A) provided evidence of the absence of CaP
nanoparticles within the agarose fragmient®ntrast to th@aboveobservations, tHiz225 mM
CaCl} agarose sample illustrated the existerdistioictpopulations of visible particles, which
exhibted notable differentiation from the surrounding backgredhmi$t also displaying
uniform andspherical shapé-igure3.9B and G.
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Figure 3.9 (A-C) 8 Comparative SEM analysis 08%-Blank versus 3% FAGE-1 CaP embedde
precipitates (225 mM CaC). A: 3%Blank B & C: 3%-225mM CaP nanoparticle precipitates.
individual scalbar tick represents 1@ f t he over al | bar |l ength

Additional in-depth characterisation experiments iofsitu F-AGE-1 synthesised CaP
populations, includinX-RayDiffractionspectra and mean particle diameters, can be found in
the PhD thesis by Dani el White (White Rose
mineralisedgerect i vat ed matrices for osteochondr al

3.3.2.2 Confirmation of pDNA and FN mobility to CaP region

Using the 3 wt% agarose pDNA migration formula, as well as the CaP precipitate distance
measurement (224 mm), it was judged that pDNA patterning should be performed over a
short duration (5 minutes), at high voltage/300

Figure3.10illustrates the location of a variety of nucleic acid, bovine fibronectin and nucleic
acidFibronectin combinations, upon loading patterning within a 3 wt% agarose gel. Using

the aforementioned electrophoretic conditions, all constituents appeared to successfully exit the
loading wells and migrate downwards through the gel towards the positive electrode. Significantly
after a fiveninute 300V electrophoretic exposure, all bands appeared within or marginally below
the previously calculated CaP region, a factor considered vital as electrophoretic polarity would
subsequently be reversed in the later CaP precipitation step, cagisiagupagards migration

of nucleic acid components. As a result, pDNA constituents were hypothesised to be proximally
located for the following CaP nucleation and precipitation steps (combioealisation

procedure).
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Figure 3.106 Optimisation of plasmid and Fibronectin migation within 3wt% agarose hydrogel
in the context of FAGE-1 nanoparticle precipitates and the precipitate regiorAll wells wel
exposed to a constant 300V electrophoretic potential for 5 minutes.

3.3.2.3 F-AGE-1 cclocalisation

Using the results from sectioBs8.2.1and 3.3.2.2 the full FAGE-1 protocol was then
performed with the aim of proximally patterning nucleic acid and CaP payloads within specific
regions of an 3 wt% agarose gel, allowing for tleeasation of CaP to DNA or the-co
localisatin of CaP to DNAFN composites.

Figure3.1lillustrates the resulting spatially patterned agarose gels after completion of the F
AGE-1 protocol. Intergtingly it was identified by visual observation thdogéeng of wells

with nucleic acid payloads alone resulted in marginally fainter CaP precipitates than the controls,
whilst the presence nucleic @€\ payloads resulted in brighter more intengerpity.
Significantly, this corresponded with equivalent SYBR SAFE images which showed that pDNA
and pDNAFN payloads were both proximally loaded within the CaP precipitate zones, thus
providing supporting evidence of a pDRAP cedocalised interactiomterestingly however,

in both cases, no obvious differences were identified in the shape, size or position of the DNA
bands when Calloncentration was increasisla result, it was only possible to infer that co
localisation had occurred in these DG&® and DNAFN-CaP.

Importantly, all findings matched with those presented previously by the Feichtingér proof
concept studies, suggesting successful translation #@te Ftechnique for 3 wt% agarose

gels.
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Figure 3.1108 Electrophoretic patterning and ceprecipitation of pDNA and CaP nanoparticle

within a 3 wt% agarose gel, using the FAGE-1 approach All wells were exposed to théAGE-1

four stage protocol in which two spedafiectrophoretic procedures took place. 1) 300V electrog

potential for 5 minutes ( + electrode configuration). &)V electrophoretic potential for 6 minute
- electrode configuratian)

3.3.3 Spatial patterning using FAGE polyplex approach

3.3.3.1 Confirmation of PEI mobility within agarose hydrogels

In a proofof-concept investigation, different concentrations of linear PEI were loaded within 3
wt% agarose gels and exposed to specific electrophoretic stimuli, with the specific intention of
classifying potger mobility within an agarose hydrogel over a specific timeframe and voltage.
Due to the novelty of such experiments, Coomassie Blue protein stain was initially tested to
visualise and confirm such objectives.

Figure3.12shows the resulting agarose gel after PEI loading, electrophoretic exposure and final
protein dye staining. Significantly it was confirmed in this test run via Coomassie Blue staining
that linear PEI can effectively translocate through a 3 wt% agarose gel, with migration in fact
occurring in a unique walke pattern downwards towards the negative electrode. Interestingly,
observations also suggested that as well as the influérecelettrophoretic voltage applied,
migration speed appeared to be concentration dependent, with higher concentration PEI loading
samples (e.g. PRIP40-5 Qg) progressing greater distance
to lower concentration equisials (e.g. PEN/P8-2 . 5Qg) . Based on these r
a 10 minute 300V electrophoretic duration could therefore be optimal for subsequentpDNA co
localisation steps.
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Figure 3.1208 Electrophoretic migration of linear PEI within 3 wt% agarose hydrogelsGel wa
exposed to a constant 300V electrophoretic potential for 10 minutest usinglactrode configurati
Post electrophoresis, gels weaimetl in Ready Bl&eotein Gel Staifor 2 hours.

3.3.3.2 PEI-DNA co-localisation

Using the results from sect®B.3.1a full AGEpolyplex patterning method was etest with
the aim of proximally distributing plasmid and PEI payloads within 3 wt% agarose gels in order

to induce the formation of a spatially distinct polyplex populations.

Figure3.13illustrates the resulting spatially patterned agarose gels after completion of the F
AGE polyplex protocol. Significantly, over the course the PEI patterning step (stage-4 of the F
AGE polypéx protocol), at approximately 5 minutes, thin faint bands of precipitates began to
appear across both the 2.5 Qg and 5 Qg pDI
increasing as concentration of PEI also increased. Interestingly, precigietasgiest PEI
concentration wells appeared first and were also found immobilised at a lower region in the gel.
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As PEI concentration then progressively decreased, other precipitates were then observed, each
presenting closer to the upper loading well.

Upon analysis of the SYBR SAFE images, it was crucially found that all previously loaded pDNA
bands were each now situated in the exact vicinity of the observed PEI precipitate (lower portion
of the gel). Moreoverlas PEI concentration increased, the thickness of the pDNA band
decreased, a phenomenon potentially symptomatic of PEI polymer mediated nucleic acid
condensation. This hypothesis was further supported by the location and appearance of the
plasmid only cdrol wells, which displayed completely unaffected migration patterns as well as

the largest band thickness (remaining in its original supercoiled form) indicating condensation

had not occurred.
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Figure 3.130 Electrophoretic patterning andpolyplex formationwithin a 3wt% agarose gel, usin
the F-AGE polyplex approach. All wells were exposed to théABE polyplexfour stage protocol
which two spefic electrophoretic procedures took placédNA patterning:300V electrophore
potential foROminutes{ + electrode configuration).REl patterning300/ electrophoretic potent
for 10minutes{ - electrode configuration) Bot mnd. 5 @@ compl exat
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3.4 Discussion

3.4.1 Impact of increasing agarosgercentage on agarose scaffold structure

In previous work performedby Dr Feichtingeand colleagu@svolving the freezéry mediated
fabrication of porous scaffolds from low percentage formulation agarose hydrogels (1 wt%), it
was found that the erstage biomaterial product was unsuitable for use in osteochondral
scaffold repair. This was attributedhtitk surface area shrinkage and structural chain collapse,
which likely materialised due to damagingrystal growth, causing expansion within the
hydogel pores, thus weakening structural intelgete, alternative 3 wt% agarose scaffolds

were produced with the assumption that a more suitable osteochondral scaffold product could
ultimately be fabricated. This selection was predominantly basetlark by&uastaferrand

coll eagues, who reported t hdaess susgepliblothes | s wi
detrimental freezdrying effects previously mentiof@€dastaferret al 2021)

Within this study, upon visual analysis of both 1 wt% and 3 wt% agarose hydrogels post freeze
drying Figure3.4), it was clear the 3 wt% hydrogel formulation was indeed substantially more
resistant to the structural damage associated withdingageprocess, compared to the 1 wt%
analogue. This wikistrated by the clear improvement in dimensional stability in the 3 wt%
scaffolds, post freezeying, compared to the 1 wt% scaffolds. Significantly, this observed
behaviour was consistent with the findings in the detailed study com@iectayerret al

which quantitatively illustrated that such an increases in agarose concentration leads to a large
percentage reduction in overall scaffold shrinkagetheir case by approximately4896
(Guastaferret al 2021)

On closer inspection of the two generated scaffold biomaterials using SEM, the University of
Leeds freezdrying process appeared to induce the complete sublimation of interlocked hydrogel
buffer components, resulting in both scaffolds presenting as highly interconnected porous
scaffolds at the micron levieigure3.5). Both surfacedsa appeared highly irregular with pores
orientated in a random overlapping distribution separated by thin agarose fibre walls. Regarding
the pore orientation, this was thought to have materialised in part due todbetnadad

method of freezing apedl within the cryotropic stage of this lyophilisation pr(éaastaferro

et al 2021; Loh & Choong, 2013)

However, In terms of specific pore size differences between agarose formulations, the SEM
micrograph images failed to provide the author with conclusive readings and thive alterna
methods were sought in the form 2D histological sectioning coupled wihalgative image

analysis. Crucially, based on the 2D images colégted3(6) it was found that increasing the

agarose biopolymer concentration directly reduced the average pore size of the agarose scaffolds.
The reason for this was hypothesised to be as a result of two directly linked factors. Firstly
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because of thimherent ability of higher percentage agarose hydrogels to produce a denser
nanoscale mesh structure (containing smaller pockets of water/solvent inside the fibre mesh) in
comparison to lower biopolymer percentagedgeisadvantageous trait commonlsetd in

analytical gel electrophoresis for resolving DNA fragments of varyjigize 2000)Then,

as a direct consequence, the higher percentage hydrogels, upon freezing, more effectively
restricted the expansion of water/buffer pockets locked within the hydrogel core, limiting the ice
crystal growth throughout its bulk. Eventublisiation of these ice crystals generates a denser
framework structure containing pores of smaller diameters, as illustrated in this 2D histological

sections provided earlier.

This hypothesis was also suggest&lbgtaferr@and colleagues which assessed the effect of
polymer amount and variable cooling rates on agarose cryogel mo(Gheisferret al

2021) Based on dateollected, they too inferred that increases in agarose polymer content
resulted in smaller overall pore diameters within cryogels but significantly also showed that this
factor can be enhanced or indeed reversed depending on cooling rateg.&@leih (Or

0.5C/min) (Guastaferret al 2021; Qian & Zhang, 201Ajthough exact cooling rates were

not explicitly determined in this study, based on the work by Guastafgitocould be
concluded that the cryotropic conditions applied f&F&(for 45 mimites) resulted in a very

fast cooling raté a reason therefore why reported pore diameters were on average smaller in
this investigation and why scaffold shrinkage might have only occurred specifically in the 1 wt%

gels.

Furthermore, it has also beenvghdhat as a direct consequence of polymediated and

cooling ratenediated pore size adjustments, mechanical properties of the resulting agarose
scaffolds such as Yo (Chaehet al 20d3] Rybackt al ®01%) | I i k
Although not explicably assessed in this chapter, an additioraf tratleeen pore size and
mechanical strength clearly exists using this platform, suggesting-dpedtoscaffold
requirements can be more specifically tailored with careful selection -dfyfrésdmication
parameters and agarose percentage.

As such, based on the findings illustrated, the 3 wt% porous agarose scaffold was found to be an
acceptable faulation in terms of physical material characteristics, dimensional stability and the
preservation of a suitable average pore size diameter for cell attachment and infiltration studies.
Before final confirmation as an acceptable scaffold for use d@sophelestically patterned

GAM, the electrophoretic mobility of transfection payloads in the gel must be assessed.

3.4.1 Re-validation of the FAGE-1 method

The core FAGE-1 methods formulated and tested in previous work by the Feichtinger research

group haveentatively shown their capabilityifesituelectrophoretisynthesis and deposition
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of nanosized CaP crystals, as well as facilitating spatial patternifigcafidatmn of nucleic

acid payloads with such crystal structures inside duatasgel systems. As increasing the
agarose wt% reduces electrophoretic mobility of DNA, the second theme of this chapter
therefore sought to H@ptimise the previously establishe®GE-1 methodologies (developed

for 1 wt% agarose gels), for their uséhihigher percentage 3 wt% agarose gel.

Overall, it was found that theAGE-1 protocol was generally compatible with the 3 wt%
agarose formulation, with only minimal modifications required. k1 sibgjee revalidation

process, a large agarose hwretab containing supersaturated levels giRCa was
fabricated. Upon the addition of a Gd@hding solution and subsequent generation of an
electrophoretic potential, it was found that a chemical reaction was instigated. Specifically, it was
found that upon exposure to comparable electrophoretic stimuli used in thefomufept

work (60V for 6 minutes), thin white colouresh@ped precipitates were once again observed
directly below the Ca@bading wells (a pattern also seen in the 1 wt% roktggd Although
largescale biomineral characterisation was not within the overall remit of this chapter (the
objective of the aligned PhD project of Daniel White, PhD student), based on SEM imaging
provided in this chapter it was tentatively hypothdhesetthe precipitates generated from this
F-AGE-1 method were likely spherical amorphous calcium phosphate (ACP) granules, with an
approximate diameter of 150 nm or less.

This assumption was based predominangly on
organised and less dense CaP phases (such as ACP) are kinetically more favourable for initial
production within confined biomineralisation systems. Thus amorphous CaP was likely induced
in this example upon mixing of calcium and phosphate ions dutirgpktesisHigure3.13).

The gradual formation and progression of the precipitate band appeared as a result of the gradual
supply of the calcium isrinto the system during the electrophoresis process, as previously
explained in the 0o((Eamoakaharet all2012)ds suchlit wase por t
reasoned that after approximately two minutesA@ -1 electrophoresis, a large proportion

of proximal calcium and phosphate ions-lf@mded within the gel), became situated and
subsequently consumed thre region directly below the loading wells, with pockets of
ACP/ Posner ds c | ust eimsguAs ¢okcentragiondot ions then sngreaseh e s i
further, supersaturation of the region occurs, leading to the observed formasbtapedC
precpitate bands. Upon continuation of electrophoredisn{Butes), the early precipitation

region may then act as a nucleation site for further ACP synthesis and crystal growth, which likely
accounts for the observed increases in precipitate size anthizuisity.
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Figure 3.14 0 Schematic representation of the CaP synthesis route using Ostwald step

concepts. Route A represents the traditional crystallisation mechanism whereby shidtReisise
directly from solution via thermodynamically favourabloyimm pathways, circumventing

intermediate phases. Route B represents a lower energy crystallisation mechanism under k
whereby stepvise amorphous and metastablasph are sequentially produced prior to HAP.
Amorphous Calcia Phosphate, DCP/OCP: DicalcidPmopshate and Octacalcium Phosphate,
Hydroxyaatite. Adapted frorfGower, 2008)

In gage2 of the validation process, the migration of the pDNA and bovine fibronectin within 3
wt% agarose hydrogels was validated such4baatisation within CaP would then be possible.
Using the 3 wt% 300V migration formula as a predictive tool, itypathesised that an
electrophoretic potential ( +) duration of 5 minutes would be suitable for pDNA migration

to the CaP precipitate region of interest. As previously stated, this duration was chosen with
specific consideration for theAlGE-1 CaP prepitation step which in normal circumstances

takes place directly after DNA loading and contains a reversal of polarity. Crucially, as shown in
the SYBR SAFE imagesHigure3.10 the electrophoresis conditions of 300V for 5 minutes
appeared suitable for DNA loading in 3 wt% agarose hydrogels, with all negatively charged
species migrating roughly to or just beyond the CaP precipitate region. Interestingly, it was shown
t hat fibronectihgalone migrated a similar distance to plasmids, whilst -®NDNA
combination generated a thicker and more intense DNA band pattern.

In the final stage of the validation process, the n&@&H-1 methodology was performed in

full using the optireed and validated protocols outlined in stages 1 and 2. Based on the
gualitative evidence provided (digital image and SYBR SAFHE-Staire8il 1), there was clear

proof of celocalisation, whereby identifiable CaP precipitates were situated directly within the
same location as the SYBR SAFE DNA bands. Interestingly, upon comparisons between the
CaP only precipitates and the pDRAP laned-{gure3.11 left and middle digital images), it

was also shown that the presence of pDNA resulted in an overall reduction in precipitate
intensity. This fact ay point to a possible-complexation reaction occurring between the
electrophoretically loaded pDNA and the CaP precipitates in these examples. Unfortunately, this

could not be fully conclusively corroborated upon analysis of the SYBR SAFE DNA bands,
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which appeared identical in shape and location for both the pDNA only lanes alut thised
pDNA-CaP.

Significantly, as well as matching pre\WeI6E systeninvestigations with regards to the
confined electrophoretic ACP synthesis, a newer repoirnbyalét ablso probed the impact

of gel structure on the size of the electrophoretically synthesised CaP granules created. Crucially,
according to TEM image analysis, they concluded that synthesised ACP granules decreased in
size upon increasing gel amteation, a hypothesis fundamentally centred around the smaller
pore spaces present within such gels restricting ACP growth and particle prégipitataon

et al 2018)In the case of the potentiallylooalised pDNACaP nanoparticles formed using

the FAGE-1 optimised for 3 wt% agarose gels, it could be hypothesised that the range of
nanoparticle complexes produceligure3.11would be likely possess a smaller bulk diameter

than those previously analysed in the srbobncept work (mean diameter < 232 nm), and as

such mayossess a greater affinity for cellular uptake and transfection when applied as spatially
loaded 3D payloadkin et al 2014)a hypothesis tested in chapter 6).

3.4.2 Creation ofa new FAGE polyplex methodology

As stated in sectidh2.3 the incorporation, synthesis and patterning of PEI polyplexes within a
spatially controlled agarosegbphoresis GAM system can be considered a tantalising prospect
within the context of gene loaded scaffold systems and was hypothesised that if successful, could
not only alleviate multiple limitations currently present within this field but alsopr@lide
alternative (or enhancement) to the previously developed but yet unié¢sied BNA-CaP
nanoparticle GAMs. With this in mind, the reasoning for the incorporation of PEI particularly
related to two unique challenges previously described iertteré review; 1) unwanted
polyplex particle aggregation; which is considered a huge impediment for the effective loading of
high concentration transfectiaative payloads within 3D hydrogel systems and 2) the difficulty

of formulating distindn-situspatial patterning or-flirectional gradients of polyplex payloads
within single hydrogel systems. Crucially, through simultaneous synthesis, patterning and
confinement of polyplexes within 3 wt% agarose hydrogels, via@ierfethodologies, such
challeges could potentially be effectively resolved.

As this was a completely new element of research not yet explored by the Feichtinger research
group, several basic principles first required testing and validation. This initially included the
establishmentf electrophoretic mobility and migration speed of linear PEI alone within 3D
agarose hydrogel systédres fundamental factor needed for spatial patterning WAtkGEF
strategies. Significantly, unlike plasmid DNA or phospiwadgarticle precipitates,wehich
can be easily visualised within agarose hydrogels post electrophoresis, PEI itself has no
established visualisation methodologies and as such a novel protocol was developed involving
Coomassie Blue protein stain. The use of this dye has beéshedtédn the staining of
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protonated basic amino acid chains within proteins and the similarly charged PEI should exhibit
the same electrostatic interactions with CoomassiéDBhaarenoet al 1986)This dye has

been shown to effectively penetrate and stain protonated amino acids in other, similar hydrogel
systems (polyacrylamide gels versus agarose gels). This was further aided by parallels regardin
dye penetration within siar hydrogelike systems (polyacrylamide gels versus agarose gels)
(Kumariet al 2021)

Crucially, upon direct method translation of Coomassie Blue staining piiecd)sl99Q)

PEI migration within 3 wt% agarose gels could be successfully visualised and characterised, as
perError! Reference source not foundA and B. Interesigly the observed staining patterns
illustrated wavkke polymer migration towards the negative electrodes, over acceptable time
scales (a finding not yet reported in the literature thus far). It was also ob&areed in
Reference source not foundA, that PEI migration distances (at a constant voltage) appeared

to be directly linked to the well loading concentration of PEI, with greater speed observed when
larger quarties of PEI were added to loading wells. This finding proved to be hugely important

for subsequeninsitup ol ypl ex patterning. The initial
potential compatibility for its incorporation wittHAGE GAM systems.

The next objective was to formulate a fahGE polyplex synthesis and patterning protocol,
which could proximally control pDNA and linear PEI location within 3 wt% agarose gels, in
order to producéatsity populations of contained, zonally distinct polgplekhe adaption of

the FAGE process for PE&ppeared remarkably successful. Firstly, as shBigarie3.13

digital images, thin precipitate bawdse only observed for wells containing both PEI and
pDNA. As precipitate was not observed in the PEI only and pDNA only controls, this is strong
evidence for complexation between PEI and pDNA. Secondly, the DNA bands visible only
under the SYBR SAFE filtere proximally located in the same position as the precipitate bands
observed in the digital images. Importantly, there was a clear difference in the position of the
pDNA band for the combined PEI and pDNA loaded lanes compared to the pDNA only lanes.
Asshown in the SYBR SAFE imageBigure3.13 the combination of PEI and pDNA yielded

a thinner, more condensed bamdcharacteristic feature of leiccacid interaction with cationic
polymers such as P@aiet al 2011)Interestingly, the distance travelled by the band appeared

to dependant on the concentration of PEI. This can be seen particularly for the 5 pg pDNA
containing larein Figure 3.12. In the PEI only migration study a similar relationship between
PEI concentration and migration distance was also observed. Further investigations would be
required to confirm this relationship.

Critically, the use of higher percentageag electrophoretic loading for confined PEI polyplex

synthesis appears, albeit in basic fmeodncept studies, to be a completely novel translation

of the previous Watanabe and Kamitakahara electrophoretic biomineralisation methods as well

as furthemdvancing on the Feichtinger GAM patterning approaches. Moreover, it importantly
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shows considerable potential as a method for not only potentially preserving polyplex
transfection activity within 3D hydrogels (via restricted aggregation due to biomaterial
confinement) but also allowing for distinct biomaterial payload patterning and gradient
formation.

For comparative purposes, the closest analogous report regarding this type of polyplex synthesis
within hydrogel systems was those presented kgt akin which a caged nanoparticle
encapsulation method (or CnE) was applied to preserve polyplex population transfection efficacy
within 3D PEG, HA and fibrin hydrogdlsei et al 2010; Leet al 2011)In these studies,
combinations of high viscosity sucrose and agarose solutions were added to frégdihuyenade
polyplex populationd with the specific aim of restricting Brownian motion behaviours and
therefore the formation of larger polyplex aggregates. Using lyophilisation processes, polyplexes
were then incorporated as powders during-tinégsg anl celthydrogel formation (NIH 3T3
encapsulated PEG, HA or fibrin hydrogels). Significantly, such hydrogels were then able to
illustratanvitroandinvivagene transfer after sustained cellular culture, infiltration and hydrogel
degradation. However, spite this success, they remained unable to control the spatial
distribution of said unaggregated polyplexes, withumfamm micredomains present
particularly within the final crdgsked gel¢Leiet al 2010; Lett al 2011)

With this in mind, our results provide tentative evidence for a similar caging effect, brought on
in this case by the nanosized hydrogel pore confinement properties of agarose hydrogels
restricing polyplex aggregation behaviours. Clearly, additional optimisation and characterisation
investigations must be performed to fully characterise if polyplex populations were indeed truly
formulated using this method, however for this PhD project-&@BHBE-polyplex strategy
provided significant encouragement for at least primary transfection testing, via agarose GAM
scaffold creation (as performed in chapter 5).

3.5 Conclusion
In summary, the increased percentage of agarose hydrogel (3 wt%) demonstatedtoesist
bulk surface area shrinkage and agaroseHdin collapse during lyophilisation. The resulting
freezedr i ed 3% agarose scaffolds exhibited a s
3D tissue engineering biomaterials, featuring a hightpimected and microporous structure
with a pore size distribution ranging from
significantyf ower t han that of 1 wt % agarose scaff
within acceptable limits for esthondral tissue engineering scaffold systems. This was
hypothesized to be sufficient for various cellular processes, including infiltration, migration,
nutrient transfer, and proliferation. Subsequently -#@H-1 methodology was adapted for
use with 3vt% agarose hydrogels. Protocols were successfully modified to enable simultaneous

insitu electrophoretic deposition of inorganic nanosized crystal precipitates and proximally
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patterned nucleic acid payloads within the 3 wt% gel. This process wasizggptthiaitiate
co-localsation, possibly forming pDNAanoparticle coomplexes with promising properties,
including hypothesized small particle diamet8)(vm). Additionally, a not*eAGE strategy

was developed, allowing for the simultanigeiia electrophoretic deposition of PEI cationic
polymers alongside proximally patterned pDNA payloads, representing an entirely unexplored

research avenue

Overall, within the scope of this thesis, this chppieidesessential primary validation data for

the generation of a 3D microporous scaffold system as well tlaghkypromising agarose
electrophoreti’GAM loading platformsTheseagarose GAMlatforms now necessitdte

further characteasion and testingparticularly in thareasof freezedried agarose scaffold
cytotoxicity 3D cellular adhesiprand 3D transfection capabiliths such, the respective
chapterst, and5 will delve inteeach othese aspects in greater depith the ultimate aim of
validating both fAGE-1 calocalised GAM scaffolds andAGE polyplex cdocalised GAM
scaffolds for their ability to perform as transfection capable osteochondral GAM biomaterials.
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CHAPTER 4

INVESTIGATION INTO THE
CYTOTOXICITY AND CELLULAR
ADHESION CAPABILITIES OF
POROUS AGAROSE SCAFFOLDS AND
THE EFFECTS OF DIFFERENT
SURFACE COATING METHODS
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4 CHAPTER 4: INVESTIGATION INTO THE
CYTOTOXICITY AND CELLULAR ADHESION
CAPABILITIES OF POROUSAGAROSE SCAFFOLDS AND
THE EFFECTS OF DIFFERENT SURFACE
FUNCTIONALI SATION METHODS

4.1 Introduction

The pillars of biocompatibilitgytotoxicity and cellular adhesaoa considered crucial for the
application of GAM scaffolds in osteochondral tissue repair. The terms aggooifpeal
collectivehandgenerally e f er s t o a scaf f ol doandaobdedtroyt y t o
living cellular material suchttita 3D surfaces may agecificallyas stable sites for cellular
adherence, migration, proliferation, differentiation and matrix dep@sisbaniet al 2023)

As GAM systems rely on cellular attachment and migration for the successful uptake of its surface
bound or immobilised therapeutic DNA payloads, it is therefore essential that these primary
cellular adhesiqroperties arexhibited by the chosen biomaterial frame{@@gkien, 2011)

As discussed in secti@r6.1.2.1polysaccharieierived biomaterials such as agarose exhibit
multiple characteristics which lend themselves for use in a variety of therapeutic fields, with
properties including sejélling, water solubility, adjustable mechanical properties widely
reportedcytotoxicity and favourable economic manufacture. As a result, applications to date
have been wide ranging, with successes in areas such as nerve, bone, cartilage and skin tissu
enginering(Miguekt al 2014; SehezSalcedet al 2008; Singtt al 2016; Stokoét al 2006)

However, in many of these examples, there was the apparent requirement for additional coupling
materials, functional group modifications or surface coatings, which aim to supplement or
enhance the inherent properties of agarose previously disefierdtiis appears particularly
motivated by the reported low cellular adherence capabilities of agarose hydrogels alone, which
have the potential to severely limit any reparative performance observed upon cellular migration
and infiltrationMerceyet al 2010; Varorgt al 2012)

In terms of enhancing scaffolaédiated cellular adherernbe approaches fall under two main
categories, 1) composite manufacture, 2) physical adsorptioa/stunfationalisation.
Composite agarose biomaterials are the most commonly used method in tissue engineering,
owing to the ease of additional material incorporation during agarose hydrogel synthesis and its
maintenance for sejelling upon formulation dfybrid blending solutions. Such examples
includes silkagarosgSinghet al 2016) plateletich plasm@agarosgYin et al 2014)and
poly(ethylene) glyeayarose hybrigpeKoskyet al 2010gll of which presented elevated
attachmenaind biomechanical profiles allowing for effective functional tissue repair. Despite
such clear benefits, one potential downside of this approach is the possibility of composite
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induced severing of agarose hydrogel electrophoretiecdrabadosmosis (EE@3pabilities,

which can be only maintained via the delicate chemical congidtie@niship between agarose
polymer chains and negatively charged sulphate functional groups. As functional electrophoresis
is fundamental for this project, agarose hybrids were therefore not considered a viable option as
acell adhesioaugmentation appach.

In contrast, physical adsorption techniques can avoid such pitfalls with its specific application as
a post hydrogel/scaffold fabricatiadhesioraugmentation step. In most successful literature
cases, the method simply involves the incubatiabrafdted scaffolds in solutions containing
bioactive molecules, which then attach on the exterior and also penetrate to the interior and affix
via physical surface interactions through Van der Waal forces, electrostatic forces, hydrophobic
interactions ahhydrogen bond€rucially, such biomolecule attachment fundamentally alters
surface material characteristics which promotes cellular adhesion, increased surface
hydrophilicity, positive surface charge density and presentation of binding motifs.

For thisthesis threeell attachmenbioactive molecules were considered as contingencies
should the inherentell adhesiorcharacteristics of the freetéed agarose scaffolds and
electrophoretic GAMs be inadequate, thergfbysical adsorption dibronectin,laponite

PEO, andoolydopamine to agarose scaffolds was investigated.

Fibronectin (FN) is a multifunctional modular glycoprotein produced by a range of cell types
(hepatocytes, fibroblasts, macrophages) and normally resides within plasma andhas part of t
extracellular matrix (ECM) which surrounds @éiomineDurandet al 2021) This protein

plays a significant role within the ECM, mediating several physiplogésales such as cellular
adhesion, regulating phagocytosis, wound healing, cell proliferation and loQdimstien

1984) In terms of cell adhesion specifically, fibronectin contains unique peptide sequences such
as RGD and PHSRN within its modular protein architecture, which are highly specific for
integrin cell surface receptor bindiBgrcieet al 2002)Such moieties make this protein a highly
pertinent avenue for its use as a grafting/surface coating systemy edierénteract with an
exposed protein coating instead of direct biomaterial surface adhesion, thus delivering the desired
cell attachmeni 3D. This can be seen in reports by Frahelnd Arredondet glin which

low adhesiorbiomaterials such gel spun silk and polycaprolactpolyurethane (PCRU)

were successfully functionalised via a gentlelamaaging fibronectin adsorption strategy,
providing hope that agarose scaffolds could be similarly aug(ergddndoet al 2021;

Francket al 2013)It must be clarified that the use of Fibronectin as a surface coating, as stated
above, is considered a distinctly separate method to that used i3 ohépsethesis, whereby

Fibronectin was electrophoretically patterned within the agarose hydrogels.

Laponite® (or LAP) is a commercially available synthetic smectite which is part of the

phyllosilicate clay mineraifily and can be characterised by its unique crystal structure whereby
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two tetrahedral silica sheets sit between a sirfgleoktgining octahedral shéEbmaset al

2018) It has an empirical formula of Na[(SEMgs 4-i0.9O2o(OH)4]' and has both positive and
negatively charged regions which allow for the electrostatic formation of nanoplatelets with
diameter and thickness of 25 nm and 1 nm respeitrepet al 2019; CastrAguirreet al

2018) Although it has wide ranging applications such as household cleaning and personal care
products (due to its rheological modification and film forming properties), it has been used more
recently in the biomedical field, concerning drug delivery, bigimadims bioactive tissue
engineering coatinglfomaset al 2018)As surface coatings, LAP possesses good hydrophilicity,
biodegradabilitgytotoxicityand importantly allowsifthe deposition of beneficial films onto
scaffold biomaterials, thus augmenting higfteesion basezharacteristics. Significantly, one
physical adsorption method reported by both Gahatwaland Orafaet alproved highly
successful, whereby nanoposites of LAHPEO were deposited onto PLA nanofibers,
improving overall scaffold hydrophilicity and therefore enhancing downstream BICBTB

hMSC 3D celdherence arattachmenfGaharwaet al 2012; Orafat a| 202

Drawing inspiration from the remarkable bioadhesive properties observed in marine mussels,
facilitatedn particulaby the 3,4ihydroxyL-phenylalaninriysine (DOPAK) motifs within the

mussel foot protein, scientistave successfully synthesizexyrdtetic analogue known as
polydopamine (PDA(Yu et al 1999) This innovative biomimetic material exhibits a host of
advamageous properties and has revolutionised the field of scaffold surtimeafisation.

Notably, its production involves a straightforwarebsbifmerisation reactiamherethe base
constituent dopamirgolymeriseander basic conditions and in the presence of ofdygabi

et al 2022)This process culminates in the formation aflaesive eumelanin polymer product,
charactesed by exceptional adhestrength The adhesive strength of polydopaimirsebeen
attributed to the presence of highly reactive functional groups within its chemical structure,
including amines, imines, andtechols(Gao et al 2019) This unique feature allows
polydopamine to serve as a versatile surface coating for a wide range of biomaterial substrates,
including synthetic polymers, ceramics, bioinert metals, and polgsdogtiargels.

A key facet of polydopamine's versatility lies in its ability to significantly enhadicesiba
capacityof scaffold systems, with th@resence of functional groups fadifitatthe
immobilisation of an extensive array of bioactive ubed¢egrowth factors, and extracellular
matrix (ECM) proteins onto the scaffold sur{&eeet al 2010)This transformative capability
empowershe PDA-modified scaffold to actively engage in critical cellular signalling processes
and tissue regeneration mechanisms. Moreover, polydopamine'scelhdegradherence and

low cytotoxicityensures that the modified scaffolds provide a conducivenement for
fundamental cellular activities, including proliferation, differentiation, and extracellular matrix

depositionThe successful works of Teaabnd Wangt ahnd Siet alvere considered highly
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applicable to this thesis and the suitabflDA as a bioactileell adhesioroating for agarose
scaffolds was investigaté®liet al 2021; Tsat al 2011; Wanet al 2019)

An indepth investigation regarding the higeatibility of the agarose scaffolds previously
formulated in chapte3 will therefore greatly aid the progression of the overall Feichtinger
electrophoretic GAM giterning platform, elucidating its inheraditesion capabilityhen
biologically relevant cell lines are applied. It will also indicate whether surface functionalisation
mechanisms are indeed required. The respective cell line L929 was selgtdéukifoty

testing whilst C2C12 and Y201 cell lines were selected for-egjHbaseaterial adherence
assessments.
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4.2 3D scaffoldcell adhesiontesting specification

The followingestingspecification was constructed as an experimental bluepeidrfoning
overall cell responsadhesion and viabiliyppon cell seeding within the range of different
fabricated agarose scaffolds. The specification is defa#btbdil.

Table 4.19 3D scaffoldtesting specification and testing parametersProgression through each
stage required the pision of reliable data of which conclusively illustrated evidence of each criterion.

o ) | Methodology
Property Minimum Requirements or Criteria )
of testing
: Presentation of large cell numbers on t
1.1: Capacity for cell - : LIVE-DEAD
scaffold surface after initial seeding an -
scaffold adherence . staining
staining procedures (48 hours)
- High proportion of live/viable cell
Stagel | 1.2: Maintain viable _ LIVE-DEAD
: populations after 48 hours and 7 days -
3D cell populations staining
culture
1.3: Typical/classic | All seeded cells appear elongated, LIVE-DEAD
3D cell morphology | interconnected with no signs of stress staining
- Strong indication of cellular metabolisn
2.1: Indication of - : AlamarBlue
Stage2 : - whichincreases over time (48 hodis
metabolic activity days) Assay
ays

Osteogenic an

} o Strong support for cell mediated )
4.1: 3Ddifferentiation - ; chondrogenic
Stage4 i deposition of osteogenic and ] i
potential ; histological
chondrogenic factors o
staining

For the evaluation of potential scaffold biomaterials as 3D GAM systems, effestaffold
adherencandviability aswell asthe desired morphological behaviour upon cell interaction,

were considered of greatest initial importAscauchthesewere included within the stelge

testing specifications for each iteration of agaaféolds tested. Although viability was
required for longer time periods (up to 28 days) in later studies, the viability at 48 hours and 7
days was considered adequate for initial appraisal of the approach in question. If stage 1 testing
outcomes were dmed acceptable, metabolic indicators, as outlined in stage 2, were then
evaluated, providing a quantifiable and distinguishable metaffiud specific cell health and
proliferation. After thisscaffold permeabilignd infiltrationwere then evalted to ensure

scaffolds possessed feasible routasfittfation to therapeutic payloadteposits Finally,
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scaffolds would then be evaluated for their 3D cellular differentiation capasidgred the
final, essential metric required afskeochonditaGAM system

4.3 Specific materials & methods

4.3.1 Sterility testing

Biomaterial systems used for tissue engineering applications imelitchmgvivand clinical
testing must adhere to aseptic principles to primarily prevent and restrict the enfergence o
pathogenic microrganisms within the system, ensuring safety.

Thioglycolate and tryptone Soya broth mediums were therefore applied to establish bacterial
growth capacities of fabricated agarose scaffolds with or without the application of arsterilisati
agent. Thioglycolate broth acts as a -puigose medium allowing the cultivation of both
aerobic and anaerobic organisms, whilst tryptone soya is able to cultivate aerobes, facultative
anaerobes and limited fungi.

A working thioglycolate medium was generated by dissolving 2.97g thioglycolate USP (Sigma
Aldrich) powder in 100 mL distilled water. The mixture was allowed to dissolvartyimgat

at 90°C, then aliquotted into glass bottles and autoclaved (121°C, 2.4 bar, 15 minutes).
Formulations suitable for sterility testing appearedcsitaamved with a chacteristic thin pink

upper layer, as seerFigured.l. A working tryptone soya medium was generated by dissolving
15g tryptone soya (Sigma Aldriplowder in 500 mL distilled water. Upon mixing and

subsequent aliguot, the mixture was autoclaved at 121°C for 15 minutes (2.4 bar).

=

4
!

Figure 4.1 8 Prepared Thioglycollate broth preautoclave sterilisation (left) and postautoclave
sterilisation (right).
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4.3.1.1.1 Methodology for testing ethanol mediated agarose GAM Sterilisation

3 wt% agarose hydrogels,-Bfank agarose scaffolds, well as a 3 W% AGE-1 GAM

scaffold AGE1-2.5225mN), were removed from theAGE-1 GAM fabrication process at
different stages and, depending on the sample, were either treated with an ethanol sterilisation
process or left untreatedAsterilised. Té different fabrication stages were either: 1) hydrogel
excision directly from buffer submerged agarose slab or 2) after subjection-doyiingeze
procedure.

The stated ethanol sterilisation process included the following steps: scaffolds were removed
from freezalryer, placed inside individual wells of 48 well plate, then incubated and washed three
times with iceold 70% ethanol (10 minutes per wash, room temperature). Ensuring residual
ethanol was removed, plates were transferre8@Careezer foll hour, before freezirying

overnight.

Consequently, under asceptic conditions, scaffold samples (n=1 per group) were then placed
directly into thioglycollate and tryptone soya broths and cultured at 37°C for 48 hours and two
weeks, at which point bdbinoths were visually inspected for signs of microbial and/or fungal
growth. A negative control (sterile broth without agarose sample) and a positive control
(contaminated inoculation loop) were also included.

4.3.2 Contact cytotoxicity

4.3.2.1.1 Assessment of FAGE-1 eletrophoretic GAMs & FN)

Using the electrophoretic patterning methodologies outlined in Gwguttor2.2.2.1a range

of F-AGE-1 electrophoretic GAM hydrogels were formulated (FAGE1-2.50mMd AGE1-
2.5225mM)lIn the FN containing scaffolds, FN was incorporated electrophoretically and thus
is situatednsitualongside pDNACaP payload®lext, using freezdrying and sterilisation

methodologies, all hydrogels were converted into sterilised porous agardse scaffol

At this stage, samples were individually placed and anchored inside the wells of a 6 well plate,
using tailored Stestrips (3M Stetrip SkinClosure 3x75mm, Medisave), as shdviguire

4.2 A. For the control groups, there was a cell only control;strdeoinly negative control and

a cyanoacrylate adhesive glue positive cdfisalg4.2 B). In the latter, a single drop was

deposited in the centre of the well as per the photograph.
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Figure 4.2 (A & B) & Contact Toxicity Sampleand ControlLayout. A: F-AGE-1 GAM scaffolds we
anchored to the-@ell plate surface using a st&ip. B: Control wells containing a Steip only and
cyanoacrylate adhesive (positive contralfotoxicity).

L929 cells were passaged aistispended to concentrations of 2.5z&s/mL before seeding

as a 2 mL cell suspension into well plates (n = 3 per group for batmdHNN+ agarose GAMs

as well as each control gro@slls were left timcubate with the agarose GAMs for a duration

48 hours, in 5% Cf£at 37C. Following incubation, samples were initially viewed under phase
contrast to investigate aalbrphology, membrane integrity as well as the presence of dead cells

proximal to the séald-cell monolayer interface.

Following this, the depleted media was extracted and the sample wells washed twice with PBS
(with calcium and magnesium). The PBS was removed and replaced with 2 mL neutral buffered
formalin (NBF) 10 minutes. After fixatidgdiemsa stain was added to completely cover the cell
monolayer and scaffolds and further incubation occurred for 5 minutes. Samples were then
carefully washed with tap water to remove excess dye solution and allowed to dry overnight.
Finally, the samplagere then examined under brightfield microscopy.

4.3.3 Extract toxicity

Using the same sample preparation technique as previously described4ir3 sgatiange of
F-AGE-1 electrophoretic GAM hydrogels ENAGE1-2.50mM3d AGE1-2.5225mM) were

once more fabricated, freeltéed and sterilised. Extract solutions for each scaffold sample were
then formulated inside sterilised 1.5 mL Eppendorf tubes by immersingsqeaf#lah 1 mL

serum free media (SFM) and subsequently incubating them for 72 POUBE43Z0Q) under

constant agitation (250 rpm). For the control groups, an aliquot of 1 mL serum free media (SFM)
alone was also taken and agitated using the sartiercandi
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After 48 hours of extract agitation (of the total 72 hours), a confluent L929 culture was, at this
point, passaged ands#spended to concentrations of 3xBls/mL before seeding as2

QL cell suspension into flat 96 well plates (h=4 per group for bednBRFN+ extract subsets,

n=6 for negative and cell lysis (positive control) subsets)), as per the plate layoUtighiosvn in

4.3.

AGE1-2.5-0mM - AGE1-2.5-225mM
0 112.5162.5212.5225

= FN-:AGE1-2.5-0mM - AGE1-2.5-225mM

= FN+ : AGE1-2.5-0mM - AGE1-2.5-225mM

QX
2R~ S RS
XX

= LDH Negative Control

$9950 4+ 4 4 4 40
44+ 4 1 atatetetet
4444990

444+ 4 I

= LDH Positive Control (lysis solution added)
= MTT Positive Control

= MTT Negative Control (DMSO added)

Figure 4.3 6 Dual Plate layout for Extract Cytotoxicity(LDH) and Viability testing (MTT). L92¢
cells were seeded in each coloured well at a density“afefigiiL. Extract solutions (1@L) wert
added 24 hours later.

24 hours later (72 hours total), cell culture media within 96 well plates were aspirated and replaced
by 100CL double strength media alongside eithe€l1 @kt extract or negative control medium.
Cellextract suspensions were then incubated for a@dtheurs before LDH and MTT assay

execution (as described below).

4.3.3.1.1 Methodology for LDH cytotoxicity assay

Commercidhactate dehydrogenase (LDH) akisysuch as th@ytoTox 96® NorRadioactive
Cytotoxicitykit (Promegakan be employed to allow quatitie assessment of cellular viabilities

in the presence of either a drug treatment, a biomaterial or an extract solution. As such, in this
study, this kit was applied to elucidate and quantify the cytotoxicity of electrophoretic GAM
extracts, utilisinghé concept that levels of LDH detected within each sample is directly

proportional to percentage cell death.

According to manuwb@dt wad e rquoti gt rswaatpil ®@n o,r ¢

transferred to a new flat bottom 96 well plate.tAddo na |l | vy, 10 QL 10X ce
applied to positive control wells assigned
control 6 and incubated for 4AdsayBuffer(Proenega) 50
added to vial of lyophilizedbstrate (Promega)) wWenaddedo all samples and gently mixed.

The plate wagark adapted f@0minutes allowing the reaction to progtesfore incorporating

the 50QL st o p. Using &/aribskam flasmicroplate readefliermo Scientifjcthe 96
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well platavasread at 490nmvith absorbance reading corrected according to background values
Thefollowing formula was used to calculate percentage cytotoxicity (ddiation

Experimental LDH Release (@B
x 100 4.1

% Cytotoxicity =
Maximum LDH Release (Q§

4.3.3.1.2 Methodology for MTT viability assay

In contrast to the LDH assay which assesses cell death via detection of a cell deisth marker
supernatant, an MTT3-(4,5dimethylthiaze-yl)}-2,5diphenyltetrazolium bromideassay
measures viable cell proliferation within a cell monolayer, using a tetrazolium specific dye. As
such, in this study, the commer@allTiter 96® NorRadioactive Cell Proliferation Assay
(Promega) kit was also applied.

According to manufacturerds instructi-ons, E
mixed optimised Dye solution (Promega) was added to each sample well of a 96 well. The plate
was incubated for 4 hours before siolution was removed. 100 yL or 1 mL of solubilisation
solution (Promega) was then applied to the sample wells, sufficiently mixed and incubated again
for 1 hour. The colour change within the wells was then quantified through absorbance readings
(570 nmusing a plate read&he following formula was used to calculate percentage viability:

Experimental MTT Release (9§

% Viability = x 100 4.2
Maximum MTT Release (G

4.3.4 Cellular adhesionassessment of uncoated agarose scaffolds (stebje

4.3.4.1 Evaluation of mediapre-conditioning

Using established metho@%p-Blank agarose scaffoldgre &bricated and sterilised. The
scaffolds, prior to cell seeding, were eithecqméitioned with complete cell culture medium

or left in a dry form before being placed inside each well of a treated 48 well plate (static seeding
conditions: method 1 or metth2). A high density C2C12 or Y201 cell solution of 2Gell®

was added to each scaffold (n=2 per conditioning method), according to static seeding
methodologies outlined in section 2.2.4. Scaffolds were then cultured under static 3D conditions
for ether 48 hours or 7 days before fluorescent microscopy analysis, MXERIN Eiability

assay (section 2.2.6).

4.3.4.2 Evaluation of FAGE-1 payload patterning (£FN)
F-AGE-1agarose GAMs (FN AGE1-0mM, AGE1-225mMN) were fabricateéreezedriedand
ethanokterilised, as per secgdh2.2.1, 2.2.3sing method 2 static seeding conditions, a high
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density C2C1ar Y201 cell solution of 2.5¥%1€klls wasubsequentlgdded to each scaffold

(n=2 per group)according to static seeding methodologiésemlitn section 2.2.3%0-Blank

was used as the control group. Scaffolds were cultured for 48 hours and 7 days before fluorescent
microscopy analysis, via LNZEAD viability assay (secti2r2.§.

4.3.5 Cellular adhesionassessment of surface coated agarose scaffolds (stayje

4.3.5.1 Evaluation of FN surface coating

Using the fibronectin coating methodology (chdahtesection2.2.4.), 3%Blank agarose
scaffolds were functionalised with eithe@#&L or 50 Qy/mL fibronectin (FN)solutions,
producing the followingcaffold formulations3%-FN25 and3%-FN50. After subsequent
lyophilisation andthanokterilisabn, each scaffold type veaeded with either C2C12 or Y201
cells at a cell density of 2.5xdélls/scaffold (n=2er group)Uncoated %-Blank scaffolds
were used as controls. éfithefollowing 3D culture conditions waell as cell attachmeartd
viabilityanalysis remained consistent with those described in4&ctidn

4.3.5.2 Evaluation of LAP-PEO surface coating

Using the LARPEO dipdiffusion methodology (chaptsection2.2.4.2, 3%-Blank agarose
scaffolds wersurfacdunctionalised. Agarose scaffolds were submersed and incubated in either
40 mg/mL or 120mg/mL LAP-PEO solutions for 4 hours befogmphilisation andthanol
sterilisation. At this stage functionalised scaffolds were denoted as LAP40 or LAP120. Each
group was then seeded with either C2C12 or Y201 cells at a cell density cfisScHifold

(n=3 per group). 3D static cell cultaemnditionsand cell attachment and viability analysis
remained consistent with those described in séc3idmn2

4.3.5.3 Evaluation of PDA surface coatig

Using the PDA coating methodology (chaptesectiorn?.2.4.3 3%-Blank agarosscaffolds
wereagairfunctionalised. Using two different PDA concentratiomgy(thL or 2mg/mL) and
incubation times ranging from 4 hours to 24 hours, coatings of darisiiesvere deposited
onto and within thporous scaffolds, as pable4.2.

Table 4.2 8 The range of PDA functionalised agarose scaffolds fabricated when different
dopamine solution concentrations and immersion times were used.

Dopamine Immersion Time
Scaffold Name Concentration (hrs)
(mg/mL)
3% Blank N/A N/A
3%PDA4.1 1 4
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3%PDA4.2 2 4
3%PDAS.1 1 8
3%-PDAS8.2 2 8
3%-PDA12.1 1 12
3%-PDA12.2 2 12
3%-PDA24.1 1 24
3%-PDA24.2 2 24

After subsequentashinglyophilisation and sterilisation, eschffold group was seeded with
either C2C12 or Y201 cells at a cell density of 2ce$fscaffold (n=2er group). 39Blank
scaffolds were used once more as controls. The preceding 3D culture ¢asdigbres cell
attachmenand viabilityanalysis remained consistent with those desaritiadly insection
4.3.4.1

4.3.6 Cellular adhesionassessment of PDA coated agarose scaffolds (stf)e

4.3.6.1 Evaluation of PDA surface coating on cellular proliferation (alamarBlue)

4.3.6.1.1 Optimisation of alamarBlue assay parameters

For accurate quantitative measurements of 3bnetlbolism angroliferation on ayose
scafblds, cell seeding density dadarBlue incubation time murstiallybe optimised for the
scaffold system in question. Crucially, for assay stloegsarameters in question must be
optimised using a scaffold system which has a provwgrf@bdellviability and attachme#ts

this could not be achieved with uncoated agarose scaff@#sPDbé&8.2 PDA scaffold group
was seleet for use in the following 3IamarBlue pangeter optimisation experiment.

3%-PDA8.2 scaffolds were fabradtandplaced in wells of 48 well plate (static seeding
condition 1). Y201 cell solutions of different cell densities were then formulateds,(1.25x10
2.5x16, 3.75x19 5x16 cells/scaffold) and subsequently seeded using static seeding
methodologies (s#an 2.2.5.1 After 23 hours, scaffolds were transferred into round bottom
96 well plates containing ZR0damarBlue working solution and incubated over a @éoad.
Fluorescence intensity was measured at 2, 3, 4 and 6 hours aretl dongpully reduced
working famarBlue sample. Parameters were deemed optimal if pesicenéaBéue reduction

over the specified duration was exponartéhfemained beldy® percent.

4.3.6.1.2 Cell proliferation assay

Using optimised assay paramefiens the previous sectipry201 cell proliferation was
evaluated on a range of PDA coated agarose scaiftiidfie aim obhscertaing the most
effectivePDA functionalisation condiin. All fabricated groups were evaluated eg8épt

PDA4.1, 3%PDA-24.1 and PDA4.2. Static seeding 1 conditions were applied before seeding
129



of each scaffold with C2C12 or Y201 cells at a density of 4cBBs/B0affold. Seeded scaffolds
wereincubatedor either 48 hours or 7 days befdaenarBlue assay was performed, according
to methods outlined in sectidr?.7

4.3.7 Cellular adhesionassessment of PDAoated agarose scaffolds (stag®)

4.3.7.1 Effect of PDA surface coating and seeding density on cellular infiltration

The extent of cellular infiltration into PDA functionalised agarose scaffolds using basic 3D static
seeding techniques was assessed using ghiatolprocessing and staining techniques.
Experimentally, 398DA-8.2 scaffolds were statically seeded with Y201 cells at a seeding density
of either 5x16 or 5x106 cells/<affold (n=2 per cell densitygultured for 24 hours and then

histologically prossed anHi&E stained, as per sect@.7

To ascertain infiltration capacities, esiffoldpost processing was successively sficed
longitudinal fashion tbughout its bulkwith each progressive sect{or3 per geometric

section locatiorthen undergoing H&E staining. Through this procedure, a tegtivetric

picture ofcell seeded agarose scaffolds can be genénstegtometries of acquired sections

were assigned according to distance from the first whole longitudinal section generated from the
wax bl ock. O0Surfaced secHU0@ms owd rdad | &dq wiercd d
acquired from 20080000, O0endO6 secti ons-500n.e acquired f

4.3.7.2 Optimisation of static seeding procedures

In response to histology datiae static seeding methods weredifiedto further improve
attachment and infiltration efficiency of -B#A-8.2 functionalised scaffolds. Such
modificatios included the afication of an agarose hydrogel layer to the bottom of the well
plate. This technique was performed to prevent cell adhesion to surfaces other than the scaffold
(Broweet al 2019; Gulest al 2023)

In the modified static seeding meth@, wt% agarose hydrogel solutionfisstformulated

with sterile deionised water and subsequently autoclaved.cBefing, 25QL solution was

transferred to each well of a 48 well plate, ensuring complete coverage of the well surface. Wells
were subsequently washed twice with PBS and complete media to remove unattached agarose
material. This modificationtocomdbd ns was t herefore termed 0st;
36.

The cell seeding protocol as described in sdcdidnlvas then repeated using both normal 48
wdl plate wells or agarose treated wells (n=2 per group), with a cell seeding density of 5x10

cells/scaffold. Analysis was performed using H&E staining as per48ctidn
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4.3.8 Effect of PDA surface coating on cellular differentiation (stagé)

Prior to examining the supportive capacity of PDA coated agarose scaffolds for osteogenic and
chondrogenic differentiation, the inhereririeage differentiation capabitityy201 cells was
successfully validated within a 2D cell monolayer context. Results of this experiment are shown
in the appendikigure8.3

4.3.8.1 Scaffoldosteochondral differentiation

3%PDA-8.2 scaffolds were fabricated dahen assigned to one of three differentiation
conditions; basal media scaffolds (BS), osteogenic media scaffolds (OS) and chondrogenic media
scaffolds (CSn=3). Using staticeedingonditions method 3, scaffolds were prepared and
seeded with a Y2@#lldensity of 5xECells/Scaffold. After-3 hours, 80QL complete basal

media was added to all groups. Following a further 24 hours incubation, media from BS sample
groups was exchanged for fresh complete basal media, whilst media from each OS and CS sample
groups was exchanged for BD®steogenic and chondenic media, respectiv@lgble4.3).

Cell seeded scaffolds were subsequently cultured for 7, 21 and 28 days under standard conditions
(37C, 5% CQ) with media replaced everd 2lays. At each timepoint, the level of scaffold
differentiation was evaluated using histological osteochondral differentiation staining procedures.

Table 4.3 8 Constituents of oseogenic and chondrogenic medialTS: InsulirTransferrirSelenium

Osteogenic Medium Chondrogenic Medium
Final Final
Supplement Name _ Supplement Name _
Concentration Concentration

SFM (with 2mM L
Complete DMEM N/A i s N/A
Glutamine, 100.mL' 1)

L-Ascorbic acik®-phosphate L-Ascorbic acik?-phosphate
50 pg/mL 50 pug/mL
(50 mg/mL) (50 mg/mL)
[3-Glycerophosphat©00 )
5mM L-Proline 40 pg/mL
mM stock)
Dexamethasone Dexamethasone
(1o 10 nM (o 100 nM
stock) stock)
ITS-1 (100X) 1X
hTGFR3 10 ng/mL
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4.3.8.1.1 Alizarin Red staining

Alizarin Red staining was applied to histological sections to visualise extracellular calcium
deposits indicative of cellular differentiation towards an osteogenic lineage. A working staining
solution waproducedoy adding 0.2§ Alizarin Red Bowder to 12.5 mL distilled water. The

pH was then adjusted via dropwise addition of ammonium hydroxide, filtered and &®red in t
dark. Sections were dewaxed aitydrated following the same protocol outlined in section
2.2.8.1Alizarin Red S working solution was added dropwise to each sample and incubated in the
dark for 30ninutes Excess dye was carefully blotted.&eagns were finally cleared in xylene,
mounted using DPX mountant, then imaged using an BX51 inverted microscope (Olympus).

4.3.8.1.2 Safranin O staining

Safranin O staining was applied to histological sections to visualise -ligartilage
glycosaminoglycans (GAG) and proteoglycan content. The asssieiaied pattern is
characteristically represented by an increasing intensity of red colour in areas of high GAG
content juxtaposed with a fast green countered stain. Working staining solutions of 0.1% w/v
Safranin O and 0.02% w/v Fast Green were madediyga500mg Safranin O powder
(Raymond Lamb, Eastbourne, UK) or b} Fast Green powder (Sigma, UK) to 500 mL
distilled water, respectively. Fresh sections (no older than two days) were similarbndewaxed
rehydrated following the protocol outlinedentior2.2.8.1Slides were subsequently immersed

in Weigert haematoxylin fon8nutes washed in tap water, and then differentiated in 1% acid
alcohol5 mL 1%conc. hydrochloric acid in 495 mL 70% eth&mol)minute After this, slides

were placed for minutesin 0.02% aqueous fast green stain, transferred briefly to a 1% acetic
acid chamber before being left to drain. A further immersion in 0.1% Safi@mdm@nutes

followed before dehydration in an ethanol serigsc(ds 70% ethanol, ininute 8 100%

ethanol IV, 2ninutesd 100% ethanol V, @inutesd 100% ethanol VI) and a final clearance in
xylene (1@ninutesod xylene Ill, 1Gninutesd xylene IV)Sections were DPX mounted, visualised

and captured as descriliedectiort.3.8.1.1

4.3.9 Physical & Chemical characterisation of Polydopamine coatings
4.3.9.1 Scanning Eled¢ron Microscopy analysis

3%-Blank, and 3% DA-8.2 scaffolds were fabricated and sterilised b&fomdard SEM
imaging protocof®r bulk scaffold imaging wdodlowed to completiofsectior8.2.1.1
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4.4 Results

The following results section will illustrate the outcomes of various agarose scaffold formulations
upon extensivsterility, cytotoxicitgndcellular adherentesting.

In terms of theadherenctesting, experimentation was carried out as per the testing criterion set
out in sectior.2 Stage progression was only achieved upon liéliabltion of each testing
metric.

4.4.1 Sterility of F-AGE-1 GAMs

Sterility testing was performed on various agarose hydrogels and scaffolds at two timepoints to
test if a basic ethanol sterilisation procedure resulted in the appearance of bacteriakand/or ye
contamination in containment broths. Visual confirmation of sterility was captured at 48 hours
and 14 days, as illustrateBigure4.4 andFigure4.5.

Assessment of sample thioglycollate broths at both timegeinise @.4) revaled no
observable changes or bacterial growth were detected in any samples which underwent ethanol
sterilisation. Furthermore, 66% of sample groups which did not undergo a sterilisation procedure
also presented as uncontaminated cultures. ConversehAgsamples, taken at the wet
hydrogel fabrication stage without ethanol sterilisation, illustrated initial pink layer subsidence
followed by aurbid, straw colouretacterial growth, within tie-rich layerat two weeks. This

matched comparable observations from positive control groups.

14 days

Figure 4.4 0 Sterility testing of agarose scaffolds taken at different stages of the faltion
process, using thioglycahte medium.A: 3% Agarose hydrogel (without EtOH), 8&-Blank (ithou
EtOH), C: 3%Blank (ith EtOH), D: 3% AGE12.5225mM without EtOH), E: 3%AGE1-225mM
(with EtOH wash), FPositive ControlG: Negative Control
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Assessment of sample tryptone soya brothattatimepointgFigure4.5) similarly illustrated

an absence of observable bacterium in all ethailislestesample groups. Formulated agarose
hydrogels (group A) and agarose GAM (group D) produced substantial bacterial growth after
two weeks, matching turbid strlikg infections produced in positive control broths.

48 hrs

14 days

Figure 4.5 & Sterility testing of agarose scaffolds taken at different stages of the fabrica
process, using tryptonesoya medium.A: 3% Agarose hydrogel (without EtOH), &-Blank (ithou
EtOH), C: 3%Blank With EtOH), D: 3% AGE12.5225mM yithout EtOH), E: 3% AGE1225mN\
(with EtOH wash), FPositive ControlG: Negative Control

4.4.2 Contact toxicity of FAGE-1GAMs (+ FN)

L929 cells were incubated with a range of fabricated agaGEelFGAMSs, alongside positive

and negative controls, and tissue culture plastic, to evaluatérinytotoxicity over a 7 Day
culture period. Microscopy images captureeafcin scaffold formulation are showFRigure

4.6 andFigure4.7. Sterstrips have been previously shown in the lab to support cell growth so
were deemed sufficient as both the anchoring mechanism as well as the negativerwmntrol

et al 2015)vhilst cyanoacryla@ewvhich is known to be locally cytotoxic, was used asiagoosit
control.

The cell only and stesirip only controls were used in this experiment as negative controls for
cytotoxicity, and as such provided an example of normal L929 morphology anérigureth (

46 H and F). In comparison, the cyanoacrylate coRignlré4.6 G), showed clear proximity
based cellular cytotoxicity and lack of growth up to the substance layer.
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Figure 4.6 8 Contact Cytotoxicity asay on a range of electrophoretic agarose GAM scaffolds (f
). Images AE show the growth of L929 cells in the presence of electrophoretic agarose GAMs ¢
OmM, B: AGE1112.5mM, C: AGE162.5mM, D: AGER12.5mM, E: AGER25mM). Customary «
growthwas established in the presence of all scaffolds and made contact with agarose scaffol:
Growth and contact was also identified in the presence of tistrigtert cells negative control (F) w
the cells were severely restricted iprigence of the cyanoacrylate positive control (G). Cells g
tissue culture plastic alone (H) illustrated sufficient cell numbers and morpholdgy Bcale 5

Upon visual analysis of the electrophoretic aga#®&&HA GAM samples (FM) (Figured.6
andFigure4.7), normal growth patterns were identified, showing similarities to those cultured
with steristrips and on tissue culture plastic. Furthermore, cells grew up to and madie contact
some formwith all anchored scaffolds. one scaffold group (AGE2.5FNOmMM) (Figure

4.7A), a marginal inhibitory zone was identified wittscaflold contact not being illustrated.
Interestingly, in comparison to the aely control, L929 cells in the presence of agarose GAMs
generally displayed a more heterogeneous morphological profile, with an observable increase in
spindlelike cells forming across these cultured populations. As this behaviour was also identified
in the sterstrip only group however, this was deemed acceptable. In FN+ containing scaffolds,
spindleshaped cell morphologies were also identified.
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Figure 4.7 6 Contact Cytotoxicity assay on a rangef electrophoretic agarose GAM scaffol(
(FN+). Images AE show the growth of L929 cells in the presence of electrophoretic agaro:
(FN+) (A: AGELX2.5FNOmMM, B: AGE12.5FN112.5mM, C: AGE2.5FN162.5mM, D: AGE-R.5FN
-212.5mM, E: AGER.5FN225mM)L929 cells grew normally in the presence of fibronectin cor
GAM scaffolds and made contact in all cases with biomaterial perimetdrsaScalee 50 Q

4.4.3 Extract cytotoxicity of F-AGE-1GAMSs (= FN)

After 24 hours exposure to electrophoretic agarose GAM extratds IENH and MTT assays

detected only a small loss of L929 viability, in terms of percentage cell death and percentage
viability, as illustrated below. Importantly howedsigure4.8 A illustrates that one group,
specifically in the FN subset AGE-1-2.5FNOmM), produced a statistically significant
difference when compared to the negationtrol (P =0.032% This further validates the
gualitative assertions made in sectibd.2 specifically regarding the possible
inhibitory/cytotoxic zone gerated by this specific scaffold type. Despiterthigjfferences

were identified across asfythe other testegroups. Thisatterfinding was corroborated with

MTT viability countsHigure4.8 B), whereby all groups passed the mean percentage viability
threshold of 70%, the minimum level of cytotoxicity acceptable for applied biomaterials, as set
out in the 1ISO standard for medical devices (ISGHI2O0D Biological evaluation of medical
devices). Furthermore, no significant differences were identified between any of the tested groups
when compared against the SFM extract positive control, thus illustrating all generated GAM

extracts possessenhigar cytotoxic potential to a media only control.
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Figure 4.8 (A & B) 0 Quantitative assessment of percentage L929 cell deathd viability after
exposure toa range of electrophoreti@agarose GAM extract§FN +). L929 cells were cultured
24hrs in the presence of agarose GAM extracts before performance of LDH assay (A) and M
(n=4). SFM extract was used as a negative control (n=6). Data wase@xgganean percentag:
death/cell viability{ SD) when compared to separate LDH positive control and a MTT neg
controlOneway ANOVA with Tukeyds muafterArcigsin ganstoomat
of the data andompared acroske independent variables® # P < 0.001 compared to SFM ext
control.

4.4.4 Cellular behaviour within uncoated agarose scaffolds

As described in sectidrB.4 a variety of unmodified freediged agarose scaffold formulations
were first evaluated for their inhereeltular adherenc&his included blank agarose control
scaffolds, preonditionedblank scaffolds and electrophoretically loaded agarose scaffolds

(including fibronectin containing payloads).

4.4.4.1 Effect of pre-conditioning on cell attachment

Scaffold preconditioning is considered a simple yet effective method within 3D biomaterial cell
culture contexts to help facilitate and improve cellular attachment and adhesion, mainly acting
via thebeneficial presence of fteposited serum proteios scaffold surfacédmirikiaet al

2017) Uncoated 3%Blank agarose scaffolds were thereteted to evaluate if a similar
phenomenon could aid agarosaffeldcell adherenceAs such, scaffolds wesgher pre
conditioned with complete cell culture medium or left in a dry form, prior to Y201 and C2C12

cell seeding.

At time of seeding, visual inspection indicatedqurditioned scaffolds remained largel
hydrated after the 1 hour dehydration $tigug4.9), but unfortunately only allowedasorption

of approximatel80 CL cell suspension during dieg (60CL total) Remaining cell volume in

137



all cases was noted to percolate directbf the underside of scaffolds resting on tissue culture
plastic. In contrast, dry scaffolds allowed full adsorption of cell suspension during seeding steps,
via capillary action, to a near fully hydrated state crucially without leakage.

S NN =

Figure 4.9 ¢ lllustration of the growth media preconditioning process o 3%Blank agarose
scaffolds

The impact of both procedures scaffolecell attachment was then assessed using the LIVE
DEAD assayFollowing an initial 48our period of 3D culturigure4.10), staining of cells

within the scaffolds primarily revealed viable C2C12 and Y2®&liuztksion the scaffold
surfaces, albeit in relatively modest numbers compared to the high initial seeding density of
2.5x18cells per scaffoltlotably at this early timepoirreconditioned scaffolds, particularly

those seeded with Y201 cells, showed a reduction in viable cell count compared to their dry
scaffold counterparts. Intriguingly, this decrease ditbwet/eicorrespond with arincrease

in cell nonviability(as indicated by red staining), implying thgtréheonditioningorocess did

not inducenoticeablecytotoxicity or harm to cell viability.wasfurther observed that the
presented cellular morphologies across the ssaffetdconsistently displayed a characteristic
"stressedd r 0 c o b appearanicey apeearing as distinct spheroidal cellular structures with
no evidence afterconnectivity or elongatifitim et al 2009)After prolonged culture (7 days),

there was a noticeable decrease in viaBlacrelis all groups, leaving only a small population
visiblylocatedto the scaffold surface. Additionally, the spheroidal morphologies observed earlier

were sustained.

In light of these observatiorgd based on the scaffold testing critettiovgs concluded that

1) 3%Blank scaffolds do not appear to providefficwuntly bioactive surface capable of large
scale cellular adhesion or long term viability and 23ctifédld preconditioning appears
ineffective at rectifying such issasa result, the peonditioning step was eliminated from all
subsequent sé¢ald seeding experiments.

138



C2C12 Y201
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Conditioned Conditioned

48hrs

7Days

Figure 4.100 Images of LIVE-DEAD stained C2C12 and Y201 cells followir hours and 7 day
3D culture on pre-conditioned or dry 3 wt% agarose scaffoldsCells wereseeded on 3%lant
scaffolds using static seeding techniques with a density df @dllslBcaffold. Live cells are sta
green and dead cells stained red. Scale bar§m 250

4.4.4.2 Effect of FN containing pDNA -nanoparticles on cell attachment

Uncoate® wt%F-AGE-1 agaros€ AMs AGE1-2.50mM, AGE1-2.5225mM AGE1-2.5FN

OmM, AGE1-2.5FN225mN) alongsid@%-Blank scaffolds were similarly cultured with either
C2C12 or Y201 cells before LNEAD staining at 48 hours and 7 days, as described in section
4.3.4.2

Upon visual inspection of tieAGE-1 GAM scaffolds lacking fibronectin (AGES0mMM,
AGE1-2.5225mN) (Figure 4.11), similar cell attachment, viability and morphology
characteristics were observed as previously outlifigdiied.10. It was noted however, that
greater cell deatttcurredn Y201 seeded AGEA5225mMGAM scaffolds, at 7 dayss this

did not appear in the C2C12 samples, it washegigad that Y201 cells may possgieater
degree of susceptibility étectrophoretically loaded-looalised payloads and thus the lower

viability observed.
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C2C12 Y201
AGE1-2.5-0mM AGE1-2.5-225mM AGE1-2.5-0mM AGE1-2.5-225mM

48hrs

7Days

Figure 4.116 Images of LIVE -DEAD stained C2C12 and Y201 cells followirt hours and 7 day
3D culture on FAGE-1 FN- GAMs. Cells were seeded using static seeding techniques with a
2.5x18 Cells/Scaffold. GAMs were fabricated containindd2.pDNA-CaP nanoparticleE-AGE-1
approach plasmid used: pCAG2-eGFP). Live cells are stained green and dead cells stained re
A-B and GD: 48hr and 7 day 3%lank control scaffolds seeded with C2C12 and Y201 cells, res
Images were captured specifically app@adipitate regionScale bars = 2%Dn.

When F-AGE-1 GAM scaffoldscontaining fibronectif(AGE1-2.5FNOmM, AGE1-2.5FN

225mMN were then examined Kigure 4.12), it was observed that the presence of
electrophoretically loaded fibronectin appeared to induce initial positive effects with regards to
cellscaffold surface attachment, with all grouptagiing marginally greater cell numbers when
stained at 48 hours culture. However, when culture time was increased, such positive effects
could not be sustained, with 7 day images revealing lower cell numbers across the groups with
more cell death. Elecpiooretically loaded FN also had no impact on cellular morphology, with
spheroidaphenotyps consistently observed as shown in the previous agarose scaffolds.

Due to these result# was postulated that tipeesence oélectrophoretialy co-localised
pDNA-CaP or pDNAFN-CaP precipitates did not significantly enhance the adaeiénce

attributes of 3vt% agarose scaffol@rucially, ane of the formulations were deemed capable

of providing a longerm culture environment conducive to sustainingdarg®pulations of

C2C12 and Y201 cells, especially in the desired phenotype. As a result, this aspect of the researct
pertaining to uncoated agarose scaffolds was concludedfiedt stage ofthe adhesion
assessmelfistagel), withvarious methodsf scaffold surface functionali®nnow actively

under development.
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C2C12 Y201

AGE1-2.5FN- AGE1-2.5FN- AGE1-2.5FN- AGE1-2.5FN-
0mM 225mM 0mM O0mM

TDays

Figure 4.128 Images of LIVE-DEAD stained C2C12 and Y201 cells followir3 hours and 7 day
3D culture on FAGE-1 FN+ GAMs. Cells were seeded using static seeding techniques with
of 2.5x10Cells/Scaffold. GAMs contained @3 DNA-CaP nanoparticles conjugated with 40
AGE-1 Approach plasmid used: pCA@2-eGFP). Live cells are stained green and dead cells sta
Images were captured specifically at CaP precipitate regions. Scale kgars = 250

4.4.5 Cellular behaviour within surface coated agarose scaffolds

4.4.5.1 Effect of FN surface coating on cell attachment, viaility and morphology

In contrast to GAM scaffolds formuldtga FN conjugation within CaRecipitateslternative

surface coated agarose scaffolds were fabricataevasiifterent=N solutionf 25 Qg / QL an
50 QgVis@alinspection of thell viability images of all FN coated scafféidsife4.13

showed C2C12 and Y2tHlIswere present and viable but again in meagre numbers@as48 ho

post seeding.

Viable cell numbeid however appe#r remain steady when cultured for a further 5 days,
with little obvious depletioVhen FN concentration was increasedisiblechange in cell
numbers was identified, however 7 day imagestfoCB&12 and Y201 cells did appear less
red. FN coatingalsohad no morphological impact on either cell type, presenting largely as round
globular individual cell populations, much like the unc®atBtank controls.
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C2C12 Y201
3%-FIN25 3%-FIN50 3%-FIN25 3%-FIN50

48hrs

7Days

Figure 4.130 Images of LIVE-DEAD stained C2C12 and Y201 cells followirt hours and 7 day
3D culture on FN coated 3 wt% agarose scaffold€ells were seeded using static seeding tec
with a density of 2.5X4Cells/Scaffold. 3wt% agarose scaffolds were fabricated and functiona
either 250g/ mL or 50 Qglmagds A iBb48hy and @ tlay uncoated agarose

control (C2C12). Images C &48hr and 7 day uncoated agarose scaffold cOfiEi). Scale bar:

250Qm

4.4.5.2 Effect of LAP-PEO surface coating on cell attachment, viability and
morphology

In addition to scaffolds coated with FN, an alternate method was developed and tested which
deposited LAP nanoplatelets on agarose scaffold swfttdhe aimof improving cell
atachment, long term viability and focal cell adhddigh molecular weight PEO was used to
physically crosslink LAP nanoplatedeis form a coating on the agarose scaffold. Twe LAP
PEO solutions with concentrations46fmg/mL or 120mg/mL were tested.

Followingthe surface deposition and freémgng process, the scaffolds displayed no obvious
visual change in complexion or morphology, remaining white inasadoappearingorous.

The presence of a white flufilye coating interspersed within the pores and the outer surfaces
was notedUpon handling, thmechanicahtegrity of the coated scaffotésnained consistent

with uncoated controls.

Upon analysis, LAPEO scaffold LIVEDEAD images illustrated a marginalriorpment in
cellscaffold adherence after initial culture up to 48 hours, with the appearance of greater overall

numbers of viable attached cells (C2C12 and Y201) identified when compared to uncoated
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controls Figure4.14 A and C). In both cell lines, A@/mL LAP-PEO scaffolds specifically
appeared to contain the greatest proportion of attached cells however thissappacament

did not improve cell morphology, with all cells remaining as distinct spheroide with
interconnectivity. In general, fewells were again present on the scaffolds after 7 days across
all scaffold groups, indicating cellular adherence and proliferation was not maintained.
Additionally large amounts of LAPEO associatebackground EthBll staining appeared

across all gr@s at both timepoints (most acute at 7 days), which severely ieffeadiee

viability analysi$he author hypothesises this to be colloidal laponite dispersions which appear

as a result of its insolubility in wé&tummins, 2007)

LAP120

48hrs

7Days

0 250 0 250 b 0

Figure 4.148 Images of LIVE-DEAD stained C2C12 and Y201 cells followir8 hours and 7 day
3D culture on LAP-PEO coated agarose scaffold<ells were seeded using static seeding tec
with a density of 2.5x8Gells/Scaffold. 8t% agarose scaffolds were fabricated and functionalis
either 40 mg/mL or 120 mg/mL LAPEO solutions. Images A & B: 48hr and 7 dayBla#ik contr¢
seeded with C2C12. Images C &&hr and 7 day 38lank control seeded with Y201. Scale bars

an.

4.4.5.3 Effect of PDA surface coating on cell attachment, viability and morphology
Using similar depositiamoating methodologies to the FN and HAFO functionalised
scaffolds, 39Blank agarose scaffoldsre incubated in PDA solutionsr(@mL or 2mg/mL)
over the course of a 24 hour period, as described in 2e2#b8C2C12 and Y201 cells were
then 3D cultued in the scaffolds over a further 7 day period, and subsequentyHAYZE

stained to ascertain viability.

143



Completion of the PDA deposition protocol revealed a clear visual change in scaffold
appearangavith scaffolds émsitioning from a white to grey to black colour after 4, 8, 12 and 24
hours respectivelfFigure4.15. Moreover, 2ng/mL PDA solutions induced a gter colour
change for all agarose scaffalasst noticeably at 4, 8, and 12 hofinsmmersion time. These
findings suggested PDA filmensity and/orthickness increasedittw PDA solution
concentration and immersion tir@gucially, coatings also remained consistent in colour after
ddH,O washing and subsequent fredrgéng procedures.

4hrs 8hrs 12hrs 24hrs

Immersion Immersion Immersion Immersion

1mg/mL

ng/ mL

Figure 4.150 Effect of immersion time and concentration on PDA deposition on agaroseaffolds
3% Blankwere immersed in 1 mg/mL or 2 mg/mL dopamine solutions of different concentratic
8, 12 and 24 hours. Unattached PDA was removed wii@ defdre freezdrying. The amount of PL
incorporated and overall coating thickness dmultbntrolled by increasing immersion time and
solution concentration. Right hand image showing uncoatel@3Rscaffold as reference.

Subsequent analysis of the statne®o PDA scaffold range, after 48 hours initiat@Rure,
illustrated positive wholesale transformation across all experimental indictors including
improvements to cedcaffold attachment, the proportion of viable cells present and alterations
to cellular morphology (cells presenting as classicatedioagd interconnected fibrobldat

cellg.

In terms of the effect of PDA immersion time, imaggallysuggestetthat coating for 4 hours
only marginallynproved Y20&nd C2C12ell adhesion and viability, in comparison to uncoated
controls, wittsome instances of cell elongation and interconne@igitye¢.16). When PDA
immersion duration was increased further, up to 12 hours, cell radirebiviability
characteristics of the cell seeded scafolmgantiallimproved, with large interconnectedt
populations now visible on all sides of the biomaterial s&#goad this duration (i.e. at 24
hours immersion duration), cell adhesigalbilities appeared to decliith fewer numbers of
viable cells detected on the scaffold surtaudia,some caseslls with thereviouty described
spheroidal phenotypegre observednterestingly, these casesemot accompanied with an
overallincrease in the numbers of dead cells (red staining), suggesting high PDA concentrations
may not necessarilyusa cytotoxicity.lle effect of increasing PDA concentratiom@ImL
versus ang/mL) appeared to only result in marginal improvements tdtaefingent and
viability, up to 12 hou(Bigure4.16).
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Figure 4.160 Images of LIVE-DEAD stained Y201and C2C12 cells following 48 hours 3D cultt
on Polydopamine (PDA) coated 3wt% agarose scaffoldsCells were seeded using static se
techniques with a density of 2.5xCe@lls/Scaffold. 39Blank agarose scaffolds wkericated ar
functionalised by immersion imty/mL or 2mg/mL PDA solutions over different time periods (
12, 24hrs). Live cells are stained green and deadags#id red. Images A and3Be-Blank scaffol
controls seeded with Y201 and C2CEpectivelyScale bars = 250n (Y201) and 750n (C2C12).

Significantlyafter 7 days, clear viable cell populations could still be identified across all PDA
coated scaffold groupsth little evidence of cellular cytotoxi@ftigure4.17). The previously

classified cell morphologies were also maintained and now appeared highly interconnected over
a large proportion of the scaffold surface, likely with permanent fesxzdféali adhesions as

well as crucial celéll comacts.
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