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ABSTRACT 

A traumatic osteochondral lesion is a severe type of articulating tissue injury which disrupts and 

causes damage to both surface cartilage and underlying sub-chondral bone layers. Afflicted 

patients generally present with early symptoms such as joint discomfort and severe pain which if 

left untreated can ultimately progress to the pathological disease known as post-traumatic 

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 functional in-situ lifespan. In 

physically active younger patients, the latter property is sub-optimal and thus more effective early 

stage interventions are needed to fully repair the osteochondral tissue unit. Gene activated 

matrices (GAMs) are considered an exciting tissue engineering 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 gene activated matrices is their limited efficacy in gene delivery and lack of 

spatial patterning during fabrication and incorporation. As osteochondral tissue is complex with 

gradient-like features, a GAM containing a gradient payload distribution is hypothesised to be 

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 controlled in-situ deposited 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 (DNA-CaP, DNA-PEI), biomaterial adhesion, cytotoxicity profile 

and 3D transfection performance. To achieve an acceptable osteochondral-like porous 

biomaterial GAM, it was found that a combination of freeze-drying and higher inherent agarose 

hydrogel concentrations (>3wt%) were required. Upon conversion into suitably 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 (fibronectin, LAP-PEO, polydopamine) were tested for 

scaffold-wide cell adhesion enhancement. The polydopamine coating method appeared 

remarkably effective in this regard, enhancing C2C12 and Y201 3D cell-scaffold attachment and 

proliferation specifically after 7 days of seeding. 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 

agarose-polydopamine 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 shown in this transfection 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 transfection-capable 

vector type (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 final nucleic acid vector product in 

comparison to current gold standard strategies (ELAN type II). Future experimentation is 

therefore required to fully characterise these newly developed vectors for its 2D and 3D 

transfection capabilities. 

Overall, huge strides were made 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 

development 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  

1.1 General introduction  

Osteochondral tissue is a highly organised and complex region of the human body made up of 

zonally distinct tissue phases, which act synchronously to facilitate the smooth and repeated 

action of articulating synovial joint movement over a human’s entire lifetime. Osteochondral 

tissues consist of an articular cartilage phase with an underlying subchondral bone phase (Lepage 

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 life (Swieszkowski et al., 2007). Moreover, increased mechanical degradation as a 

result of poor tribological performance (i.e higher friction) and damage associated inflammatory 

processes may lead to further joint degradation and progression to osteoarthritis (OA) (Link et 

al., 2020; Scanzello & Goldring, 2012).  

In contrast to subchondral bone, which possesses a certain degree of self-repair capacity, articular 

cartilage is an avascular tissue, with low self-regenerative abilities (Karuppal, 2017). Because 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 (TJR). Although TJR’s stand as the prevailing treatment option, it may not be 

the optimal recourse for younger, more physically active patients. TJR’s are often not engineered 

to withstand the sustained, high mechanical loads required from such patients, resulting in early 

implant failure and the need for more invasive, less functional revisions (Julin et al., 2010). In 

recent years, an array of alternative joint-preserving treatments has emerged, aimed at postponing 

the necessity for TJRs, particularly in younger individuals with osteochondral defects. These 

include mosaicplasty, osteochondral allo/autografts, microfracture, autologous chondrocyte 

implantation and biomaterial/scaffold-based systems (Redman et 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 functional multi-layered tissue 

environment (Lesage et al., 2022). 

This thesis will explore the potential of an innovative scaffold-based system (known as a gene 

activated matrix) in addressing substantial osteochondral defects. Through its novel method of 

action, this medical intervention aims to more effectively repair the complex tissue environment, 

thereby postponing the need for artificial prosthesis and extending the lifespan of native tissues. 
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1.2 Osteochondral tissue 

1.2.1 Sub-chondral bone  

Subchondral bone lies beneath the calcified layer of articular cartilage and has two main roles: as 

a stress absorber and to support the shape and health of the overlying cartilage (Goldring & 

Goldring, 2010).  

The structure and function of subchondral bone tissue differs across the two distinct regions: the 

sub-chondral cortical bone plate and the sub-chondral trabecular bone. The sub-chondral bone 

plate is situated directly below the calcified cartilage layer and is a thin cortical channel of 

moderate microporosity, thus allowing penetration of nerves as well as arterial and venous blood 

vessels (Madry et al., 2010). In contrast, the sub-chondral trabecular bone is considerably more 

porous (macroporous range), is more metabolically active and contains greater levels of blood 

vessels, sensory nerves and bone marrow. Anatomically, this region of the sub-chondral bone 

contains trabeculae which are widely spread and organised in alignment to the direction of force, 

inferring a degree of structural and mechanical anisotropy to the environment (Oftadeh et al., 

2015). Trabecular bone performs structurally as a shock absorber and biologically to provide 

metabolic maintenance to overlying cartilage.  

1.2.1.1 Composition 

Subchondral bone is composed of a biphasic matrix containing inorganic minerals (65% dry 

weight), organic components (25% dry weight), and water (10% dry weight). The mineral phase 

consists of the crystalline calcium apatite known as hydroxyapatite (Ca10(PO4)6(OH)2), whilst the 

organic phase consists of collagen type I, III and V, as well as non-collagenous proteins, 

proteoglycans, and lipids (Boskey, 2015). At the ultrastructural level, thin triple helical collagen 

type I molecules form as the main structural unit and are covalently organised into a staggered 

striated structure known as a collagen fibril (67 nm banding pattern) (Vyas et al., 2020). Within 

each fibril are interspersed hydroxyapatite crystals approximately 25-50 nm in size, specifically in 

their platelet conformation (Bocciarelli, 1970). The crystals can be either intra-fibrillar or extra-

fibrillar, whereby they associate either in the gap regions between fibrils or are found surrounding 

the overall structure (Lees & Prostak, 1988; Weiner & Traub, 1986). Through parallel stacking of 

fibrils, they form mineralised collagen fibril bundles otherwise known as collagen fibres (Figure 

1.1). As composite mineralised fibre units have high cross-linking density and dissipation 

potential, bone tissue is imbued with remarkable tensile strength and toughness (Martin & Ishida, 

1989). 
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1.2.1.2 Bone cells 

The maintenance 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 cells, 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 tissue, acting specifically against resorptive 

activities (Mohamed, 2008). Osteocytes, the most abundant type of bone cell, are situated within 

the lacunae and canaliculi units of the bone matrix and represent entrapped osteoblasts. These 

terminally differentiated cells play a pivotal role in localised bone remodelling and 

mechanotransduction (Goldring, 2015). Osteoblasts, which originate from osteoprogenitor cells, 

are immature mononuclear cuboidal cells. Their chief function lies in the synthesis of the various 

components constituting the extracellular matrix (ECM) of bone, this includes the secretion of 

collagen fibres and further organic elements of the bone matrix. They also regulate mineralisation 

by releasing enzymes such as tissue-nonspecific alkaline phosphatase (within matrix vesicles) that 

facilitate the deposition of calcium and phosphate ions, and thus create seeding sites for 

hydroxyapatite crystal formation (Anderson & Reynolds, 1973; Bottini et al., 2018). Osteoclasts, 

multinucleated phagocytic cells with origins in the macrophage-monocyte progenitor lineage, are 

the driving force behind the process of bone remodelling, they respond to growth or changing 

mechanical stresses experienced by the skeleton. Through attachment to the bone surface (known 

Figure 1.1 – Summary of bone tissue organisation and microstructure from its smallest 
components (right) to its conformation as part of larger tissues. Adapted from (Kane & Ma, 2013). 



5 
 

as the sealed actin ring), they create acidic microenvironments from which enzymes such as 

cathepsins and metalloproteinases, as well as the acid itself, can break down mineralised bone 

matrix components (Lerner, 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 bone. This intricate cycle encompasses five pivotal 

stages: activation, resorption, reversal, formation and termination and takes place over the course 

of 120-200 days (Agerbaek et al., 1991). Orchestrating these stages are specialised entities known 

as Basic Multicellular Units (BMUs), comprising osteoclasts, osteoblasts, osteocytes and bone 

lining cells. Furthermore, it is additionally regulated by an array of highly specialised signalling 

pathways involving RANKL (receptor activator of nuclear factor kappa-β ligand)/RANK/OPG 

(osteoprotegerin) (Boyce & Xing, 2008). 

In the initial phase of activation, an abrupt external stimulus, often arising from microdamage 

within the tissue, triggers a site-specific response: osteocyte apoptosis (Dallas et al., 2013). This 

event leads to a localised reduction in the population of osteocytes expressing the OPG 

regulatory decoy receptor. This reduction results in the diminished inhibitory effect on bone 

resorption processes. Consequently, with fewer OPG molecules in competition, the RANK 

cytokine and RANKL receptor find increased opportunities for binding on proximal osteoclasts 

and osteoblasts (Kennedy et al., 2014). This heightened association between RANK and RANKL 

initiates a signalling cascade that ultimately upregulates osteoclast genes via the NFATc1 master 

regulator, driving significant osteoclastogenesis and marking the commencement of the 

resorption phase (Boyce & Xing, 2007; Kenkre & Bassett, 2018).  

These newly formed/differentiated osteoclasts establish multiple sealed actin ring sites at the 

damaged region, setting the stage for the creation of an acidic resorption environment and the 

subsequent release of specific enzymes, including Cathepsin-K and matrix metalloproteinase-9 

(MMP-9). These enzymatic actions lead to the swift degradation of the damaged bone, generating 

mineralised matrix components as by-products of the reaction (Dole et al., 2017).  

Crucially, to avoid unnecessary or prolonged bone resorption, osteoclasts undergo programmed 

cell death upon completing the recycling of a sufficient amount of damaged bone (Kenkre & 

Bassett, 2018). This paves the way for the recruitment of both active osteoblasts and immature 

mesenchymal stem cells. Through autocrine and paracrine stimulation of TGF-β and BMP 

growth factors, osteoblast differentiation and proliferation is induced, marking the onset of the 

reversal stage (Chen et al., 2012). These newly formed osteoblasts embark on the synthesis and 

deposition of a newly formed, collagen-rich mineralised matrix (Atkins & Findlay, 2012). This 
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process culminates in the assembly of collagen fibre bundles into structured bone tissue units, 

either in the form of compact Haversian systems or porous trabeculae.  

1.2.2 Articular Cartilage 

Hyaline articular cartilage is a layer of tissue found covering the articulating surfaces of bones at 

joints and functions as a low friction gliding surface, provides resistance to mechanical impacts 

and shock whilst also minimising peak pressure acting on the underlying sub-chondral bone layers 

(Buckwalter. J. A, 1998). It is 2-4 mm thick and is absent of blood vessels, nerves or lymphatics 

(Fox. A, 2009; Shepherd & Seedhom, 1999).  

1.2.2.1 Composition 

Articular cartilage is described as a gel-like tissue 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 dense ECM. In terms of the cartilage ECM, it is a complex network composed of several 

specialised components including collagen (15–25% wet weight), water (70–80% wet weight), 

glycoproteins and proteoglycans (5–10% wet weight), the latter of which are large molecules 

made up of central proteins linked with negatively charged glycosaminoglycans (GAG) side 

chains (Cohen et al., 1998). Interestingly, depending on the distance from the articular surface, 

the composition and structure of the constituents highlighted above changes. Specifically, this 

takes the form of four distinct morphological zones: the superficial zone, the middle or 

transitional zone, the deep zone and the calcified zone. The following diagram in Error! 

Reference source not found. illustrates its morphological appearance. 

The superficial zone is the first and thinnest layer of articular cartilage (10-20% of thickness). It 

contains collagen fibres (type II) which are tightly packed and aligned parallel to the articular 

surface. This zone is densely populated with flattened chondrocytes and is in contact with 

synovial fluid, thus providing sufficient nutrient supply and protection to the embedded cellular 

material. This layer is responsible for the tensile properties often associated with cartilage, 

allowing significant resistance to sheer, tensile and swelling pressure forces imposed through 

biomechanical articulation (Fox. A, 2009).  

Immediately beneath the superficial zone is the transitional zone, which represents the largest 

proportion of articular cartilage (40-60% volume). This region acts as the functional interface 

between the superficial and deep zones whilst also conferring added resistance to compressive 

forces. It is able to achieve this through the presence of large diameter collagen fibrils which are 

configured in a fairly irregular fashion. Moreover, aggrecan concentration increases in 

comparison to the previous zone whilst the chondrocyte density decreases and becomes more 

spheroid-like (Fox. A, 2009).  
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The deep zone makes up the remaining 30% of the articular cartilage volume and is responsible 

for providing the greatest resistance to compressive forces – given that the collagen fibrils are at 

their widest diameter and that their arrangement is perpendicular to the articular surface (Fox. A, 

2009). This zone also contains columnar orientated chondrocytes and maintains a high 

proteoglycan content – a factor which contributes to its load bearing functionalities (Guo & 

Torzilli, 2016).  

 

As shown in Error! Reference source not found. the 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 of the collagen fibrils to the bone surface and the conversion of chondrocytes 

to a hypertrophic phenotype (Fox. A, 2009; Pan et al., 2009). Hypertrophy alters the structure of 

cartilage through the biomineralisation of hydroxyapatite crystals within vesicles budding from 

hypertrophic chondrocytes (Orimo, 2010).  

On a deeper level, each of the stated zones are comprised of chondron units; which specifically 

consist of an individual chondrocyte and a pericellular matrix (Fraser et al., 2006). In terms of the 

pericellular matrix, this is a unique microenvironment comprised of type II and VI collagen, 

proteoglycans, fibronectin and biglycan, which envelopes the chondrocyte cell (Fraser et al., 2006; 

Poole et al., 1987). It specifically functions as the critical communication interface between the 

chondrocyte and the larger surrounding ECM system whilst also mediating cellular 

Figure 1.2 - Schematic representation of the larger osteochondral environment with emphasis on 
the extracellular structure of multi-zonal articular cartilage as well as the individual matrix, 
collagen, and chondron components. Image adapted from (Nguyen et al., 2021) and (Baumann et al., 
2019) under the licence numbers 5778310877830 and 5778700805645. 
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mechanotransduction and the exchange of nutrients, oxygen and signalling molecules (Guilak et 

al., 2006).  

1.2.2.2 Articular cartilage function 

Articular cartilage serves as a vital component in efficiently transmitting mechanical loads and 

enabling smooth frictionless joint motion, which is particularly critical considering that habitual 

activities such as walking can impose substantial load stresses, reaching up to four times the body 

weight, on articulating cartilage joint regions like the knee (D'Lima et al., 2012). This tissue's ability 

to withstand such loads and maintain essential load-bearing capacity is intricately tied to the 

mechanism of biphasic lubrication.  

The biphasic lubrication of articular cartilage is a sophisticated and dynamic process that relies 

on its unique composition as mentioned previously. Comprising a solid matrix primarily 

consisting of collagen fibres and proteoglycans, and interstitial water occupying the spaces 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 

water within its structure is expelled from the compressed regions (Katta et al., 2008). This 

expulsion creates a pressurised environment within the tissue, counteracting the external load 

and contributing significantly to its load-bearing capacity. Crucially, biphasic lubrication also plays 

a pivotal role in minimising friction and reducing wear during joint articulation (Forster & Fisher, 

1996). As the interstitial water is forced out during compression, it acts as a lubricant between 

the sliding surfaces of the joint, facilitating smooth movement. This lubricating effect is essential 

for preventing detrimental wear that could occur if joint surfaces were to experience direct 

friction. 

Alongside interstitial water, chondrocytes and synovial cells also secrete the glycoprotein lubricin, 

of which acts as a secondary lubricant specifically coating exposed articular cartilage surfaces and 

forming a molecular barrier that further reduces friction and prevents adhesion between cartilage 

surfaces (An et al., 2022). Finally, other lubricants present specifically in the synovial fluid 

contribute to articular cartilage lubrication. These include free or bound hyaluronic acid, 

phospholipids, and proteoglycans, which collectively enhance lubrication and provide additional 

protection to the cartilage surface (An et al., 2022). In the case of hyaluronic acid, this helps 

maintain the viscosity and lubricating properties of the synovial fluid, while phospholipids and 

proteoglycans contribute to the formation of boundary layers and reduce friction during joint 

movement (Lin et al., 2020).  

1.2.2.3 Chondrocytes and cartilage homeostasis 

Cartilage is sparsely populated with chondrocyte cells (Fox. A, 2009) which are responsible for 

the synthesis, organisation and turnover of cartilage tissue, specifically with regards to large ECM 
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components including type II collagen and proteoglycans (Bhosale & Richardson, 2008). Each 

chondrocyte is embedded 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 therefore act as a significant 

factor for which cartilage tissue possesses poor repair capacities in response to injury (Fox. A, 

2009).  

Healthy hyaline cartilage is maintained via a delicate interplay of catabolic and anabolic cell 

signalling mechanisms, which lead to the controlled degradation and/or synthesis the various 

ECM components, respectively (Figure 1.3) (Finnson et al., 2012). Chondrocytes continuously 

monitor the tissue's architecture and biochemical composition, allowing for site-specific 

adjustments to the cartilage ECM 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, 2005). It must be noted however that cartilage remodelling primarily functions to 

maintain tissue homeostasis with large scale systematic turnover , as seen in bone remodelling, 

not being possible in this environment (Yokota et al., 2011) For example, when activated by 

changes to its cellular microenvironment (soluble factors, oxygen levels or mechanical stress), 

chondrocytes produce inflammatory cytokines and chemokines – specifically interleukins (IL-1β, 

IL-6), Transforming Growth Factors (TGF-β) as well as matrix degrading enzymes such as 

metalloproteinases and aggrecanases (A Disintegrin and Metalloproteinase with 

Thrombospondin motifs; ADAMTS) (Glyn-Jones et al., 2015). Many of these molecules influence 

vital signalling and transcriptional activities of cartilage maintenance genes within chondrocytes. 

Specifically, as anabolic and catabolic regulators, cytokines such as IL-1β and TGF-β can directly 

affect complex signalling pathways resulting in changes in chondrocyte matrix metabolism 

(Demoor et al., 2014).  

IL-1β is synthesized largely by chondrocytes but also by synoviocytes and macrophages within 

the synovial membrane (having direct influence on locally resident MSC differentiation and 

lineage commitment) (Goldring & Marcu, 2009). Through binding to its receptor interleukin-1 

receptor type 1 (IL-1R1) a signalling cascade is created which ultimately leads to the activation of 

NFkB. This transcription factor permits expression of genes encoding matrix metalloproteinase 

(MMP) enzymes such as the catabolic MMP-13, which actively removes ageing or damaged 

cartilage matrix by cleavage of non-helical telopeptides of type II collagen (Billinghurst et al., 

1997). Crucially, under normal homeostasis, levels of this cytokine importantly remain low and 

its expression tightly controlled. 
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Due to the mechanosensitive nature of chondrocytes, levels of active TGF-β (converted from its 

latent form) have been shown to markedly increase when a load is detected by cells (strain below 

20%, stress below 18 MPa) (Bougault et al., 2012; Natenstedt et al., 2015). At this point, the 

associated intracellular signalling pathway is initiated and results in the TGFβ type II receptor 

(TGFβRII) and activin receptor-like kinase-5 (ALK5) cascade. This leads to downstream 

translation of genes specific for; ECM component synthesis, articular cartilage maintenance, 

regulation of other inflammatory cytokines (such as IL-1) and the inhibition of chondrocyte 

hypertrophy (Finnson et al., 2008).  

1.3 Gradients of the osteochondral tissue 

As illustrated in sections 1.2.1 and 1.2.2, sub-chondral bone and articular cartilage are two highly 

distinct and variable tissue types, 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 gradients which will be described 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 permeability. In the 

Figure 1.3 – Influence of catabolic and anabolic cellular signalling and growth factors for the 
maintenance and/or healthy turnover of cartilage tissue. TNF: Tumour necrosis factor, TIMP: Tissue 
inhibitor of metalloproteinase, IGF: Insulin growth factor. Image adapted from (Demoor et al., 2014). 
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articular cartilage region, the distinctive composition of collagen and aggrecan ECM proteins 

create a gel-like tissue with an overall porosity ranging from 60-85%. Here, pore sizes fall within 

the range of 2-6 nm in diameter, crucially remaining open and interconnected, enabling the 

diffusion of small-sized nutrients and waste products (Ansari et al., 2019). Despite its low overall 

permeability, permeability gradients also exist across different cartilage zones. For instance, 

Boschetti et al reported permeability values of 9.33x10-16, 8.01x10-16 and 7.11x10-16 m4/Ns for the 

superficial, transitional, and deep articular cartilage zones, respectively (F.Boschetti et al., 2004).  

In the subchondral bone region, these axial gradients undergo further modifications. The 

subchondral bone plate is a highly compact and hard cortical tissue characterized by lower overall 

porosity (5-30%) and larger pore sizes (0.1-250 μm) compared to the upper articular cartilage 

region (Ansari et al., 2019). The final trabecular bone layer then exhibits a unique structural 

composition marked by varying levels of compactness, ranging from 30-90% porosity and pore 

sizes spanning 5-2000 μm in diameter. This intricate gradient in porosity and pore size ensures 

optimal nutrient exchange and mechanical support throughout the osteochondral tissue structure 

(Ansari et al., 2019). Significantly, permeability within such bone regions is also increased to an 

approximate value of 2 x10-15 m4/Ns (Martin et al., 2007). 

1.3.2 Cellular and matrix gradients 

Osteochondral tissue contains a variety of cells and matrix components throughout its distinct 

layers. This includes osteoblasts, osteoclasts, osteocytes, bone lining cells and mineralised type I 

collagen within the bone layer, hypertrophic chondrocytes and mineralised type II collagen within 

the calcified cartilage layer, and primary chondrocytes embedded within type II collagen and 

proteoglycans within the articular cartilage layer (Wang et al., 2022). Significantly, in terms of the 

transition from trabecular bone to the cortical bone 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 zones (24,000 – 10,300 – 

7,700 cells/mm3) (Quinn et al., 2013). This amounts to a 59% and 67% decrease in overall cell 

density and is indicative of the zonally specific functional requirements – i.e. higher density 

regions being more resistive to shear forces whereas low density regions allow for compressive 

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 cellular dimensions increasing and becoming more 

elongated from the superficial layer down towards the deep zone (Figure 1.4) (Fox. A, 2009).  

 

The composition and arrangement of cartilage ECM gradually changes according to proximal 

location to the articular surface or the inner cortical bone regions. 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 deep zones (Figure 1.4) 

(Crolla et al., 2022; Maroudas & Venn, 1977). Functionally, this graduated decrease appears 

inherently linked to the need for extensive cellular nutrient 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 decreases further throughout the calcified cartilage layers and eventually into the 

subchondral bone region, where water content is as low as 15-25% (Surowiec et al., 2022). 

Gradients are present within the solid phase of the cartilage ECM. The superficial cartilage zone 

contains the highest density of collagen (type II) (86% of the zonal dry weight), and is 

characterised specifically by the presence of thin component fibrils (30-35 nm in diameter) 

packed in a dense and parallel orientation (Ansari et al., 2019). This direction determines the 

greatest tensile and shear strength (Bhosale & Richardson, 2008). Moving into the transitional 

zone, collagen type II fibril density then decreases, appearing marginally more diffuse over the 

larger overall zonal area. Furthermore fibril diameter increases with depth whilst assuming a more 

angular conformation. The deep zone displays a further reduction in collagen type II content, 

with these fibrils now constituting only 67% of the zonal dry weight. Notably, the collagen fibrils 

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

perpendicular to the articular surface, with functional emphasis on the reinforcement between 

Figure 1.4 – Graphical illustration of the various cellular (chondrocyte) and matrix (collagen fibres, 
proteoglycans, water) gradients found within the osteochondral tissue compartment. Taken from 
(Zhou et al., 2020) under licence number 5658290205623 
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the cartilage and the underlying sub-chondral bone (Figure 1.4) (Ansari et al., 2019). In terms of 

the calcified cartilage layer, the proportion of type II collagen decreases further in this zone (only 

20% zonal dry weight) and furthermore begins transitioning towards a mineralised phenotype 

(Zhang et al., 2012). At the sub-chondral bone region, no collagen type II is present with bone 

tissue instead being composed of mineralised collagen type I 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 weight increase from the superficial region to the transitional region (15%-

25%) before diminishing marginally in the deep region (20%) (Ansari et al., 2019). The 

predominant proteoglycans in the superficial zones are the decorin and biglycan subtypes whilst 

aggrecans are found most concentrated in the deep zone (Alcaide-Ruggiero et al., 2023; Ansari et 

al., 2019).  

1.3.3 Biomechanical gradients 

The mechanical properties of the osteochondral tissue also vary because of the structural, cellular 

and matrix gradients present. The compressive modulus of articular cartilage regions gradually 

increases from the superficial (0.02 MPa) to the deep zone (6.44 MPa), and the compressive 

strength increases from 0.005 to 4 MPa. In deeper calcified cartilage layer, a compressive modulus 

of 6 GPa is exhibited, a clear indication of the mechanical strength imbued by mineralisation 

processes. The sub-chondral cortical bone plate exhibits a Young's modulus ranging from 16-23 

GPa, whereas it falls within the range of 1-2 GPa for the trabecular bone (Augat & Schorlemmer, 

2006; Gibson, 1985). Furthermore, the compressive and tensile strength of the cortical bone plate 

measures 133 MPa and 49-60 MPa respectively, contrasting with 0.5-100 MPa and 1-20 MPa in 

the trabecular bone layers (Lawson & Czernuszka, 1998; Roeder et al., 2008; Suchanek & 

Yoshimura, 1998). 

1.4 Osteochondral defects and post-traumatic 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 and sub-chondral bone units of articulating 

osteochondral tissue (Zhou et al., 2020). Often this can be as a result of sudden stimuli of 

mechanical origin (hyperphysiological blunt trauma/ repetitive over-use microtrauma) or 

underlying biological factors (i.e. osteochondritis dissecans or osteonecrosis), and can occur in 

joints such as knee, ankle and hip (Thomas et al., 2017). Post injury symptoms are generally 

progressive with pain, swelling, severe inflammation and loss of mobility all classic indicators 

which materialise quickly after defect creation (Howell et al., 2021).     



14 
 

Given that the symptomatic presentation of osteochondral defects closely resembles that of 

partial or full-thickness chondral defects (i.e. lesions which stem only as far as the calcified 

cartilage layer), clinicians utilise macroscopic evaluation techniques in combination with a 

standardised classification system to fully characterise individual lesion severity (Gorbachova et 

al., 2018; Mithoefer et al., 2015). The Outerbridge system and the ICRS (International Cartilage 

Repair Society) grading scale have been used specifically for this purpose – with both generally 

discriminating on account of lesion size and depth (Slattery & Kweon, 2018). Despite the ICRS 

system being the most recently formulated grading scale (established by Brittberg and Winalski 

in 2003 (Brittberg & Winalski, 2003)), it is now widely regarded as a gold standard classifying 

system, specifically featuring five grading levels ranging from 0 (or normal tissue) to 4 (or severely 

abnormal) (De Laroche et al., 2018). Examples of these gradings can be found in Figure 1.5. Due 

to the disruption and destruction to the sub-chondral bone layer, osteochondral defects are 

defined solely as ICRS grade 4 lesions. 

 

1.4.2 Post defect tissue response 

In previous sections, it was discussed how intricacies in tissue composition and cell signalling of 

both articular cartilage and sub-chondral bone lead to healthy maintenance and turnover, allowing 

the articulating joint to remain functional over an entire lifetime. However, upon subjection to a 

hyperphysiological traumatic 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). 

Figure 1.5 – Graphical illustration of various degrees of cartilage and sub-chondral bone lesions 
according to the ICRS grading system. Taken from the ICRS Cartilage Injury Package. 
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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 associated cell death and inflammation), and finally the chronic phase 

(relating to end stage joint pain and dysfunction) (Evers et 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 region (Bajaj et al., 2010). This cellular 

destabilisation results in an influx of calcium ions into the joint space, leading to substantial waves 

of adjacent chondrocyte apoptosis (D'Lima et al., 2001). During the apoptosis process, such 

chondrocytes release unique inflammatory mediators such as IL-16 and IL-1β (He et al., 2018). 

These bind to their associated receptors on non-apoptotic chondrocytes and begin the previously 

described NFkB signalling cascade. The final result being the induction and subsequent 

expression of catabolic MMP’s (MMP3 and MMP13), leading to large scale cartilage matrix 

breakdown (Klatt et al., 2006; Liacini et al., 2003).  

Alongside this, trauma associated damage can also lead to changes to the synovial tissue and sub-

chondral bone layers. Here, local chemokines as well as individually released cartilage matrix 

components such glycoproteins, 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 macrophages (Evers et al., 2022). Through toll-like receptor 

activation, the immune cells upregulate similar inflammatory markers, releasing more or less the 

same catabolic factors into the region whilst further promoting joint inflammatory processes. Of 

these, IL-1β particularly has specified roles within the exposed sub-chondral bone layers, whereby 

its receptor binding with exposed bone cells leads to promotion of osteoclastogenesis (Dilley et 

al., 2023). As a result, an influx of bone remodelling cells can be observed, with bone resorption 

presenting as a common early-mid stage PTOA indicator (Figure 1.6).  

In the final chronic 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 presented clinically (Dilley et 

al., 2023).  
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1.4.3 Symptoms of post-traumatic 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 related and at rest), joint stiffness/instability 

and reduced overall articulating range of motion (Hunter et al., 2008). In these cases, the pain 

presents early due to direct exposure of the sub-chondral bone regions 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 non-problematic, later become aggravated and highly sensitised, 

meaning even gentle physical activities elicit discomfort and pain (Hunter et al., 2008).  

In contrast, being an aneural tissue, the progressive destruction of 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 

dysregulation (Mansour, 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 swelled 

conformational state. At the molecular level, this is characterised by fibrillated ECM networks 

whereby the collagen fibres appear ruptured and matrix associated GAGs are rapidly cleared (Di 

Figure 1.6 – Schematic illustration of the cross-talk between cartilage, sub-chondral bone, and the 
synovial tissue in the pathogenesis of PTOA. 1) Traumatic injury resulting in the formation of an 
osteochondral defect. As a result of such injury, large scale chondrocyte apoptosis and necrosis occurs. 2) 
Mitochondrial dysregulation of adjacent chondrocytes results in the release of inflammatory mediators (IL-
6), of which stimulates the production of catabolic MMPs. 4) Simultaneously, trauma associated damage 
to synovial tissue leads to resident macrophage polarisation 5) of which can cause the production and 
release of further catabolic factors (TNF-α, IL-1β, and IL-6) into the synovial fluid. Ultimately, the presence 
of such factors induces wide-scale cartilage degradation as well as the induction of sub-chondral bone 
remodelling. 6) Extensive cartilage and bone remodelling favours the progression of inflammatory 
behaviours restricting reparative mechanisms. Taken from (Dilley et al., 2023). 
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Micco et al., 2004). Crucially, in this state, tensile modulus properties are reduced by up to 90% 

whilst its compressive modulus is also heavily impacted, thus impairing the tissue's ability to 

withstand and transmit any additional compressive loads post trauma (Akizuki et al., 1986). 

Furthermore, load associated chondrocyte apoptosis and the progressive diminishing of local 

proteoglycans result in heightened collagen type I deposition in comparison to the more 

functional collagen type II previously found in healthy hyaline articular cartilage, leading to stiffer 

and thinner matrix being deposited within the injured area, which possesses sub-optimal elastic 

modulus (Silver et al., 2002). This ultimately means future mechanical loads may not be properly 

dissipated and in fact are transmitted fully to the sub-chondral bone. As a result, significant 

structural alterations take place within both the sub-chondral cortical bone plate and underlying 

trabecular bone layers including bone marrow oedema and the formation of periarticular 

osteophytes (Goldring & 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 worldwide (Maia et al., 2023). 

Naturally, multiple knee joint specific 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 most appropriate treatment option is a total knee replacement (Schenker et al., 

2014). Typically this involves the majority of the articulating joint being replaced with a metal 

prosthesis being implanted. TKR’s have proven to be remarkably successful, especially in older 

patients (> 70 years old), with significant improvements in knee function and quality of life being 

observed post operation, whilst significantly its survivorship remains in the region of 95% when 

collectively analysed after 10 years (Canovas & Dagneaux, 2018; Ho et al., 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 first 5-10 years post operation (Julin et al., 2010). Iterative revision surgery is 

particularly debilitating with additional bone alterations often required to accommodate occlusion 

of new implants, leading to substantial bone loss and compromised bone quality. Moreover, 

revised TKR’s may not achieve same level of biomechanical function as the original (Roman et 

al., 2022). Although several contributing factors have been proposed, the overriding mechanism 

appears to stem from the higher physical demands placed on the implants by said patients 

resulting in faster than anticipated failure (Losina & Katz, 2012).  

It is therefore 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 prosthetic intervention. For 
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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 Steadman et al., who put forward the idea that 

precise drilling of micro-holes at the site of a small osteochondral lesion could induce a degree 

of site-specific repair (Steadman. JR, 1997). Specifically, through using an arthroscopic awl, 

multiple fracture holes roughly 3-4 mm apart can be generated at the lesion site. These cavities 

penetrate into the sub-chondral bone plate (approximately 4 mm depth), and importantly leads 

to underlying bone marrow infiltration, without disruption of sub-chondral bone plate integrities, 

and super-clot formation (Bhosale & Richardson, 2008). In doing so, endogenous bone marrow 

mesenchymal stem cells (BM-MSCs) contained within the super clot can adhere to and fill the 

defect, before undergoing differentiation to form new articular cartilage and bone tissue (Figure 

1.7).  

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 considered biomechanically inferior (Bhosale & 

Richardson, 2008; Howell et al., 2021). Furthermore, the repair tissue possesses homogeneity with 

no evidence of the cellular, matrix and biomechanical gradients indicative of natural 

osteochondral tissue. As a result of these two factors, load induced degeneration occurs in the 

period post-surgery and ultimately the reoccurrence of joint dysfunction (Mithoefer et al., 2009). 

Furthermore, in the case of the repair of larger osteochondral lesions (between 2-4 cm2), it has 

been suggested that microfracture is largely ineffectual (Chimutengwende-Gordon et al., 2020).  

Figure 1.7 – Graphical illustration of the surgical procedure known as microfracture for the repair 
of osteochondral lesions. (Left image) shows the precise creation of multiple micro-holes within a defect 
through the use of an arthroscopic awl (and drill). (Right image) demonstrates the formation of a 
haematoma/super-clot, of which contains reparative bone-marrow derived MSCs. Right image taken from 
(Hunziker et al, 2015) with permission from Elsevier under licence number 5658680567026. 
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1.5.2 Mosaicplasty 

Mosaicplasty was first reported in 1999 by Kish and Hangody as a potential method for the 

treatment of osteochondral defects (Kish et al., 1999). It utilises the concept of autologous tissue 

transplantation, whereby cylindrical osteochondral plugs are isolated from a healthy non-weight 

bearing region of the articulating knee joint and consequently transplanted onto various locations 

within the defect site (Bhosale & Richardson, 2008). Figure 1.8 provides an example of this 

procedure. The main benefit of its use includes the vast coverage of a lesion with high quality 

autologous tissue which possesses natural osteochondral tissue gradients. With the provision of 

such gradients, functional biomechanical tissue properties (such as compressive strength, 

viscoelasticity and load transmission) can be critically restored to this defect region (Robert, 

2011). Additional advantages include high defect coverage (up to 90% of the defect), stable press-

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

the operation is a single stage arthroscopic day procedure (Bhosale & Richardson, 2008; Hildner 

et al., 2011; Shah. M, 2007).  

 

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 non-weight bearing joint sites destroys a comparable amount of healthy tissue 

the surgeon would be attempting to treat, leading to severe donor site morbidity (Hunziker, 

2002). Furthermore, the procedure itself is technically challenging, requiring specialised surgical 

equipment and can only be used in certain contexts (e.g. patellar defects often untreatable) 

(Bentley, 2004). In terms of quality of integration and repair, this process is not held in particularly 

high regard. The mosaic plugs often fail to integrate laterally with native cartilage whilst the space 

between the plugs is filled with fibrocartilage. Synovial leakage can also occur resulting in cyst 

formation (Bhosale & Richardson, 2008). Additionally, upon analysis of the donor sites, it has 

been identified that chondrocytes undergo significant degeneration in the period after surgery 

whilst formation of osteophytes is also common (Kim et al., 1991). 

Figure 1.8 – The mosaicplasty surgical concept in which osteochondral plugs are extracted from 
non-weight bearing regions and implanted into the lesion site. Adapted from (Bartha et al., 2006). 
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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 was first reported by Brittberg and can be separated into two distinct stages (Brittberg 

et al., 1994). The first stage involves the debridement of the osteochondral defect site followed 

by the harvesting of a 0.5-1 cm non-weight bearing full thickness articular cartilage biopsy. 

Chondrocytes from this healthy tissue sample are then isolated and expanded in-vitro (Bentley et 

al., 2012). After 3-5 weeks of cell culture (ensuring cell phenotype is maintained), the second stage 

is carried out. This comprises the re-implantation of chondrocytes into the defect site and either 

a periosteal autograft or a porcine collagen membrane being applied to enclose the defect. For 

effective surface fixation, sutures and/or fibrin glue are added around the defect circumference 

in a final step (Ozmeriç et al., 2014). Under optimum conditions (3-4 weeks unloaded, 6-10 weeks 

minimal mechanical loading), transplanted chondrocytes gradually deposit cartilage ECM within 

the osteochondral defect, which can in some cases develop into hyaline-like cartilage tissue 

(Brittberg et al., 1994). A follow-up study by Ogura et al (minimum 2 years) looked at the ability 

of ACI methods for osteochondral defect repair (chondral lesions 6.0 cm2, bone defect area of 

1.7 cm2). In the sample set of 15 patients, it was found 83% of patients illustrated complete defect 

filling (Ogura et al., 2019). 

Despite having a relatively high success rate there 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 standard (Hunziker et al., 2015). 

Secondly, the long post-operative recovery time (taking 10-21 months for biomechanically stable 

neotissue to be fully integrated) (Saris et al., 2009). Thirdly the high cost, with a full ACI procedure 

generally costing upwards of $14,400 per patient (Clar et al., 2005). And finally, the failure to fully 

reproduce the osteochondral gradient tissue environment. Despite the appearance of hyaline-like 

cartilage within the central defect, it has been reported fibro-like cartilage can form on the outer 

edges of the membrane-tissue interface with sub-optimal functional properties (Ozmeriç et al., 

2014). 

Based on the pre-clinical and clinical outcomes of the three surgical treatment methods discussed 

in section 1.5, it is clear that a cost-effective, high quality, gradient tissue producing strategy for 

osteochondral defect repair remains elusive. The approach of tissue engineering offers a 

promising avenue for overcoming these challenges. By combining biomaterials, cells, and 

signalling factors, engineered scaffolds can be designed to mimic and facilitate the recapitulation 

of the native tissue environment, providing a platform for controlled and effective bone and 

cartilage regeneration. Pursuing tissue engineering strategies holds the potential to address the 

shortcomings of traditional approaches, offering more reliable, personalised, and durable 

solutions for the repair of osteochondral defects. 
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1.6 Osteochondral tissue engineering 

The field of tissue engineering was first defined and presented by Robert Langer and Joseph P. 

Vacanti in their seminal report in 1993 (Langer & Vacanti, 1993). They defined it as an 

interdisciplinary field combining the ideas of physiology, cell biology & gene therapy with 

biotechnology and material engineering in the hope of developing medical therapies and 

innovations which have the capability to restore, maintain, or improve the functional capacity of 

a tissue or organ. Since 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 spontaneously heal (Figure 1.9) (Parveen et al., 

2006).  

The most common tissue engineering process takes place as follows: 1) a patient presents with a 

site-specific injury or defect, 2) a cellular sample is obtained from the patient and expanded in-

vitro, 3) the expanded population is homogeneously seeded throughout a mechanically supportive 

structure (known as a scaffold), 4) the cell-laden construct is then transplanted directly into the 

defect site, whereby repair then ensues (Ambekar & Kandasubramanian, 2019). Naturally, 

variations have been developed, including cell-free and scaffold-free 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 in greater detail, specifically for 

their application in osteochondral defect repair.  

Figure 1.9 – The three interlinked components which encompass the tissue engineering triad. 
Adapted from (Murphy et al., 2013). 
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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 response could not proceed. Within the field, they 

can be represented as 3D sponges, hydrogels, non-woven fibrous constructs, electrospun or 

woven structures or as 3D printed systems. In terms of their function, these biomaterials 

inherently provide 3D environments which allow for endogenous cellular recruitment, adhesion, 

infiltration and growth (Ramzan et 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 to self-organise and differentiate, thus 

facilitating new healthy bone and cartilage tissue deposition within and surrounding the implanted 

scaffold system (Berthiaume et al., 2011). Significantly, as such systems 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 strength/stability, cytoxicity, 

non-immunogenicity and biodegradability (Dhandayuthapani et al., 2011). Additionally, for the 

purpose of osteochondral repair, scaffold wide osteoconductivity is considered paramount 

(Ramzan et al., 2023). Furthermore, structural parameters including pore size, porosity, and 

geometry must also be considered due to their roles in influencing cellular adhesion, nutrition, 

behaviour and fate. Such parameters can also affect overall mechanical properties of the scaffold 

system. This specifically includes the trade-off relationship between porosity and overall 

mechanical strength, whereby highly porous systems generally have weaker mechanical properties 

in comparison to an equivalent biomaterial system with lower bulk porosity (Ding et al., 2014), 

meaning 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 either 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 and Drug Administration (FDA) 

approved uses in fields such as orthopaedic fixation, ligament augmentation and as components 

of vascular stents (Maitz, 2015). Due to possessing a large number of advantageous traits, 

including strong biocompatibility, biodegradability and scale-up manufacturing potential, many 

have been recently earmarked for translational use as 3D osteochondral tissue engineering 

scaffolds (Makadia & Siegel, 2011). Such derivatives include poly(glycolic acid) (PGA), poly(lactic 

acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(vinyl alcohol) (PVA) and 

poly(caprolactone) (PCL) (da Silva et al., 2009; Tian et al., 2023; Wei & Dai, 2021). 
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As α-hydroxy acid containing polymers, PLGA and PLA have undergone considerable testing as 

potential bone and cartilage scaffold systems, with researchers significantly producing scaffolds 

with tuneable biodegradation profiles which coincide with cell-laden osteogenic and 

chondrogenic neotissue formation rates (Atala, 2007). Furthermore, upon the existence of an 

ester bond linkage within the polymer chains, the biomaterial can be subjected to non-enzymatic 

hydrolysis, which crucially produces non-toxic degradation products (Place et al., 2009).  

Further advantages of synthetic polymers is their tuneability and applicability across a range of 

fabrication techniques, with polymer blend solutions being highly suitable with systems such as 

fibre bonding, electrospinning and additive manufacturing (L. Chen et al., 2023; Mikos et 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 structural 

architectures of native ECM (Zhou et al., 2018). This includes in some cases the ability to adjust 

polymer fibre diameter, orientation and overall scaffold pore size – a feature highly relevant when 

considering the gradient compositions observed in natural osteochondral tissue.  

Recent technological advances in additive manufacturing techniques have seen a recent surge in 

reported examples of synthetic biomaterial scaffolds of which possess truly continuous structural 

variabilities (Li et al., 2021). One of these methods, 3D printing, has been especially popular, 

owing to its ability to firstly generate a computer aided predictive digital model of the scaffold in 

question, 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 reported by Di Luca 

et al, who were able to fabricate 3D printed scaffolds with continuous pore size gradients 

throughout its entire scaffold bulk (Di Luca, Ostrowska, et al., 2016; Di Luca, Szlazak, et al., 2016). 

Their unique cylindrical scaffold, formulated via fused deposition modelling of poly(ethylene 

oxide terephthalate)/poly(butylene terephthalate) block co-polymer, consisted initially of small 

pore diameters (500 μm fibre spacing) which then gradually increased, for every millimetre of 

new fibre deposited, up to a final large pore diameter of 1100 μm. Interestingly, following 

gradient and non-gradient 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. Moreover, upon similar 

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 production (Di Luca, Ostrowska, et al., 2016; Di Luca, 

Szlazak, et al., 2016).   

Alternative continuous deposition processes have also been utilised to generate structural 

gradients, with several commercial or in-house manufactured “gradient makers” being reported. 

In these examples, a minimum of two separate reservoirs are established which continually feed 

bio-ink or gelatable solutions into a single joined outlet, of which can then be extruded and cast 
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within scaffold molds (Li et al., 2021). Significantly, by utilising 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 report 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 air-bubble generating valve, thus allowing the creation of a gradient 

3D foam-like scaffold crucially with pores ranging from 80 up to 800 μm diameter. Although 

biological and mechanical characterisation remains untested as of this thesis, such a uniquely 

controllable scaffold holds significant potential, allowing for not only structural gradients but also 

the inclusion of active biologics (Costantini et al., 2019).  

However, several drawbacks are present with the use of synthetic scaffold biomaterials, in some 

cases stopping its wide-spread adoption as a 3D osteochondral scaffold matrix. Firstly, as they 

are artificial polymers, they are considered mostly bioinert, lacking inherent cellular binding 

motifs as well as any natural ECM components (R. Y. Chen et 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 matrix (Siddiqui et al., 2018). As a result of this, it is 

commonly reported synthetic polymers undergoing additional time-consuming modification 

steps, such as plasma treatment, or simply having them be incorporated as part of a larger 

composite biomaterial with known cellular adherence capabilities (Yang et al., 2002). Regrettably, 

one downfall of the continuous structural gradient scaffold approaches described above is their 

distinct lack of pre-clinical data, with most systems appearing to be at an early proof-of-concept 

stage with only in-vitro cellular and mechanical tests generally being reported.  

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, particularly if possible with those found inherently within the 

tissue that’s aiming to be repaired. For osteochondral tissue engineering, it is therefore common 

for biomaterial frameworks to contain one or many of the previously described cartilage and 

bone matrix components, with specific examples including the generation of collagen, hyaluronic 

acid and hydroxyapatite 3D systems (Asensio et al., 2022; Bernhardt et al., 2018; Magalhaes et al., 

2014; Parisi et al., 2020). Additionally, several other natural polymers have been identified for 

potential use as a scaffold through their high degree of structural symmetry 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 scaffolds such as silk and 

silk-fibroin (Alves da Silva et al., 2010; Li et al., 2017; MacIntosh et al., 2008). Through having 
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ancestral native/organic chemistry, these polymers primarily offer excellent biocompatibility 

profiles, with low level cytotoxicity, low immunogenicity and good biodegradability also 

characteristically observed. Furthermore, they also often possess inherent cellular adherence, 

whereby cell recognition and attachment motifs are expressed on the scaffold surfaces, allowing 

for cellular attachment and subsequent differentiation and downstream matrix deposition within 

the 3D environment (O'Brien, 2011).  

Among these, collagen stands out as a highly popular natural polymer for osteochondral tissue 

engineering approaches. In these examples, purified collagen type I and type II, derived from 

various sources including mammalian, amphibian, fish, and marine tissues, have been utilised to 

specifically craft wet hydrogels or 3D nanofibrous frameworks (Jiang et al., 2022). Interestingly, 

early endeavours with such pure collagen, however, revealed challenges related to scaffold 

fragility and degradation rates, prompting the incorporation of cross-linking steps into the 

fabrication processes (Zanetti et al., 2013). Through such modifications (physical or chemical), 

next generation 3D collagen cross-linked scaffolds have since been formulated with enhanced 

durabilities and mechanical strengths. When combined with its other inherent properties such as 

good hydrophilicity, cytocompatibility and the presence of amino acid sequence motifs for cell 

adhesion, they represent highly promising candidates for tissue repair biomaterials (Dong & Lv, 

2016).  

Another highly promising 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 bond 

and can possess highly variable physicochemical properties, specifically dependent on their 

inherent organic chemistry and functional groups (Aravamudhan et al., 2014). In the case of tissue 

engineering hydrogels, examples can be found utilising positively charged chitosan 

polysaccharides, negatively charged alginate and the electroneutral agarose (Liu et al., 2008). 

Crucially, each is able to assemble into highly interconnected 3D hydrogel structures from their 

aqueous solutions, either through ionic, covalent or physical cross-linking processes (Jin et al., 

2021). When in their cross-linked gel-state, 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, cellular adherence and favourable porosity. This is significant, 

as they can all promote and facilitate endogenous cellular retention, adhesion, migration and 

differentiation (Wu et al., 2023). Additionally, through the presentation of functional groups (-

OH, -COOH, -NH2), the gels are considered a facile platform for additional functionalisation, 

allowing for instance the encapsulation of several therapeutic drug moieties (Bashir et al., 2020).  

1.6.1.2.1 Agarose  

Derived from the cell walls of various red algae species of seaweed (Rhodophyceae), agarose 

constitutes a linear polysaccharide composed of repeating agarobiose units, combining D-
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galactose and 3,6-anhydro-L-galactopyranose sugars (te Nijenhuis, 1997). Furthermore, it serves 

as the primary component of agar and can be extracted on a large scale through methods like 

agaropectin precipitation, ion exchange and ionic liquid mixing. When extracted and processed, 

agarose subsequently presents as a white powder with a melting temperature of 80–90 °C and a 

aqueous gelation temperature of 30–40°C, 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 agarose) (Jiang et al., 2023). Moreover, upon heating, 

agarose can be easily solubilised in several organic/inorganic solvents and buffers including water 

and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Zarrintaj et al., 2018).  

In its aqueous form, agarose exhibits unique thermo-responsive reversible gelation behaviours, 

whereby sequential heating and cooling can result in the spontaneous orientation of helical 

agarose fibres into a structured 3D hydrogel framework (Figure 1.10). Such frameworks are held 

together through strong hydrogen bonding between abundant hydroxyl groups present on the 

agarose chains, and the hydrogen molecules found within water (Jiang et al., 2023). Ultimately, 

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

interconnected and nanoporous matrix structure.  

 

Interestingly, through modifications to agarose concentration, structural and mechanical 

properties of such physically cross-linked agarose gels can also be tuned, thus allowing the 

hydrogels to possess variable properties depending on its functional purpose (Salati et 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 and thus smaller pores (pore diameters of 1 wt% 

and 3 wt% agarose hydrogels = ~500 nm and ~300 nm respectively – as per Maaloum et al 

(Maaloum et al., 1998)). Mechanically speaking, increases in agarose concentration have also 

Figure 1.10 – The chemical structure and gelation mechanism of agarose. Adapted from (Jiang et 
al., 2023). 
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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 respectively (Park et al., 2005).  

Owing to its electrostatic neutrality and modifiable porous network, agarose hydrogels have 

further utility as a filling material for gel electrophoresis (Jiang et al., 2023). In this technique, 

groups of charged macromolecules (e.g. nucleic acids, proteins, viruses) are induced to migrate 

through a biomaterial system on account of the generation of an electric potential force (Li & 

Arakawa, 2019; Tomioka et al., 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 different speeds, thus allowing for their effective separation, 

characterisation and if required purification (Stellwagen & Stellwagen, 2009).  

Alongside possessing thermos-responsive self-gelling capabilities and excellent tuneable 

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 material (Samrot et al., 2023). This was exemplified by work by Cigan et 

al, who reported the effective encapsulation of human chondrocytes with a 3D agarose matrix. 

It was shown that over a 1-2 month culture period, cells not only remained viable and 

proliferated, but also maintained chondrocyte phenotype, thus allowing for effective 

proteoglycan and GAG deposition. Crucially, upon examination at one month, constructs 

exhibited near native human cartilage-like functional properties, with compressive Youngs 

modulus and dynamic moduli of 254 and 945 KPa, respectively (Cigan et al., 2016).  

Limitations do however remain with the large-scale use of agarose hydrogels for specific 

osteochondral tissue engineering purposes. This includes its potentially restrictive 

biodegradability, which requires agarase enzyme for its unanimous breakdown, not naturally 

occurring in humans (Ng et al., 2009). Additionally, agarose hydrogels have also been known to 

lack appropriate cell adhesion motifs, thus chemical, surface, or composite modifications may be 

required for large scale 3D cell attachment and infiltration (in comparison to cellular 

encapsulation – 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 agarose gels – with processes such as freeze-drying, gas 

foaming, porogen templating used with 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 illustrated in Figure 1.9, 

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 therapeutic vectors (gene activated matrix 
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(GAM)) (Bonadio et al., 1999) is an approach which has potential utility for osteochondral tissue 

repair. 

1.7 Gene therapy 

Gene therapy 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 (Gelehrter et al., 1998). In any successful gene therapy approach, three specific 

components are required: a therapeutic/corrective gene, an effective expression system and a 

delivery agent. Specifically for genetic diseases, such as Haemophilia, Cystic Fibrosis & β-

Thalassaemia, the above approach must be tailored to induce a permanent alteration in the 

genetic code in order to bring about the desired cure/treatment – often 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 cell (post-mitotic, slowly dividing cells may be subjected to 

this treatment also). In contrast, tissue repair approaches such as osteochondral defect 

regeneration, require a limited, time-dependent strategy, inducing a powerful yet short-lived 

reparative effect that diminishes over time. This is termed transient gene transfer (Gelehrter et 

al., 1998).  

As of 2022, a total of 24 gene therapies have been approved for clinical use with the majority 

utilising a permanent integrating vector strategy. Such diseases which have been treated include 

familial lipoprotein lipase deficiency, adenosine deaminase (ADA-SCID), haemophilia B and for 

a range of cancers (bladder, myeloma, lymphoma) (Arabi et al., 2022). 

1.7.1 Non-viral expression systems 

1.7.1.1 Plasmids 

Plasmids (pDNA) are generally accepted as the standard nucleic acid expression vector for non-

viral gene therapy strategies. Commonly found in bacteria as small, circular, double stranded 

DNA, plasmids 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 0.8-120 kb, permitting inclusion and expression of almost any transgene 

DNA sequence, whilst also allowing its effective replication within bacterial host cells 

(Linnemann & Krawetz, 2009; 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 independently within 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 E.coli – oriC); the conserved DNA repeat 

sequences – termed DnaA-boxes (recognised by DnaA bacterial initiator protein), the adenine 

and thymine rich DNA unwinding element and further binding sites for replication initiation 
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proteins (Costa et al., 2013; Leonard & Mechali, 2013). Host replication enzymes are then 

recruited to begin DNA sequence replication (Wolanski et al., 2015). 

Overall, the naturally existing 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 designed to firstly; introduce 

foreign DNA into another cell, and secondly express the desired gene for an extended period of 

time. As such, further sequence components, on top of the ori, are required. Figure 1.11 illustrates 

a common artificial plasmid vector composition containing these necessary sequences. 

 

Firstly, a promoter region (and associated downstream polyadenylation site) is an essential 

requirement to drive 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 selection and suitability 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, known as generally weaker promoters, will produce 

prolonged, long-term transgene expression (Tolmachov, 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 recognisable by restriction enzymes, thus permitting straightforward 

DNA insertion. Finally, 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). 

Figure 1.11 – A generalised plasmid map for a standard artificial plasmid gene expression vector. 



30 
 

In short, artificial plasmids have been engineered to generally be 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 limited (Hardee et al., 2017; Mairhofer & Grabherr, 2008). Such 

inefficiency for gene delivery of plasmids alone stems from the foreign nature of the vector and 

the mobilisation of innate safety mechanisms and in-built barriers within the body. This includes 

vector sequestering by first pass organs (lungs and liver) (Sakurai et al., 2001), nucleic acid 

degradation by resident serum nucleases (Pouton & Seymour, 1998), opsonisation and immune 

mediated uptake/removal (Vaughan et 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 respectively (Escoffre et al., 2010). 

Moreover, even after entry into target cells, the vector must then progress through more 

intracellular barriers; the cytoplasmic trafficking to the nucleus (via potentially degradative 

endosomal vesicles), and entry into the nucleolar compartment (size-mediated nuclear pore 

complex) (Varkouhi et 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 protection (Holmen et al., 1995; Washbourne & 

McAllister, 2002). 

1.7.2 Methods for plasmid gene delivery 

The act of transient cellular transfection can be defined as the process whereby foreign genetic 

material is deliberately delivered into eukaryotic cells in order to induce a non-permanent gene 

expression response. Crucially, unlike viral vector systems, non-viral vectors such as plasmids 

require a large degree of assistance to achieve such a feat. Over recent years, several strategies 

have been formulated which facilitate this process and thus can be specifically characterised as 

either physical-based or chemical based approaches.  

In the physical transfection approaches, so called “naked” plasmid vectors can be tangibly 

escorted into cells via the purposeful creation of transient membrane holes or defects (Al-Dosari 

& Gao, 2009). Such membrane disruption techniques include electroporation (permeability 

enhancement via short electric pulses) (Escoffre et al., 2009), gene gun (high speed delivery DNA 

coated gold particles) (Uchida et al., 2009), microinjection (proximal injection of plasmids into 

individual cells) (Lukacs et al., 2000) and ultrasound/sonoporation (proximal delivery of 

microbubbles containing plasmids of which burst under sound waves) (Endoh et al., 2002). 

Although many of these approaches have been successfully utilised in various forms in-vivo, they 

are generally considered impractical for large scale cellular transfection. Moreover, they suffer 

from particular drawbacks such as low transfection efficiency (particularly in primary cells), high 
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mortality rates (in the case of high voltage pulses), can be labour intensive, and also require 

specialist equipment (Kim & Eberwine, 2010).    

Chemical transfection methods differ from the above approaches mainly due to 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 and the expression 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) (PEI) and poly-L-lysine) 

and cationic lipids. In 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 mineral non-viral vector sub-set and have 

been utilised as safe and convenient plasmid delivery agents since the 1970’s (Maitra, 2005). As 

one of the major compounds 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 hydroxyapatite and 

large scale biomineralisation (Hou et al., 2022). They are also biocompatible with excellent 

additional properties including natural biodegradability, low toxicity and non-immunogenicity 

(Bakan et al., 2017; Pedraza et al., 2008).  Furthermore, due to CaP particles possessing 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 conformation it has been found that DNA co-complexes can be 

largely protected from intracellular nucleases – a previously stated barrier for plasmid based 

transfection, and thus stimulate transient gene expression (Bakan et al., 2017).  

In terms of the formation and synthesis of both CaP nanoparticles and DNA-CaP co-complexes, 

the most established method is that reported by Graham et al. In this method, therapeutic plasmid 

DNA is mixed initially with a CaCl2 solution, before subsequent additional collaboration with a 

HEPES phosphate buffer. Through this sequential approach, it was observed that the plasmids 

were condensed into a heterogeneous population of nano-sized and micron sized DNA-CaP 

nanoparticle co-complexes, which visually can represent themselves as insoluble precipitate 

regions (Graham, 1988).  Upon the introduction of the DNA-CaP co-complex 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 stage, nuclear entry stage and the gene 
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expression stage. In the first uptake stage, the positively charged DNA-CaP co-complexes are 

attracted to the negatively charged cell membrane and are induced to form stable interactions 

with specific cell surface receptors. Such interactions crucially stimulates the endocytosis 

signalling response, which can result in one of the following uptake pathways: phagocytosis, 

clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CvME) and 

micropinocytosis (Sahay et 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. After entering the 

cytoplasm within this vesicle (stage 2), the inorganic complexes are specifically trafficked towards 

the nucleus, gradually transitioning in conformation through endosomal-like compartments until 

finally maturing into the low pH region known as the late endosome (pH 4-6) (Xu, 2022). In 

normal circumstances, the endosome, at this stage, begins actively pumping H+ ions into its own 

compartment to induce the acidified degradation of foreign material (lysosomal pathway) (Qiao 

et al., 2015). However, due CaP co-complexes inherent insolubility and alkalinity, such H+ ion 

pumps are effectively neutralised. Moreover, this mechanism is additionally coupled with the pH 

mediated dissolution of free calcium ions away from the co-complex into the endosomal vesicular 

area, which results in firstly the elevation of its osmotic pressure and thus prompting its eventual 

swelling (water influx) and bursting (i.e. the reverse salt osmotic effect) (Olton et al., 2011). The 

end result of this stage is therefore the proximal delivery of DNA-CaP complexes to the nucleolar 

membrane boundary. In the third step, the DNA is introduced into the nucleus. Crucially, this is 

governed either by natural cellular division or by nuclear pore complexes (NPCs), which act as 

filtration channels allowing for the size-dependent transfer of genetic material across the nuclear 

envelope (Feray, 2017; Lam & Dean, 2010). In the case of CaP co-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 nanoparticles and is expressed 

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 translation (Miller & 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 for 

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 of 20-200 nm in diameter. In the case of 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 

pathways (Han et al., 2012; Xiang et al., 2006). With this in mind, one limitation commonly 

observed with the Graham and van der Eb aqueous co-precipitation based approach, is the 

uncontrolled particle aggregation identified during initial process of mineral synthesis and 
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complexation. As particles are produced in a free-flowing liquid environment, they can be prone 

to unwanted colloidal behaviours, which can ultimately result in the production of a large number 

of micron scale CaP co-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 expression (Dorozhkin, 2010; Welzel et al., 2004).  

Crucially, in the last decade, a multitude of approaches have been utilised to either overcome 

such issues 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 DNA-CaP entry) (Jordan et al., 

1996), CaP synthesis in the presence of lipid coatings and multi-shell complexes (CaP-DNA-

CaP-DNA conformation) (Li et al., 2010; Sokolova et al., 2006). Additionally, a further highly 

novel approach involving electrophoresis mediated CaP synthesis in agarose hydrogels has also 

been proposed. This will be discussed in section 1.8.3.1 (Watanabe & 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 units of two aliphatic 

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 1,500 KDa) (Figure 1.12) 

(Boussif et al., 1995). Although sharing a multitude of similarities, branched PEI differs from 

linear PEI on account of the fact it contains primary, secondary and tertiary amines, whereas the 

latter only possesses secondary amines (Hall et al., 2017). It is worth noting through the existence 

of said protonatable 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 the endo-lysosome (pH 6-7) 

(Boussif et al., 1995). As such, upon exposure of plasmids to solutions of cationic PEI, the 

strongly positive charges attract the negatively charged phosphates present within the genetic 

material, thus inducing wholesale condensation and the eventual formulation of a PEI-DNA 

complex – or polyplex for short.  
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Interestingly, seminal research has shown that polyplexes generally induce successful transfection 

of eukaryotic cells in a largely comparable manner to that previously outlined for calcium 

phosphate complexes, with polyplexes undergoing sequential cellular uptake, endosomal 

trafficking, nuclear entry and transcription/translation stages (Boussif et al., 1995; Zakeri et al., 

2018). The mechanism of vector internalisation is carried out almost identically in the polyplex 

transfection pathway, with a net-positive charge of DNA-PEI 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, 

yet crucially they utilise a modified mechanistic process for its subsequent escape. The process in 

question has been termed the proton sponge hypothesis and was introduced in the well-

established report by Behr and colleagues (Behr, 1997). In this process H+ ions are 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 effectively bind 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 chloride ions (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 vesicle (Vermeulen et al., 2018). Much like 

the DNA-CaP co-complexes, the polyplexes are subsequently released into the cytosol within a 

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 translation – the 

final stage in the transfection process. A diagrammatic illustration of the above polyplex gene 

delivery process can be seen below in Figure 1.13 A and B.  

Figure 1.12 – Linear and branched PEI structures. 
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Although considered the gold standard nucleic acid delivery vehicle, the transfection efficiency 

of polyplexes can be highly variable, with in-vitro and in-vivo performance largely being determined 

by the hydrodynamic radius, surface charge and shape of the polymeric 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, and lastly 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 represent the ratio 

of the total number of amines in PEI added to a system in comparison to the original number of 

phosphates present within plasmid DNA (Mahajan & Tang, 2019). As polyplex formation is 

governed 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 will be synthesised 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 cellular and nuclear uptake efficiencies as well as greater 

downstream expression characteristics (Oh et al., 2002).  

Figure 1.13 (A & B) – Summary of the PEI mediated non-viral gene delivery process (A), including 
specific diagrammatic illustration of the proton sponge effect (B). Images taken from (Wu et al., 
2018) and (Vermeulen et al., 2018) with permission from Elsevier under licence number 5660711238652. 
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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 cells (Oh et al., 2002). Although the mechanisms remain up for debate, it 

is hypothesised that 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 rupture (Casper et al., 2023). Through such systemic rupture, degradative lysosomal 

enzymes and reactive oxygen species can be released into the cytosol, thus inducing cellular stress 

pathways which can ultimately lead to cellular apoptosis or necrosis (Lin et al., 2012; Moghimi et 

al., 2005). With this factor in mind, non-viral 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 mediated transfection. 

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 approaches: scaffold-based tissue 

engineering and gene therapy. 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 (nucleic acid-transfection vehicle complex) (Figure 1.14). Upon 

subsequent implantation of said system, it is hypothesised that endogenous cellular infiltration 

into the 3D scaffold will occur, leading to the exposure, 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 

sustained 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 growth factor or transcription factor 

based strategies. Through their system wide production, long term phenotypic responses such as 

cellular differentiation, vascularisation and anti-inflammation behaviours can be achieved.   

The concept of a GAM tissue engineering system 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 to be sub-optimal due to pre-

loaded proteins being highly susceptible to in-vivo proteolytic enzymes as well as possessing short 

half-lives. Moreover, recombinant proteins were also expensive and highly challenging to 

manufacture at scale (Shi et al., 2014). In contrast, GAM systems containing non-viral plasmid 

complexes were seen as a promising alternative, whereby proteins can instead be self-produced 

by locally transduced/transfected cells. Through this mechanism, the necessity for 

supraphysiological doses of protein is completely negated, with inexpensive low lose plasmids 

(nanogram-microgram levels) inducing powerful and sustained protein expression in a 

spatiotemporal manner (Chen et al., 2011). Importantly, through facile scaffold loading of plasmid 
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vectors, payloads can be gradually released over a period of weeks as opposed to the daily burst 

release patterns observed with some recombinant protein scaffolds (Laird et al., 2021).  

 

Development of an osteochondral GAM system involves the fabrication of an ECM-like scaffold 

analogue which possesses one or multiple osteogenic and chondrogenic gene therapy DNA 

vectors. Through the expression and production of osteo- and chondro-inductive proteins, 

growth factors or signalling molecules, it is predicted that high quality gradient-like bone and 

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

1.8.1 Candidate transgenes for osteochondral tissue repair  

The main function of a DNA loaded scaffold system is to 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 system capable of conveying such a change, and thus a 

highly important factor of a gene therapy strategy. For an osteochondral GAM strategy, a 

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 Table 1.1.  

Figure 1.14 – Illustration of the fabrication and implantation process for an osteochondral GAM 
system. Taken from (Cucchiarini & Madry, 2019) with permission from Springer Nature under licence 
number 5660830797086. 
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In terms of monotherapeutic/tissue specific studies, successes have been illustrated regarding the 

use of plasmid encoding bone morphogenic family members (BMP-2, 7), which in 

femoral/fibular defect models induced effective osteogenesis and vascularisation (Betz et al., 

2013; Loozen et al., 2013). Evidence has also been shown for RUNX2 as an additional osteogenic 

growth factor regulator (Needham et al., 2014) . Similarly, BMP-6, TGF-β1-3 has been identified 

as a possible cartilage inducing agents as a result of their ability as differentiation controllers or 

as anabolic/catabolic regulators, thus allowing for the enhancement or downregulation of healthy 

or OA phenotypes respectively (U Song et al., 2005). 

Table 1.1 – Summary of the potential osteogenic and chondrogenic transgenes which have been 
utilised in recent GAM approaches. Abbreviations, VEGF: vascular endothelial growth factor, PDGF: 
platelet derived growth factor, IGF: Insulin growth factor. 

Transgene Gene Function Therapeutic Response References 

TGF-β1, TGF-β3 
Anabolic growth 

factor 

Chondrogenic and 

differentiation, cartilage 

matrix synthesis, cellular 

proliferation 

(Lee et al., 2017; B. Li 

et al., 2014) 

BMP-2, BMP-7 
Anabolic growth 

factor 
Osteogenic differentiation 

(Betz et al., 2013; 

Loozen et al., 2013) 

RUNX2 Transcription factor Osteogenic differentiation (Needham et al., 2014) 

VEGF, PDGF 
Anabolic growth 

factor 

Osteogenic differentiation, 

cellular proliferation, 

angiogenesis 

(D'Mello et al., 2015) 

IGF 
Anabolic growth 

factor 

Chondrogenic 

differentiation 
(Leng et al., 2012) 

Osterix Transcription factor Osteogenic differentiation (Yang et al., 2015) 

SOX-9 Transcription factor 
Chondrogenic 

differentiation 

(Ledo et al., 2020; 

Needham et 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 current state of GAM 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 consistent material is 

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 gene payloads (i.e. osteo-inductive or chondro-
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inductive). With regards to the latter discrete layered-based approach, layer-layer fusion or cross-

linking steps are often required between each biomaterial phase to generate a single facile system, 

this can be complex, time-consuming, potentially damaging to pre-loaded biological components 

and may induce mechanical weak spots (Seo et al., 2014). 

One of the earliest instances of an osteochondral GAM was the porous bi-layered chitosan-

gelatin (CG) scaffold approach reported by (Chen et al., 2011). In this particular example, a 

chondrogenic CG phase containing pTGF-β1 vectors was combined, via fibrin glue, with an 

osteogenic CG-HA phase containing pBMP-2 vectors, thus producing full GAM system (Figure 

1.15 A). Upon in-vitro testing, this scaffold was shown to induce 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 weeks, TGF-β1 and BMP-2 

protein production was elevated within distinct regions whilst according to qPCR analysis 

chondrogenic (aggrecan, collagen II) and osteogenic (osteonectin, osteopontin, collagen I) 

markers were also upregulated. The scaffolds were also evaluated within an animal defect model, 

however implantation took place using cell-laden bi-layered GAM constructs as opposed to 

scaffolds in their acellular form. In this subsequent study, although simultaneous bone and 

cartilage tissue repair was reported in-vivo, it was highlighted that phase separation and mechanical 

instabilities may exist between the CG layers as a result of the non-permanent use of fibrin glue 

(Chen et 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 challenging 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 differentiation. As 

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 example (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 biphasic osteochondral scaffold system. One 

such example is the collagen type II/I-nHA bi-layered GAM as reported by Lee et al (Figure 1.15 

B) (Lee et al., 2017). In terms of its structure, multi-shell nanoparticle complexes of CaP/pTGFβ-

3/CaP/PEI and CaP/pBMP-2/CaP/PEI were found to be individually incorporated into 

separately freeze-dried collagen type II and collagen type I-nHA scaffold phases before eventual 

amalgamation via microbial transglutaminase (mTGase) mediated cross-linking. Once in the 

form of a single GAM system, the authors were then able to probe not only its mechanical 

properties but also its 3D in-vitro chondrogenic and osteogenic differentiation capability. 

Crucially, they firstly found that under load, the bi-layered GAM possessed compressive strengths 
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similar in magnitude to cancellous bone. Furthermore, upon seeding with human mesenchymal 

stem cells (hMSCs), they secondly illustrated successful and long term therapeutic transgene 

expression (~28 days), which was followed by the up-regulation of several additional 

osteochondral genes and the deposition of ECM matrix proteins. As a 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 testing within an in-vivo animal model remains the logical next step 

for such a promising invention (Lee et al., 2017).  

Figure 1.15 (A & B) – Examples of two different bi-layered osteochondral GAM systems which 
have been incorporated with chondrogenic and osteogenic growth factor encoding plasmid 
payloads. A: bi-layered chitosan-gelatin (CG) and HA-chitosan-gelatin scaffold by (Chen et al., 2011) 
which contains respective layers of naked pTGF-β1 and pBMP-2 DNA vectors. SEM micrographs 
illustrated bi-layered scaffolds possessed a highly porous interconnected, honeycomb-like structure with a 
pore size range of 50-100 μm (black arrows indicating the integrated scaffold interface). Upon in-vitro MSC 
seeding as well as in-vivo implantation, new bone and cartilage tissue was simultaneously deposited. B: A bi-
layered composite collagen type II/I-nHA scaffold by (Lee et al., 2017) which contains respective layers of 
CaP/pTGFβ-3/CaP/PEI and CaP/pBMP-2/CaP/PEI transfection payloads. Despite two different 
collagen types being utilised, a highly integrated porous scaffold was produced with an average pore size 
in both phases of 250 μm. Furthermore, upon hMSC cell seeding sustained levels of transfection capable 
plasmids were released from the GAM, all of which promoted transgene expression and the stimulation of 
osteogenic and chondrogenic differentiation. Taken from (Chen et al., 2011) and (Lee et al., 2017) with 
permission from Elsevier under licence numbers 5663671029408 and 5663671263326. 
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A further osteochondral GAM approach of significant promise was that of Kasper et al and 

Needham et al, who developed a series of synthetic bi-layered oligo(poly(ethylene glycol) 

fumerate) (OPF) hydrogel systems specifically containing plasmids encoding chondrogenic and 

osteogenic master transcription factors (SOX trio and RUNX2) (Kasper et al., 2006; Needham et 

al., 2014). In a similar fashion to Lee et al, the hydrogel GAMs developed here contained plasmid 

vectors complexed with a chemical transfection reagent (branched PEI and hyaluronic acid), thus 

imbuing plasmids with a clear and viable delivery pathway for downstream protein production. 

Upon their implantation in-vivo, 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 SOX trio-RUNX2 

combinations have, in the past, been shown to be sub-optimal for such defect repair applications 

(a result previously hypothesised to be due to the over-dominant nature of SOX trio expression 

versus RUNX2) (Cao et al., 2011; Jeon et al., 2012). In contrast, Needham and colleagues believed 

the distinct bi-layered nature of the OPF GAMs 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 obvious evidence of 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 sub-chondral bone support, they believe a delayed chondrogenic release method 

would facilitate a more systematic delivery process and thus induce more effective and higher 

quality overall osteochondral tissue formation (Needham et al., 2014).  

A further limitation often identified in the in-vitro and in-vivo application of bi-layered GAMs is 

the categorical zonal osteogenicity and chondrogenicity observed within 3D cultured scaffolds 

or repaired defect regions, whereby strict tissue boundaries are often exhibited with little evidence 

of osteochondral tissue gradients or transitioning (Needham et al., 2014; Yu et al., 2023). As a 

result, highly crucial intermediate regions such as the calcified cartilage layer fail to be 

recapitulated, which can significantly impact downstream processes such as vascular 

development in neobone tissue as well as the facilitation of an appropriate avascular environment 

in cartilage zones (Hunziker & 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 order for truly 

successful regeneration of native osteochondral tissue, 3D GAM systems should evolve away 

from the dogmatic concept of a layer-orientated design modality, instead striving to construct a 

single biomaterial preparation with multiple tissue specific payloads incorporated in subtle 

gradient-like conformations – 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 bi-directional concentration gradients, 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 standpoint, it is therefore anticipated such systems, upon payload 

uptake and expression, should allow for enhancements in scaffold wide cellular communication, 

facilitate more synchronised hierarchical tissue deposition, and ultimately induce the final creation 

of smooth transitional high quality osteochondral tissue. Additionally, on account of the 

hypothesised monophasic nature, such gradient GAM systems may hold the potential to mitigate 

other previously observed bi-layered related issues, such as neo-tissue separation, layer 

stratification, and scaffold phase 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 context of full osteochondral tissue 

(bone and cartilage) repair. Furthermore, in the examples that do currently exist (recombinant 

protein scaffolds), it appeared the generation of in-situ gradients required the application of unique 

and highly complex additive manufacturing methods including 3D printing, controlled fluid 

mixing, electrospinning (Bittner et al., 2019; Castro et al., 2015; Dormer et al., 2010; Mohan et al., 

2014).  

Although the methods above showed considerable promise with regards to inducing more 

synchronised and hierarchical osteochondral tissue formation, they were generally limited by their 

high complexities, over-reliance on synthetic bio-ink components and overall unfeasibility for 

large-scale low cost batch manufacture. Furthermore, it was found issues still existed over the in-

vivo stability, half-lives 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 more simplified, low cost methodologies 

which are capable of generating in-situ continuous gradients with the more advantageous gene-

based payloads. 

1.8.3.1 Concept of electrophoretic spatial patterning  

One simple and cost-effective method for generating gene payload gradients 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 and negative 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. 

Theoretically, based on this concept, it would therefore be possible for the spatial orientation of 
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charged molecules or minerals across the x, y, and even the z directions, depending on the 

electrophoretic capabilities of the system. 

A seminal paper which first describes an iteration of this concept is that of Watanabe and Akashi, 

who proposed the combined ideological approach of electrophoretic ion migration (within 

electro-capable hydrogels) in combination with facile mineralisation/crystal synthesis in 

confinement. As a result of this unique 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 containment system – all via the 

simple and straightforward use of agarose hydrogels, electrophoretic potentials and salt reservoirs 

(Watanabe & Akashi, 2006).  

Their formative method from 2006, as shown in Figure 1.16, can be described in the following 

step-wise process. 1) Using a standard horizontal gel electrophoresis tank, a 3 wt% agarose gel 

was first cast and set up between separate reservoirs of CaCl2 (40 mM) and Na2HPO4 (40 mM), 

which acted as anode and cathode specific loading buffers. 2) Each buffer was then adjusted to 

approximately pH 7.4 prior to mineral synthesis and patterning. 3) A 100V electrophoretic field 

potential was finally induced, over a period of 30 minutes, prompting the mobilisation of electro-

mobile salt ions (in the form of Ca2+, HPO4
2-, PO4

3-, OH-) to successfully enter into the hydrogel 

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

within the agarose gel matrix, allowing for the in-situ synthesis of CaP and HA particles.   

Post mineralisation, all gels were submerged in ultra-pure 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 

μm diameter were synthesised within said gels (Figure 1.16 B-D) (Watanabe & Akashi, 2006). 

Significantly, through the capabilities of this agarose gel electrophoresis (AGE) method, as well 

as a subsequent Watanabe et al iteration (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 platform described 

should warrant further study and greater optimisation to achieve this ultimate goal (Watanabe & 

Akashi, 2006, 2008). 
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Utilising the core concepts described above, a further research group (Kamitakahara et al) 

reported a modified version of the AGE approach, which specifically sought to speed up the rate 

of in-situ CaP/HA synthesis as well as reduce the excessive salt reservoir volumes previously 

required (100 mL range) (Kamitakahara et al., 2012). Crucially, this was achieved by the 

formulation of a more facile opposite loading well approach, whereby specific 40 µL cationic (20 

mM CaCl2) and anionic (12 mM Na2HPO4) salt loading solutions were instead loaded individually 

into agarose gel wells separated by a width of 48 mm or 15 mm (Figure 1.17 A). 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 Watanabe et al however, 

Kamitakahara and colleagues characterised each of the mineralised 1wt% and 3wt% gel slices via 

Figure 1.16 (A & B) – Seminal agarose gel electrophoresis methodology for CaP/HA crystal 
synthesis in-situ within 3D agarose hydrogels. A: Schematic illustration of the electrophoresis setup 
for the formation of CaP/HA in a large 3wt% agarose hydrogel. Through the provision of two different 
salt solution reservoirs (CaCl2 and Na2HPO4) at the anode and cathode regions it was possible to induce 
electrophoretic ion migration into an agarose gel region. Upon co-localisation within the centre portion, 
HA precipitate product is formed and deposited in-situ. B: SEM image of blank agarose hydrogel. C: Surface 
imaging of in-situ deposited HA precipitates. D: High magnification micrograph of individual HA particles. 
Figures adapted with permission from (Watanabe & Akashi, 2006) via Copyright 2023 American Chemical 
Society. 
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direct and indirect lyophilisation (with or without submergence ultra-pure water), showing that 

amorphous CaP particles were generally produced directly after gel synthesis but could be 

converted into HA through incubation with water. Moreover, 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 300-400 nm spinous HA particles respectively (Figure 1.17 B) (Kamitakahara et al., 

2012). This was a significant finding 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 structure) can positively 

restrict crystal growth and result in the synthesis of small sized in-situ mineral populations. As 

native hydroxyapatite found within mineralised collagen fibrils is generally less than 100 nm, this 

method holds considerable promise that through further 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.  

Figure 1.17 (A & B) – Modified agarose gel electrophoresis methodology for CaP/HA crystal 
synthesis in-situ within 3D agarose hydrogels. A: Schematic illustration of the opposite loading 
electrophoresis setup whereby small volumes of salt solutions were placed into individual gel wells. B: 
Following electrophoresis, Ca2+, PO4

3-, H+ ion migration resulted in individual precipitate regions 
containing either amorphous calcium phosphate or HA nanoparticles. SEM images of HA particles suggest 
particle size was decreased if agarose percentage was increased. Images taken from (Kamitakahara et al., 
2012) with permission from Elsevier under 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 resemblance of the in-situ synthesised CaP 

nanoparticles to near native bone minerals as well as agarose hydrogels possessing structural 

similarities to the ECM, the seminal authors for this approach believe such a system could be 

utilised within a multitude of bone related ailments and 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. One such 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 DNA-CaP gradient agarose GAMs (Watanabe et al patent application: 

WO2007061001 A1 (Watanabe & Akashi, 2007) – only covers the in-situ synthesis of calcium-

phosphate nanoparticles and not calcium-phosphate/DNA co-precipitate nanoparticles). The 

following sections will now discuss 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 of inorganic nanoparticle crystallisation within a confined system or 

biomaterial hydrogel stands as a pivotal process in biomaterials science. It emulates the intricate 

mineralisation pathways observed in native biomineralisation processes, particularly 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 systems could be generated. The research performed in this thesis 

for the first time seeks to comprehensively explore novel strategies which utilise biomineralisation 

in confinement concepts (described above in the 2006 and 2008 reports by Watanabe et al and 

Kamitakahara et al) 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 cell-laden scaffold construct (Kamitakahara et al., 2012; 

Watanabe & Akashi, 2006).  

As such, a brand new electrophoretic nucleic acid payload patterning method has been tentatively 

proposed for the combined synthesis, co-localisation and spatial patterning of in-situ biomineral-

DNA complexes, specifically within a single agarose hydrogel system. This approach combines 

the following scientific concepts; 1) the idea of biomineral crystallisation in confinement and 2) 

the use of electrophoretic agarose-plasmid 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 described limitations found within current bi-layered osteochondral GAM systems. 
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The minimal proof-of-concept development for this method is detailed in the following sections 

(with unpublished data from (Feichtinger, 2016)). 

1.9.1 Feichtinger-AGE-1 proof-of-concept 

Prior to commencement of this thesis, investigations by Dr G Feichtinger and colleagues 

established an initial unpublished methodology by which inorganic phosphate-nanoparticles (e.g. 

CaP) and gradient DNA payloads could be spatially patterned within specific regions of 1 wt% 

agarose gels, using electrophoresis. It was hypothesised that by utilising the dual electrophoretic 

movement of both particles (CaP-positive charge, plasmid DNA-negative charge) nanoparticle-

DNA complexation could be controlled and induced in-situ, thus ultimately generating spatially 

patterned transfection capable therapeutic payloads. This approach was named the Feichtinger 

agarose gel electrophoresis (or F-AGE-1) method and significantly built on and repurposed 

several concepts previously reported by the groups Watanabe et al and Kamitakahara et al - 

specifically of that relating to use of electrophoresis to control the formation and deposition of 

calcium-phosphate nanoparticle precipitates (Kamitakahara et al., 2012; Watanabe & Akashi, 

2006). The F-AGE-1 methodology utilised a conventional horizontal electrophoresis tank and is 

illustrated in Figure 1.18. Briefly, a 1 wt% agarose gel containing 0.75 mM Na2HPO4 and 25 mM 

HEPES at pH 7.4 was cast specifically containing a single row of 16 wells. A 5 µg plasmid solution 

with 30% glycerol was loaded into all wells and a 60V electrophoretic potential was applied to 

load the nucleic acid payload into the gel. After 6 minutes, the potential was removed and CaCl2 

solutions (0-225 mM) were added to all wells, followed by reversal of the electric field polarity 

and the re-application of a 60V potential for a further 6 minutes. Between 2-3 minutes, white 

precipitates began to appear adjacent to the wells (in the direct vicinity of the previously loaded 

plasmid vectors), with an intensity dependent on the initial CaCl2 loading concentration. 
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Post precipitation, each individual mineralised gel was either stained to illustrate DNA 

complexation/encapsulation or directly freeze-dried for nanoparticle SEM (and EDX) analysis 

(Figure 1.19).  

To initially ascertain if successful DNA-CaP co-complexation took place during the F-AGE-1 

patterning process, various precipitate containing gel slices (of different CaCl2 concentrations) 

Figure 1.18 (A-E) – Spatial patterning of nucleic acid payloads within 1 wt% agarose gels using 
the F-AGE-1 approach. A: 25 μL plasmid DNA loading solution pipetted within agarose wells, settling 

at the bottom under gravity. B: a 60V potential is applied across the gel for 6 minutes, using a - ⟶+ 
electrode configuration. C: 25 μL CaCl2 loading solution pipetted within agarose wells, settling at the 

bottom under gravity. D: a 60V potential is applied across the gel for 6 minutes, using a + ⟶- electrode 
configuration. E: Actual F-AGE-1 agarose gel containing DNA-CaP precipitates (n=4) (225 mM CaCl2 
used). 
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were stained with ethidium 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 successful co-localisation was 

provided. In the case of Figure 1.19 A (F-AGE-1 0-225mM CaCl2 patterning), it was therefore 

shown that DNA-CaP co-localisation appeared largely successful and was most effective in the 

highest CaCl2 concentration utilised – 225 mM).  

 

The gel slice containing the optimal co-complexed DNA-CaP nanoparticle precipitate (225 mM 

CaCl2) was extracted and freeze-dried to produce a macroporous GAM. Based on visual analysis, 

Figure 1.19 (A-E) – A selection of results from the F-AGE-1 proof of concept investigation 
regarding the synthesis and characterisation of in-situ DNA-CaP nanoparticle complexes. A: 
Confirmation of electrophoretic co-localisation between CaP precipitates and plasmid DNA via EthB 
DNA staining in combination with false imaging (DNA:pink EthB stain) (CaP: blue false imaging) B: 
Digital camera image of DNA-CaP gel slice pre and post freeze-drying. C: SEM images of 1 wt% scaffold 
and pDNA-nanoparticles synthesized in agarose matrix. D: Electron dispersive x-ray scattering (EDX) 
based analysis of in-situ particle composition (calcium = red and phosphate = green). E: Particle size 
distribution of pDNA-CaP co-precipitate synthesised within 1 wt% agarose gel. 
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it was found that lyophilisation had a substantial effect on these lower percentage agarose gels, 

whereby a white, glossy, highly porous scaffold was synthesised. Unfortunately, as a result of this 

process Dr Feichtinger also observed significant alterations to the agarose scaffold structure, with 

resulting GAM scaffolds exhibiting large-scale mechanical fragility (collapsing under moderate 

physical handling) as well as considerable bulk surface area shrinkage (Figure 1.19 B). Despite 

such poor mechanical properties, it was confirmed via SEM (and EDX imaging) that spherical 

CaP particles had been effectively synthesised and deposited in-situ using the F-AGE-1 

methodology (Figure 1.19 C and D). Additionally, through extensive high magnification image 

analysis it was identified that the CaP populations were spherical in nature with a hydrodynamic 

radius which ranged from 100 – 400 nm.  

Importantly, despite multiple variations between the F-AGE-1 methodology versus that 

previously described by Watanabe et al and Kamitakahara et al, it was shown in these proof-of-

concept investigations that a modified AGE method could be generated which allows for similar 

synthesis and deposition of CaP nanoparticles in-situ within a 3D agarose hydrogel matrix 

(Kamitakahara et al., 2012; Watanabe & Akashi, 2006, 2008). Furthermore, it uniquely shows that 

it is possible to combine an AGE CaP synthesis approach with a simple electrophoretic plasmid 

loading strategy, thus allowing for the apparent production of nanosized DNA-CaP co-

complexes. As previously discussed in this literature review regarding how the size of DNA-CaP 

co-complexes severely impacts the efficiency of the CaP mediated transfection process, this novel 

method holds potential for combatting such a limitation, crucially via the synthesis of DNA-CaP 

co-complexes in 3D confinement (i.e within a nanoporous agarose hydrogel).  

1.9.2 Additional method for producing in-situ plasmid gradients 

Evidently, in the basic F-AGE-1 methodology described above, only a single DNA loading step 

was utilised for basic proof-of-concept testing regarding DNA-CaP synthesis and co-localisation. 

As a result, it can be said that the agarose GAMs generated at this stage were lacking the key 

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 modification to the F-AGE-1 methodology. 

This change specifically included the use of multiple sequential plasmid DNA loading steps (dual 

or triple DNA loading), prior to the CaCl2 loading step. Through this method, it was hypothesised 

that multiple DNA payloads could be spatially distributed throughout an agarose hydrogel, 

crucially in a continuous overlapping gradient conformation. Furthermore, by loading different 

DNA vectors, each encoding for a specific therapeutic factor (i.e. TGFβ, BMP, SOX, RUNX2), 

it was proposed that a bone-intermediate-cartilage 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 hypothesis, an additional proof-of-
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concept study was performed whereby plasmids were labelled with different cyanine-dimer dyes 

(blue - YOYO1, green – POPO3, red – TOTO3) (ThermoFisher) prior to sequential loading into 

a 1 wt% agarose gel. Crucially, by running the DNA at a constant voltage (60V) with 5 minute 

intervals per DNA loading, it was possible to generate a highly controlled in-situ DNA gradient 

pattern (Figure 1.20 A & B).  Ultimately, through this success, it was envisaged that the F-AGE-

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

continuous gradient osteochondral GAM.  

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, mosaicplasty and other 

current front-line treatments present reasonable therapeutic profiles, they are somewhat dogged 

by several innate limitations which restrict their restorative or regenerative power, specifically 

within complex multi-tissue environments. This includes limited mechanical resilience (in cell 

therapies), lack of tissue specific morphogenic cues, as well as damaging surgical co-factors such 

as donor site morbidities (in the case of mosaicplasty). The field of tissue engineering on the 

other hand showcases several attributes which may allow for the circumvention of said 

limitations. Frustratingly, despite such potential, translation in recent years has appeared more 

Figure 1.20 (A & B) – Investigation into control of DNA gradients in 1 wt% agarose hydrogels 
using different cyanine-dimer dye labelled pDNA samples (pDNA1-3) and sequential loading. A: 
DNA distribution and overlapping gradients as observed by confocal microscopy). B: and in a separate 
experiment on a BioRad GelDoc imaging station. Control over distribution as well as dependence of 
dispersion and size of different zones/pDNAs on loading time clearly observable. Scale bars = 600 μm. 
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challenging than anticipated, with many recombinant protein and bi-layered GAM concepts still 

falling short in terms of replicating the precise bio-architecture required for adequate repair of 

the full osteochondral environment (Chen et al., 2011; Lee et al., 2017). This discrepancy can 

consequently impact key fundamentals within the repair pathway such as healthy long term tissue 

maintenance as well as biomechanical properties.  

The Feichtinger research group anticipate that 3D gene-activated matrix (GAM) systems, 

featuring electrophoretic patterning gradients, offer a distinctive design ideal for effectively 

treating severe osteochondral injuries. Through the creation of smart 3D scaffold biomaterials 

featuring directional gradients of multiple nucleic acid-transfection payloads, it can be anticipated 

that advanced cellular orchestration can be achieved within distinct regions of biomaterial space, 

crucially emulating and recapitulating natural tissue morphogenetic processes – much like those 

seen in embryonic development. The Feichtinger research group hypothesise therefore that upon 

cell-free implantation of patterned GAM systems (likely in conjunction with microfracture), 

endogenous cells will infiltrate, populate and therapeutically respond to not only the basic 

biomaterial framework but also the pre-designed spatial gene payloads distributed within, 

ultimately directing cells to either osteogenic 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 developed by the Feichtinger research group 

(Feichtinger, 2016). Whilst the current unpublished material and early process development data 

(conference material only) shows promising findings, the overall system remains at a very early 

stage of development (technology readiness level 1-2), and as such inherently contains systems 

and processes that remain either untested, require further validation or simply possess direct 

limitations. For this 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 3D cellular adhesion of F-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 nucleic acid patterning platform (F-AGE-1) within freeze-dry compatible agarose 

gels, as well as attempt to further modify the F-AGE-1 methodology with the view of novel 
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incorporation of cationic polymers such as PEI within said systems. Furthermore, the potential 

of using freeze-dried 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 optimally designed 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, the long-term goal for this construct involves the use of the aforementioned 

Feichtinger electrophoretic GAM patterning approaches to create a bi-directional gradiented 

biomaterial system in which numerous therapeutic nucleic acid payloads are spatially patterned 

and thus capable of directing complex de novo tissue formation. However to achieve this final 

design outcome (Figure 1.21), singular payload patterning and transfection must first be 

thoroughly established and optimised. As such, for this PhD thesis project, only singular payload 

patterning using the Feichtinger electrophoretic patterning principles was applied, in a proof-of-

concept structure. 

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 research objectives were developed. 

• To determine the effect of freeze-drying on different agarose formulations. 

• To determine if the primary F-AGE-1 agarose gel electrophoresis approach can be 

successfully translated into higher percentage agarose gels. 

Figure 1.21 – Envisaged final application of the Feichtinger platform technology for 
musculoskeletal tissue interface regeneration. Inclusion of morphogenic gene therapeutic gradients 
and scaffold composition mimicking instructive morphogenic gradients for tissue formation and graded 
mineralisation content provided by phosphate-nanoparticles or cationic polymers. 
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• To design and validate a new iteration of the agarose gel electrophoresis approach which 

could synthesise and spatially deposit pDNA-PEI transfection payloads in-situ. 

• To determine the biocompatibility of agarose GAM scaffolds. 

• To characterise the 3D gene delivery capabilities of 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 experimental chapters which chronologically outline 

the various research methodologies and associated results in relation to the stated research 

objectives.  

Chapter 3 therefore qualitatively and quantitatively investigates the physical and structural 

differences in 1wt% and 3wt% freeze-dried agarose GAM biomaterial compositions for their 

specific use in osteochondral defect repair applications, as well as for the first time 

comprehensively verifying that the F-AGE spatial patterning approach can synthesise and 

spatially control not only pDNA-CaP payloads in-situ but also DNA-PEI polyplexes.  

Chapter 4 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 adherent cell lines such as L929, C2C12 

and Y201. This included the testing and physico-chemical characterisation of three different 

surface coatings (Fibronectin, Laponite-PEO, Polydopamine.  

Chapter 5 describes the optimisation of calcium phosphate (CaP) mediated and polyethylenamine 

(PEI) mediated 2D cell monolayer transfection protocols for two different cell lines (C2C12 and 

Y201), the validation of agarose scaffolds acting as adequate surfaces for 3D transfection (control 

study), and finally the characterisation of gene delivery capabilities of electrophoretically loaded 

PDA coated agarose GAM scaffolds. 

Chapter 6 illustrates the construction and 2D transfection testing of two novel enzymatic ligation 

assisted by nucleases (ELAN) strategies which allow for efficient synthesis of CCHLV DNA 

vectors. 
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 CHAPTER 2: GENERAL MATERIALS AND METHODS  

2.1 Materials  

2.1.1 Equipment  

All equipment used in this project is tabulated in the Appendix, Table 8.1. 

2.1.2 Consumables  

All consumables used in this project is tabulated in the Appendix, Table 8.2. 

2.1.3 Cell lines  

All cell lines used the following cell culture media preparation: 

Cell culture medium: Dulbecco's Modified Eagle Medium (DMEM) (Medium-High Glucose), 

10% v/v Fetal Bovine Serum (FBS), 100U/mL penicillin/streptomycin (P/S), 2 mM L-

Glutamine. 

L929 Mouse Connective Tissue Cell Line 

Description: L929 cells (NCTC clone 929: CCL 1, American Type Culture Collection (ATCC), 

Manassas, VA, USA; ECACC No. 88102702, European Collection of Cell Cultures, Salisbury, 

Wiltshire, SP4 OJG, UK). 

Subculture duration: twice weekly (1:5 passage ratio) 

Incubation conditions: 37°C, 5% CO2, humidified environment 

C2C12 Mouse Skeletal Myoblast Precursor Cell line 

Description: Mouse C3H Muscle Myoblast, purchased from the German collection of 

microorganisms and cell cultures DSMZ#ACC565 (Braunschweig, Germany). 

Subculture duration: twice weekly (1:5 passage ratio) 

Incubation conditions: 37°C, 5% CO2, humidified environment 

Y201 Human Telomerase Reverse Transcriptase (hTERT) immortalised human MSC Cell line 

Description: Clonally derived primary bone marrow mesenchymal Stem Cells (MSC) manipulated 

post-isolation using a stable lentiviral hTERT integration system. Kindly donated by Dr Paul 

Genever (University of York). 

Subculture duration: once weekly (1:2 passage ratio) 

Incubation conditions: 37°C, 5% CO2, humidified environment 
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2.1.4 Chemicals and reagents 

All chemicals, stock reagents and restriction enzymes used in this project is tabulated in the 

Appendix, Table 8.3 and Table 8.4. 

2.1.5 Plasmids 

The plasmids used in this project are detailed in Table 2.1 and Figure 2.1 and Figure 2.2.   

 

 

 

 

 

 

Table 2.1 – Plasmids used in this study. 

Plasmids  

Name Purpose Manufacturer 

pCAG-d2-eGFP (Figure 

2.1) 

Primary vector expression system 
CCHLV gene expression cassette template 
Enhanced Green Fluorescent Protein (eGFP) 
Insert 

Provided by Dr 
G Feichtinger 
and colleagues 

pMetLuc2 (Figure 2.2A) Metridia Luciferase (Met-Luc) Insert 
Clontech/TaKaRa 
(Palo    Alto,    
CA, USA) 

pCAG-MetLuc2 (Figure 

2.2B) 

Metridia Luciferase (Met-Luc) Insert 
Gene insert isolated from pMetLuc2 plasmid 
Cloned into pCAG backbone using restriction 
enzyme mediated cloning  

In-house 
production 
(chapter 5) 

pCAG-MetLuc2 (Esp3I) 
Metridia Luciferase (Met-Luc) Insert 
Esp3I recognition sites cloned upstream and 
downstream of gene expression cassette 

In-house 
production 
(chapter 6) 

Figure 2.1 – pCAG-d2-eGFP vector map. Cytomegalovirus (CMV) enhancer sequence, chicken β actin 
promoter, self-replication origin (oriR), Simian virus 40 (SV40) Polyadenylation (Poly(A)) sequence, 
enhanced Green Fluorescent Protein (eGFP), Ampicillin resistance gene (for selection in E.coli). MunI 
recognition sites flanking the gene expression cassette region. 
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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 pre-sterilised cell culture consumables prior to and then within the confines of a class II 

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 mg.mL−1 ) and 2 mL of L-glutamine (200 mM). 

2.2.1.2 Cell counting 

A Countess automatic cell counter (Invitrogen) was used to count total cell numbers in a 

suspension. A 50 μL cell aliquot was initially mixed with an equal volume of trypan blue (1:1 

ratio).  A Countess disposable slide (Invitrogen) was then loaded with 10 μL cell-trypan blue 

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 for cell seeding density calculations. 

Figure 2.2 (A & B) – pCAG-MetLuc2 and pMetLuc2 Control vector maps. A) CMV enhancer 
sequence, chicken β actin promoter, self-replication origin (oriR), Simian virus 40 (SV40) Polyadenylation 
(Poly(A)) sequence, Metridia Luciferase gene insert (Met-Luc) , Ampicillin resistance gene (for selection in 
E.coli). MunI recognition sites flanking the gene expression cassette region. B) CMV enhancer sequence, 
CMV promoter sequence, self-replication origin (oriR), Herpes Simplex Virus (HSV) thymidine kinase 
(TK) and SV40 Poly(A) sequences, Metridia Luciferase gene insert (Met-Luc), Kanamycin/Neomycin open 
reading frame. 
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2.2.1.3 Cell culture resurrection, maintenance and passage  

A cryo-preserved cell aliquot was gently warmed to room temperature and its contents 

transferred to a 15 mL falcon tube. Pre-warmed complete media (5 mL) was added dropwise and 

the suspension was centrifuged for 10 minutes at 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 T-175 tissue culture flask and placed in a humidified incubator (37°C, 5% CO2).  

Samples were incubated for a further 48 hours before the culture media was removed and 

replenished, a process which also extracts any unbound non-adherent cells from the starting cell 

aliquot. Depending on cell line proliferation rate, cell culture media was exchanged weekly or 

twice-weekly until 60-80% confluency was achieved, as seen under light microscopy.  

Once 60-80% confluent, cells were passaged. Depleted growth medium was aspirated. Flasks 

were washed once with sterile PBS (without calcium and magnesium) and 5 mL trypsin/EDTA 

was added before returning into incubator (37°C, 5% CO2) for 4-6 minutes. After visual 

confirmation of cell detachment, the suspension was transferred to a sterile 50 mL falcon tube 

containing 10 mL supplemented media (FBS presence leading to trypsin inactivation). The cell 

suspension was centrifuged for 10 minutes, 150xg, the supernatant removed and re-suspended 

in 5 mL supplemented media to be counted, as per section 2.2.1.2, when necessary. Cell cultures 

were re-established in new T-175 flasks at the desired passage ratio.        

2.2.1.4 Cell freezing 

To maintain a good supply of frozen cell stocks, once each cell line progressed successfully 

through 2-3 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 was removed and the remaining cell pellet was re-suspended in 

freezing media (10% dimethylsulfoxide (DMSO), 90% FBS) at a desired ratio of 1 mL per 1x106 

cells. The cell suspension was then briefly kept on ice before transfer to labelled cryovials within 

a freezing container. The container was stored in a -80°C freezer for 48 hours before reallocation 

to liquid nitrogen dewar for 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 

through the use of a horizontal Sub-Cell GT electrophoresis system (BioRad, Massachusetts, 

USA) (Figure 2.3). Each method utilised a 3 wt% agarose gel formulated using SeaKem® LE 

agarose powder (Lonza, UK) in combination with either Buffer A: 0.75 mM Na2HPO4 and 25 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4) or Buffer B: 25 mM 

HEPES (pH 8). Molten gels (130 mL) were cast within an in-house produced gel tray of 15 x 15 

cm dimensions, alongside in-house produced gel combs, as shown in Figure 2.4.  

 

 

2.2.2.1 F-AGE-1 nanoparticle approach 

The Feichtinger Agarose Gel Electrophoresis (F-AGE-1) nanoparticle approach was a strategy 

first conceptualised by Dr G Feichtinger as a simple method to spatially control nucleic acid and 

Figure 2.3 – The horizontal Sub-Cell GT electrophoresis system and associated power pack 
(PowerPac 300, BioRad) used in the F-AGE approaches.  

Figure 2.4 – The in-house agarose gel tray and comb developed by the Feichtinger research group 
for high throughput nucleic acid payload patterning within agarose gels. Each 15 x 15 cm gel tray 
contains 15 fixed comb positions. Each comb produces 16 possible wells upon agarose gel casting. Total 
of 240 possible wells per agarose gel.  
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nanoparticle deposition within 3D agarose gel matrices, specifically allowing for the in-situ co-

localisation of nucleic acids with CaP nanoparticles.  

2.2.2.1.1 Loading solutions 

Master stock loading solutions for both the DNA vectors and the inorganic nanoparticles were 

prepared as shown in Table 2.2 and Table 2.3. Each master stock solution contained enough 

volume for 60 individual loading runs, with 25 μL used per well. Once formulated, the 

mastermixes were stored at -20°C until required.  

Table 2.2 – DNA Master stock loading solutions used for the F-AGE-1 method. pCAG-d2-eGFP 
or pCAG-MetLuc2 was used as the plasmid vectors for all DNA master stocks. FN = Fibronectin. 

 Master Stock loading Solution Constituents 

(Total volume: 1500 μL) 

Master-

stock Type 

pDNA 

(1μg/μL) 

Glycerol 

(30%) 
ddH2O 

FN 

(1μg/μL) 

2.5 μg DNA 

only 

150 μL 250.2 μL 1098 μL N/A 

5 μg DNA 

only 

300 μL 250.2 μL 949.8 μL N/A 

10 μg FN 

Only 

N/A 250.2 μL 649.8 μL 600 μL 

2.5 μg DNA 

+ FN 

150 μL 250.2 μL 498 μL 600 μL 

5 μg DNA + 

FN 

300 μL 250.2 μL 349.8μL 600 μL 

 

Table 2.3 – CaCl2 Master stock loading solutions used for the F-AGE-1 method.   

 

 

 

 

 

 

 

 Master Stock loading Solution Constituents 

(Total volume: 1500 μL) 

Master Mix Type 
CaCl2 

(500mM) 

Glycerol 

(30%) 
ddH2O 

0mM N/A 250.2 μL 1249.8 μL 

112.5mM 337.8  μL 250.2 μL 912  μL 

162.5mM  487.8  μL 250.2 μL 762  μL 

212.5mM 637.8  μL 250.2 μL 612  μL 

225mM 675  μL 250.2 μL 574.8  μL 
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2.2.2.1.2 Buffer and agarose gel solution 

The F-AGE-1 method utilised the buffer solution known as Buffer A for agarose hydrogel 

creation and as a running buffer, as stated in section 2.2.2.  

A concentrated stock solution of Buffer A (500 mM HEPES + 15 mM Na2HPO4) was 

formulated as follows; 119.16 g HEPES and 2.129 g Na2HPO4 was added to ~1000 mL ddH2O. 

After sufficient mixing, the pH of the solution was subsequently brought up to 7.4 using 6M 

NaOH before storage in the dark.  

To achieve a working/running Buffer A solution (25 mM HEPES and 0.75 mM Na2HPO4), the 

concentrated stock was simply diluted 20 fold in ddH2O to a final volume of 2000 mL. The 

working stock was then utilised as required.  

To generate a 3wt% 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 to 50°C (For 

analytical agarose gels, SYBRTM Safe 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 15 x 15 in-house 

gel tray containing appropriate comb inserts. Following this, the loaded gel tray was incubated 

for 60 mins at room temperature, thus permitting gel solidification. Once hardened the in-house 

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

2.2.2.1.3 Gel loading and electrophoretic patterning 

Firstly, master stock loading solutions formulated in section 2.2.2.1.1 were gently thawed on ice. 

At the same time, the solidified agarose gel slabs made in section 2.2.2.1.2 were carefully placed 

within a horizontal Sub-Cell 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), the system was considered ready for nucleic acid payload 

patterning.  

The following protocol was specific to the F-AGE-1 system in which both pDNA and CaCl2 

loading solutions were used to induce pDNA-CaP co-localisation (as diagrammatically illustrated 

in chapter 1, Figure 1.18). For pDNA only controls, or CaP only controls, the same protocol was 

applied but with only one loading solution used.  

Briefly, 25 μL of pDNA master stock was gently applied to a single agarose well using a standard 

Gilson pipette (stage 1). A 300V potential was then immediately induced across the agarose gel 

for 5 minutes, inducing negatively charged pDNA molecules to translocate “downwards” 

towards the positively charged cathode (stage 2). Subsequently, in the same well, 25 μL of a 

specific CaCl2 mastermix loading solution was then 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 

translocate in the “upwards” direction (due to switching of the cathode and anode position) 

towards the previously loaded pDNA (stage 4). Over this 6 minute process, white CaP 

precipitates materialise within the region directly below the loaded well.  

2.2.2.1.4 Gel Excision 

After formulation of the F-AGE-1 nucleic acid payloads within the agarose gels, an in-house 

designed hydrogel excision tool (Figure 2.5) was used to remove each 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 were formed using this tool, as shown in Figure 2.5 E. 

Furthermore, based on the pDNA concentration used and the CaCl2 master mix type, the excised 

hydrogels were then renamed as individual agarose GAMs as shown in Table 2.4. 

 

Table 2.4 – F-AGE-1 Agarose GAM designations after individual gel excision using the in-house 
excision tool. 

DNA 

Master 

Stock 

Used 

CaCl2 Master Mix Used 

0mM 112.5mM 162.5mM 212.5mM 225mM 

2.5 μg 

DNA only 

AGE1-2.5-

0mM 

AGE1-2.5-

112.5mM 

AGE1-2.5-

162.5mM 

AGE1-2.5-

212.5mM 

AGE1-2.5-

225mM 

5 μg DNA 

only 

AGE1-5-0mM AGE1-5-

112.5mM 

AGE1-5-

162.5mM 

AGE1-5-

212.5mM 

AGE1-5-

225mM 

Figure 2.5 (A-E) – The in-house designed hydrogel excision tool developed by the Feichtinger 
research group. A: SolidWorks model of the combined excision tool, including the cutting element and 
the removal tool. B: The manufactured steel cutting element. C: The manufactured steel removal tool. D: 
The combined excision and removal tools. E: Dimensions of the excised hydrogel product post removal. 
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2.2.2.2 F-AGE polyplex approach 

The Feichtinger Agarose Gel Electrophoresis (F-AGE polyplex) approach was a strategy 

developed by this author and can be considered an amalgamation of the F-AGE-1 methodology 

and the opposite loading methodology championed by (Kamitakahara et al., 2012). Specifically, 

this involved the substitution of inorganic nanoparticle salt solutions (CaCl2) for a cationic 

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 allow for in-situ patterning within agarose 

gels. Moreover, by loading PEI and pDNA in oppositely located agarose gel wells, the 

components would be able to co-localise to form a polyplex. The following sections describe the 

F-AGE polyplex approach in a step-wise manner. 

2.2.2.2.1 Loading solutions 

Linear Polyethylenimine (PEI) (25KDa, Alfa Aesar) was reconstituted to 1 μg/μL according to 

an established two-step process. Initially, ddH2O was added to PEI powder followed by dropwise 

addition of 1M hydrochloric acid (HCl), initiating complete dissolution at approximately pH 2. 

Using continual stirring, the pH was then raised to 7 through dropwise addition of 1M NaOH. 

The resulting PEI solution was then filter sterilised through a 0.22 μM filter before aliquotting 

and storage at -70°C.  

The 2.5 μg and 5 μg DNA only master stock loading solutions previously used in the F-AGE-1 

approach were also used in the F-AGE polyplex approach (Table 2.2). Additional PEI master 

stock loading solutions were formulated as per Table 2.5. Each PEI master stock solution 

contained enough volume for 60 individual loading runs, with 30 μL used per well. Once 

formulated, all mastermixes were stored at -20°C until required.  

Table 2.5 – PEI master stock loading solutions used for the F-AGE polyplex method.   

2.5 μg 

DNA + 

FN 

AGE1-2.5FN-

0mM 

AGE1-2.5FN-

112.5mM 

AGE1-2.5FN-

162.5mM 

AGE1-2.5FN-

212.5mM 

AGE1-2.5FN-

225mM 

5 μg DNA 

+ FN 

AGE1-5FN-

0mM 

AGE1-5FN-

112.5mM 

AGE1-5FN-

162.5mM 

AGE1-5FN-

212.5mM 

AGE1-5FN-

225mM 

 PEI Master Stock loading Solution Constituents 

(Total volume: 1800 μL) 

Desired N/P ratio / 

Master Mix Type 

Linear PEI 

(1μg/μL) 

Glycerol 

(30%) 
ddH2O 

N/P0 N/A 250.2 μL 1549.8 μL 

N/P8 (2.5μg) 155.4 μL 250.2 μL 1394.4 μL 
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2.2.2.2.2 Buffer and agarose gel solution 

The F-AGE polyplex method utilised the buffer solution known as Buffer B for agarose hydrogel 

creation and as a running buffer, as stated in section 2.2.2.  

A concentrated stock solution of Buffer B (500 mM HEPES) was formulated as follows; 119.16 

g HEPES was added to ~1000 mL ddH2O. After sufficient mixing, the pH of the solution was 

subsequently brought up to 7.4 using 6M NaOH before storage in the dark at room temperature.  

To achieve a working/running buffer B solution (25 mM HEPES), the concentrated stock was 

simply diluted 20 fold in ddH2O to a final volume of 2000 mL. The working stock was then 

utilised as required.  

A 3 wt% agarose gel slab was generated using the same protocol stated in section 2.2.2.1.2 with 

the exception of using a working solution of Buffer B instead of Buffer A.  

2.2.2.2.3 Gel loading and electrophoretic patterning 

Master Stock loading solutions specific for the F-AGE polyplex method were allowed to thaw 

gently on ice. Then, as previously described, a solidified agarose gel slab was subsequently inserted 

into the horizontal Sub-Cell GT tank and equilibrated with running buffer B.  

The following protocol was specific to the F-AGE polyplex system in which pDNA and PEI 

loading solutions were used to generate and deposit pDNA-polyplexes within an agarose gel (as 

diagrammatically illustrated in Figure 2.6). 

Briefly, 25 μL of pDNA master stock was gently applied to a single agarose well using a standard 

Gilson pipette (stage 1). A 300V potential was then immediately induced across the agarose gel 

for 20 minutes (stage 2). Subsequently, in the same well 30 μL of a specific PEI mastermix loading 

solution was added (stage 3). Importantly, electric field polarity was reversed at this stage.  A 

further 300V potential was then 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. 

N/P16 (2.5μg) 310.2 μL 250.2 μL 1239.6 μL 

N/P24 (2.5μg) 465.6 μL 250.2 μL 1084.2 μL 

N/P40 (2.5μg) 775.8 μL 250.2 μL 774 μL 

N/P8 (5μg) 310.2 μL 250.2 μL 1239.6 μL 

N/P16 (5μg) 620.4 μL 250.2 μL 929.4 μL 

N/P24 (5μg) 930 μL 250.2 μL 619.8 μL 

N/P40 (5μg) 1548 μL 250.2 μL 1.8 μL 
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2.2.2.2.4 Gel Excision 

F-AGE polyplexes were excised as per section 2.2.2.1.4. Based 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 shown in Table 2.6. 

 

 

Figure 2.6 (A-D) – Spatial patterning of nucleic acid payloads within agarose gels using the F-
AGE polyplex approach. A: 25 μL pDNA loading solution pipetted within “upper” agarose wells. B: a 

300V potential is applied across the gel for 25 minutes, using a - ⟶+ electrode configuration. C: 30 μL 
PEI loading solutions pipetted into the same “upper” agarose wells respectively. D: a 300V potential is 

applied across the gel for 10 minutes, using a + ⟶- electrode configuration. 
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Table 2.6 – F-AGE polyplex Agarose GAM designations after individual gel excision using the in-
house excision tool. 

 

2.2.3 Freeze-drying protocol 

Agarose hydrogels or porous scaffolds were transferred to individual wells of a 48 well plate 

before placement inside a -80°C freezer for 45 minutes. Upon completion, well plates were 

moved, with speed, to a freeze-dryer (ModulyoD, Thermo Savant), whereby a pre-set programme 

was initiated. Conditions of this programme included: -45°C 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 plasma fibronectin (FN) (Invitrogen) was reconstituted with 50 µg/mL sodium 

phosphate buffer pH 7.8 at two different concentrations; 25 μg/mL and 50 μg/mL. Freeze-dried 

agarose scaffolds were then immersed in either solution for 12 hours, washed in PBS (1 mL) and 

subsequently freeze-dried overnight. Dry FN coated scaffolds were then washed with 70% ice-

cold ethanol (1 mL) before a second freeze-dry step (section 2.2.3).  

2.2.4.2 LAP-PEO surface coating 

Equal amounts of Laponite® RD (LAP) and Polyethylene oxide (PEO, molecular weight = 106 

g/mol - Sigma) were added to deionised water and mixed at room temperature for 24 hours, 

generating final combined LAP-PEO solutions of either 40 mg/mL or 120 mg/mL 

concentration. Freeze-dried agarose scaffolds were then immersed in these solutions for 4 hours, 

before undergoing standard additional freeze-drying procedures. The resulting LAP-PEO coated 

scaffolds were finally washed with 70% ice-cold ethanol (1 mL) before a second freeze-dry step 

(section 2.2.3). 

DNA 

Master 

Stock 

Used 

PEI Master Stock Used 

N/P0 N/P8 N/P16 N/P24 N/P40 

2.5 μg 

DNA only 

AGE-2.5-

N/P0 

AGE-2.5-

N/P8 

AGE-2.5-

N/P16 

AGE-2.5-

N/P24 

AGE-2.5-

N/P40 

5 μg DNA 

only 
AGE-5-N/P0 AGE-5-N/P8 

AGE-5-

N/P16 

AGE-5-

N/P24 

AGE-5-

N/P40 
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2.2.4.3 Polydopamine surface coating 

Dopamine-HCl (Sigma) was mixed with 10 mM Tris-HCl buffer (pH 8.5) in order to generate 

either 1 mg/mL or 2 mg/mL fresh dopamine solutions. These solutions were then incubated, 

under constant mixing conditions using magnetic stirrer, at room temperature for 10 minutes, 

ensuring an initial colour change from colourless to light orange occurs (initial polymerisation). 

Freeze-dried agarose scaffolds were then immersed in either of the newly polymerised 

polydopamine (PDA) solutions and incubated for 4, 8, 12 or 24 hours, over which time further 

polymerisation occurs (Figure 2.7). Upon completion, scaffolds were removed from solutions 

and washed overnight in deionised water (room temperature), using an orbital shaker (180 

revolutions per minute (rpm)) to remove unbound PDA. Scaffolds were then freeze-dried, 

followed by ice-cold ethanol sterilisation (1 mL wash) and a second freeze-dry step (section 2.2.3).  

 

2.2.5 3D Cell seeding methods 

2.2.5.1 Static Seeding 

3D scaffolds were seeded using passive static seeding techniques. Initially, scaffolds were placed 

inside wells of untreated 48 well plates or treated plates with modifications (Table 2.7). This 

included deposition of a 3 wt% agarose layer within individual wells (to deter cell-plastic 

attachment). Additionally, prior to cell seeding, scaffolds were either kept in their non-wetted 

freeze-dried form, or pre-conditioned with 60 μL complete culture media. For the latter, hydrated 

scaffolds were incubated for 10 minutes at room temperature. Post conditioning, scaffolds were 

then partially dehydrated via transfer into a 37°C, 5% CO2 incubator for 1 hour.  

Figure 2.7 – Schematic for the functionalisation of agarose scaffolds using Polydopamine 
solutions. 
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At this point, C2C12 or Y201 cells were re-suspended to a total volume of 60 μL per scaffold, at 

the required cell density. Five 12 μL aliquots were then drop-seeded onto each of the exposed 

surfaces of the scaffold and placed in an incubator for 2-3 hours to allow sufficient cell 

attachment. After incubation, 800 μL complete media was applied to enable entire scaffold 

coverage. Scaffolds were subsequently kept in culture undisturbed, with media changes occurring 

every 2-3 days or when experimentally required.  

Table 2.7 – A range of static seeding conditions utilised during this study.  

Static Seeding 

Conditions 
Method 1 Method 2 Method 3 Method 4 

Treated 48 well 

plate 
✓ ✓ ✓ ✖ 

Additional 3wt% 

agarose layer 
✖ ✖ ✓ ✓ 

Scaffold pre-

conditioning 
✖ ✓ ✖ ✓ 

2.2.6 Assessment of 3D cellular attachment & viability  

To ascertain the capacity for successful 3D cell growth of agarose scaffolds, cell attachment and 

viability was monitored visually using a LIVE-DEAD Viability assay (Viability/Cytotoxicity 

Assay Kit for Animal Live & Dead Cells (30002), 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 substrate (Calcein-AM) 

and a plasma membrane-impermeant DNA dye (Ethidium homodimer III (EthD-III)) 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 material with opposing membrane integrities to bring about 

a specific fluorescent response. As such, upon entry into live cells, the lipophilic membrane 

permeable Calcein-AM can be cleaved by residual intracellular esterase enzymes, producing a 

green-fluorescent calcein product with excitation and emission wavelengths of 494nm and 

517nm respectively. In contrast, EthD-III, a lipophobic DNA binding dye, can only produce a 

fluorescent signal when cell membrane integrity is compromised (i.e in dead cells). Such cell death 

therefore provides sufficient access to the nucleolar compartment to enable DNA binding, 

catalysing the production of a red fluorescent signal (25-fold enhancement) with an 

excitation/emission wavelength of 532 nm/625 nm. Consequently, with the above assay applied, 

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 of 2 μM Calcein-AM and 4 μM EthD-III was prepared 

according to manufacturer’s instructions. In short, stock solutions of 4 mM Calcein-AM and 2 

mM EthD-III were warmed to room temperature, of which 5 μL and 20 μL were respectively 

added to 10 mL PBS. The subsequent solution was vortexed, distributed into sufficient aliquots 

and stored at -20°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 

well round bottom plate containing 180 μL aliquots of working LIVE-DEAD solution. Scaffolds 

were then incubated in the dark for 30-45 minutes at room temperature before transfer onto glass 

slides. Using a confocal microscope (Leica DM6 CS), samples were observed using fluorescein 

isothiocyanate (FITC) (excitation filter: 465 – 495 nm, emission filter: 515 – 555 nm) and 

TexasRed® (excitation filter: 575–600 nm, emission filter: 510–585 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 the period after 

initial cell attachment, alamarBlue® 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 modifications.  

Specifically, this assay utilises a non-toxic non-fluorescent 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 functional capacity of actively metabolising cells to reduce the 

blue non-fluorescent resazurin compound into the highly fluorescent and diffusible red product 

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

using absorbance or 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 found. In contrast, non-viable, metabolically-deficient cells lose their hydrolysing 

capability, thus restricting successful resazurin conversion, leading to an overall loss of 

fluorescent signal.  

Consequently, this difference can be utilised effectively for the assessment 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 generate a working solution. 200 

μL was then added in triplicate to sample and controls within round bottom 96 well plates. The 
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samples were then incubated at 37°C, 5% CO2 for 4 hours before transfer of all sample 

supernatent (including blanks) into a black flat bottom 96 well plate. Additionally, a separate 

sample of alamarBlue working solution was autoclaved at 120°C for 15 minutes to produce a 

fully reduced positive control. Fluorescence intensity was then measured using a Varioscan Lux 

microplate reader with appropriate excitation and emission wavelengths set (540 nm/590 nm). 

Corrected fluorescence values were then generated using the formula below (Equation 2.1).  

 

 

 

2.2.8 Histological evaluation of agarose scaffolds 

2.2.8.1 General histological processing  

Agarose scaffolds were removed from culture medium, rinsed twice with Phosphate buffered 

saline (PBS) before being fixed in 10% Neutral buffered formalin (NBF) for 24 hours, inside 

individual plastic histology cassettes (Thermofisher Scientific). Upon sufficient fixation, cassettes 

were transferred to an automatic tissue processor where a pre-set programme was initiated. This 

included a graded series of alcoholic dehydration chambers (70% Ethanol – 2 hours, 90% 

methylated spirits – 2 hours, 100% methylated spirits - hours 100% methylated spirits – 1 hour, 

100% methylated spirits – 2 hours, 100% methylated spirits – 2 hours). This was then followed 

by 3 separate xylene washes (2 hours) to initiate clearance and finally a 2-step impregnation of 

molten paraffin wax (3 hours per 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 sectioned into 10 μM thick 

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, before being positioned onto a superfrost microscope slide (SLS). The 

sections were then placed overnight on a hot-plate 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 longitudinal plane of a cell seeded agarose scaffold. Sections 

generated using the methodology outlined in section 2.2.8.1 were initially placed in a slide rack 

before undergoing a common sequential H&E staining protocol. The samples were first de-

waxed in xylene (10 minutes – xylene I, 10 minutes – xylene II), then dehydrated in a graded 

sequence of ethanol chambers (3 minutes - 100% ethanol I, 2 minutes – 100% ethanol II, 2 

minutes – 100% ethanol III, 2 minutes – 70% ethanol), followed by a rehydration rinse step in 

% Reduction 

of 

AlamarBlue® 

= 

FI590 (test sample) – FI590 (untreated control) 

FI590 (Reduced sample) – FI590 (untreated control) 

x 100 2.1 
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tap water (3 minutes). The sections were next submerged in Mayer’s haematoxylin (Atom 

Scientific) for 1 minute, before a further rinse step in tap water. Sections were then transferred 

and submerged in Scott’s tap water (1X), followed by an additional rinse in tap water (3 minutes), 

before staining in 1% eosin solution (Eosin Y) for 3 minutes. Eosin was then removed in running 

tap water, dehydrated in an ethanol series (5 seconds - 70% ethanol, 1 minute – 100% ethanol 

IV, 2 minutes – 100% ethanol V, 3 minutes – 100% ethanol VI), and cleared in xylene (10 minutes 

– xylene III, 10 minutes – xylene IV). 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 

Restriction digests were performed according to manufacturer’s instructions with the 

consideration that under appropriate reaction conditions; complete cleavage of 1 μg DNA occurs 

per hour for every unit of enzyme applied. Where possible, restriction enzymes were purchased 

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 compatibility. Standard digests were set up in 20 μL 

systems as per Table 2.8.  

2.2.9.2 Agarose gel electrophoresis 

DNA products generated from restriction digests and/or PCR 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 rapid, sensitive and reliable DNA sample identification. Electrophoresis was 

performed on 1 wt% Medium-Low electroendosmosis (EEO) agarose (Acros Organics) gels in 

Table 2.8 (A & B) – Reaction systems for single and double restriction digests of plasmid DNA. 

                                                          

Single Restriction Digest  Double Restriction Digest 

pDNA 1 μg pDNA 1 μg 

Enzyme Buffer 

(1X) 
2 μL Enzyme Buffer (1X) 2 μL 

Enzyme 0.5 μL Enzyme-1 0.5 μL 

ddH2O N/A Enzyme-2 0.5 μL 

TOTAL 20 μL 
ddH2O N/A 

TOTAL 20 μL 
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1X TAE (Tris base, glacial acetic acid, EDTA) buffer. Working buffer (1X TAE) was produced 

by diluting 50X TAE stock buffer (Table 2.9 A) 1 in 50 in distilled water. DNA staining was 

carried out using 0.5X SYBR® safe DNA gel stain (Invitrogen). Gels of 7x7cm were cast and 

run in a Mini-Sub Cell GT Cell (BioRad) horizontal electrophoresis system capable of relaying a 

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

(Bromophenol Blue gel loading buffer (Table 2.9 B). DNA bands were distinguished using a Gel-

Doc (UVP, Germany) via UV-illumination & SYBR Green filters. The resulting gel images were 

then saved for documentation 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-

weighted 1.5 mL Eppendorf tube. The Promega Wizard SV Gel & PCR Clean-Up System was 

then used for subsequent purification, following manufacturer’s instructions.  

2.2.9.4 DNA purification methods 

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

precipitation methods were applied. Chloroform extraction involved initially the addition of 1:1 

volume of chloroform to the DNA solution. The mixture was then vortexed and subsequently 

centrifuged (13,000 rpm, 5 minutes). The upper DNA layer was carefully separated from the 

chloroform and placed in a new 1.5 mL Eppendorf tube. Ethanol precipitation involved firstly 

the addition of 1/10 3M Sodium Acetate followed by 2.5X volume ice-cold 100% Ethanol. The 

mixture was thoroughly vortexed before overnight incubation at -70°C. The precipitated solution 

was placed in a centrifuge (13000 rpm, 10 minutes) and the resulting pellet was washed twice 

with ice-cold 70% Ethanol. The pellet was then left to air-dry before reconstitution in nuclease-

free water.  

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

                                                           

50X TAE Buffer Composition  6X BPB Gel Loading Buffer 

Tris-base 242 g Bromophenol Blue 0.025% 

Glacial Acetic 

Acid 
57.1 mL 

 
Glycerol 30% 

0.5M EDTA (pH 

8) 
100 mL ddH2O 70% 

ddH2O N/A  

TOTAL 1000 mL 
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2.2.9.5 Restriction enzyme mediated ligation (T4 DNA Ligase) 

Post extraction and purification, downstream restriction digest DNA products were ligated with 

pre-cut plasmids in a total volume of 10 μL at 4°C overnight using T4 DNA ligase (Roche 

Diagnostics GmbH; Mannheim, Germany) (Table 2.10). Concentrations of fragments were 

calculated using a nanodrop spectrophotometer and as a consequence a ratio of 1:3 (25ng:75ng) 

vector:insert was generated within the ligation system. Post digest, T4 DNA ligase was inactivated 

via incubation at 65°C for 20 minutes. 

 

 

 

 

 

 

 

2.2.9.6 Culture of E.coli TOP10 

E.coli TOP10 was grown at 37°C using liquid Luria Bertani Broth medium (LB, Table 2.11 A) 

or on LB-agar plates (Table 2.11 B). The active resistance markers for selection of positively 

transformed colonies was the Ampicillin resistance gene (TEM-1 β-lactamase, bla) or Kanamycin 

resistance gene (Neomycin phosphotransferase II, NPT II/Neo) respectively. Working 

concentrations of both antibiotics in liquid and solid media was 50 μg/mL. In the case of the 

liquid-LB media, an appropriate volume of antibiotic stock solution was added before E.coli 

inoculation, whilst the LB-agar plates were infused with stock antibiotic pre-casting.  

T4 DNA Ligase Reaction System 

T4 DNA Ligase 

Buffer (1X) 
1 μL 

Insert (3X) 75 ng 

Vector (1X) 25 ng 

T4 DNA Ligase  

(5U/μL) 
1 μL 

ddH2O N/A 

TOTAL 10 μL 

Table 2.10 – T4 DNA ligase reaction system for downstream restriction digest and PCR products. 
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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 (OD) OD600 = 0.4, using a shaking incubator (37°C, 

250 rpm). The cells were transferred to a 50 mL polypropylene centrifuge tube and kept on ice 

for 10 minutes before centrifugation at 4000 rpm for 10 minutes (4°C). After aspiration of the 

supernatant, the bacterial pellet was reconstituted in 30 mL ice-cold 80 mM MgCl2 20 mM CaCl2 

ddH2O solution. After a further 10 minute centrifugation step (4000 rpm, 4°C), the pellet was re-

suspended in 2 mL of ice-cold 100 mM CaCl2 10% glycerol ddH2O solution. This competent 

E.coli TOP10 mixture was then separated into 100 µL aliquots and snap-frozen in liquid 

Nitrogen. Transformation capable stocks were stored at -70°C ready for use. 

2.2.9.8  Transformation of E.coli TOP10    

30 μL competent E.coli TOP10 was mixed with 5 μL ligation products (as generated in section 

2.2.9.5), and incubated on ice for 30 minutes. The transformation mixture was then exposed to 

heat shock treatment (42°C, 45 seconds) before being immediately cooled on ice for a further 2 

minutes. A further 50 μL super optimal medium with catabolic repressor (SOC) medium was 

then added and the bacteria transferred to a shaking incubator (37°C, 250 rpm) for 45 minutes, 

allowing outgrowth and production of antibiotic resistance proteins (Table 2.12). The cells (25 

μL) were plated on LB-agar plates containing the applicable antibiotic, as shown in the vector 

maps in section 2.1.5, and incubated overnight. Individually distinct colonies were picked and 

separately re-suspended in 5 mL LB-media as per overnight culture protocols illustrated in 

section 2.2.9.6. 

 

 

 

 

Table 2.11 (A & B) – Composition of Luria-Bertani liquid broth and Luria-Bertani-agar mix. 

                                                                   

LB Medium 
 

LB-Agar 

Tryptone 10 g Tryptone 10 g 

Yeast Extract 5 g 
Yeast Extract 5 g 

NaCl 10 g 

NaCl 10 g Agar 15 g 

ddH2O 1000 mL ddH2O 1000 mL 
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Table 2.12 – Composition of SOC medium. 

 

 

 

 

 

 

2.2.9.9  Minipreparation and maxipreparation of plasmid DNA 

Minipreparation of plasmid DNA was performed using the Promega Wizard® SV 

minipreparation kit (Promega, Madison, WI, USA) according to manufacturer’s guidelines. 

Overnight cultures were formulated with an antibiotic working concentration of 80 μg/μL. Pure 

plasmid DNA was eluted with 50 μL nuclease-free ddH2O and stored at -20°C. 

Maxipreparation of plasmid DNA was performed using the Qiagen EndoFree Plasmid Maxi kit 

(Qiagen, Hilden, Germany) according to manufacturer’s instructions. Pure plasmid DNA was 

eluted using 500 μL ddH2O and stored at -20°C. 

For determination of DNA concentrations, a spectrophotometer (nanodrop) was used. A260/280 

measurements (with a A260 conversion factor of 1.0 for 50 μg/mL DNA) provided accurate 

quantification of DNA samples, whereby A260 ≥ 1.8 was considered the baseline for DNA purity 

with negligible protein contamination.  

2.2.9.10 T7 DNA Polymerase Digestion 

A typical exonuclease digestion reaction involving T7 DNA polymerase (New England Biolabs, 

England) generally utilised a 40 μL system as shown in Table 2.13, specifically utilising its high 3’ 

– 5’ exonuclease activity. After the mixing of the DNA/oligonucleotide material with the enzyme, 

the mixture was incubated for 60 minutes and 37°C during which digestion occurred. For enzyme 

inactivation, a second incubation step was performed at 75°C for 30 minutes. 

 

 

 

 

SOC Medium 

Tryptone 2% 

Yeast Extract 0.5% 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

Glucose 20 mM 
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Table 2.13 – T7 DNA polymerase reaction system for exonuclease mediated double stranded 
DNA digestion. 

 

 

 

 

 

 

 

 

2.2.9.11 Polymerase Chain Reaction (PCR) 

All PCR reactions were performed using a 5Prime Thermocycler (Techne, Bibby Scientific, UK). 

KOD is a recombinant form of Thermococcus kodakaraensis KOD1 DNA Polymerase with 3’-5’ 

exonuclease-dependent proof-reading capability. In comparison to standard Taq polymerase, 

KOD maintains 2X faster extension speeds, thus producing blunt ended PCR products in a 

shorter overall reaction time. KOD Polymerase PCR amplification adhered to manufacturer’s 

instructions with minor modifications.  

 

 

 

 

 

 

 

 

 

 

T7 DNA Polymerase Reaction 

System 

DNA Sample 2.5 or 5 μg DNA 

T7 DNA 

polymerase  

(10U/μL) 

1 μL 

T4 DNA Ligase 

Buffer (1X) 
4 μL 

ddH2O N/A 

TOTAL 40 μL 
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Briefly, enzyme activation (removal of dual anti-KOD blocking antibodies) and DNA 

denaturation steps were performed at 95°C for 2 minutes and/or 20 seconds respectively. 5-10 

ng template DNA was used per 50 μL PCR system. Elongation and extension times were tailored 

according to specific primer Tm and expected PCR product length. The annealing and melting 

temperatures of each employed primer was calculated using AmplifyX software. For improved 

amplification in GC-rich target sequences, organic enhancer additives, such as DMSO, were 

 

Component Volume Final Conc 

10X Buffer (for KOD Hot Start 

DNA Pol) 

5 μL 1X 

25mM MgSO4 3 μL 1.5 mM  

dNTPs (2 mM each) 5 μL 0.2 mM 

PCR Grade Water N/A N/A 

Enhancer/DMSO 5 μL 5% 

Sense (5’) Primer – 10μM 

(10pmol/μL) 

1.5 μL 0.3 μM 

Anti-sense (3’) Primer – 10μM 

(10pmol/μL) 

1.5 μL 0.3 μM 

KOD Hot Start DNA Polymerase 

(1.0U/μL) 

1.0 μL 0.02U/μL 

Template DNA  5-10ng N/A 

TOTAL VOLUME 50 μL  

 

 

Target Size 

Step <500bp 500-100bp 1000-3000bp >3000bp 

1. Polymerase 
Activation 

95°C for 2mins 95°C for 2mins 95°C for 2mins 95°C for 2mins 

2. Denaturation 95°C for 

20secs 

95°C for 

20secs 

95°C for 

20secs 

95°C for 

20secs 

3. Annealing [Lowest Primer Tm]°C for 10secs 

4. Extension 70°C for 

10s/kb 

70°C for 

15s/kb 

70°C for 

20s/kb 

70°C for 

25s/kb 

Repeat steps 2-4 20-40 cycles 

 

Table 2.14 (A & B) – KOD Hot Start Polymerase PCR amplification reaction system and cycling 
parameters. s/kb = seconds per kilobase). 
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incorporated in the PCR system. Table 2.14 A & B illustrate the universal PCR parameters applied 

in this study.  

2.2.9.12 Ligation independent cloning 

Ligation independent cloning (LIC) relies on the employment of long complimentary overhang 

sequences between adjacent PCR fragments, enabling stable association and vector 

transformation without ligation. Successful fragment-fragment fusion requires DNA base 

overhangs of between 12-25 bp often generated by T4 DNA polymerase. Alternatively, several 

highly flexible and established commercial LIC kits exist which seamlessly clone multiple DNA 

fragments together, forming gene expression vectors.  

NEBuilder HiFi DNA Assembly Cloning Kit (#E5520) (New England Biolabs; Hitchin, 

England) enables high fidelity assembly of multiple DNA fragments using a one-step enzyme 

master mix, resulting in a fully-sealed double stranded DNA molecule capable of a multitude of 

downstream molecular biology applications.  

The NEBuilder HiFi DNA assembly reaction protocol was followed as per manufacturer’s 

instructions (Table 2.15). For a 2-3 fragment assembly system, a total of 0.03-0.2pmol DNA was 

used. The following formula was used to calculate DNA concentration: Picomoles = (weight 

(ng)) x 1000 / (base pairs x 650Da)).  

 

 

 

 

 

 

 

Samples were placed in a thermocycler and incubated at 50°C for 15 minutes (2-3 DNA 

fragments) or 60 minutes (4-6 DNA fragments). The resulting DNA mixture was stored at -20°C 

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 which 2 μL DNA mixture was added. The 

tube was placed on ice for 30 minutes, heat shocked (42°C, 30seconds), before a further 2 minute 

incubation on ice. 950 μL room temperature SOC media was then added allowing for bacterial 

Table 2.15 – General NEB HiFi DNA Assembly cloning system for 2-3 or 4-6 DNA fragments. 

Recommended Amount of fragments used for HiFi DNA Assembly  

 2-3 Fragment 

Assembly  

4-6 Fragment 

Assembly  

NEB Positive 

Control 

Recommended DNA 

Molar Ratio 

Vector:Insert = 1:2 Vector:Insert = 

1:1 

 

Total amounts of 

Fragments  

0.03-0.2pmols  0.2-0.5pmols  10 μL 

NEBuilder HiFi DNA 

Assembly Master Mix 

10 μL 10 μL 10 μL 

Deionised H2O  N/A  N/A 0 

Total Volume 20 μL 20 μL 20 μL 
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amplification in a shaking incubator (37°C, 250 rpm) over a duration of 60 minutes. 100 μL cell 

suspension was plated on LB-agar plates containing the applicable antibiotic, and incubated 

overnight. Overnight cultures were produced containing individually selected bacterial colonies 

from the aforementioned plate (80 μg/μL antibiotic working concentration). 

2.2.10 Methods of transient cellular transfection   

Two reporter expression vectors were either purchased or formulated in-house in order to 

evaluate successful transfection of both 2D and 3D gene delivery systems. This includes pCAG-

eGFP (GeneWiz®, Germany) (Figure 2.1) as a qualitative fluorescence based reporter expression 

system and pCAG-Met-Luc2 (in-house) (Figure 2.2) as a quantitative luminescence 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% confluency under phase contrast microscopy. 

2.2.10.1 Calcium phosphate mediated transfection (Basic co-precipitation) 

Transfection capable pDNA-Calcium phosphate nanoparticle complexes were formed via the 

co-precipitation method, whereby sequential additions of pDNA, CaCl2 and HEPES take place 

in solution, as per Figure 2.8.  

 

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

Specifically, a plasmid solution (of the desired concentration) was first added to a 250 mM CaCl2-

0.1X TE buffer solution and vigorously mixed. An equal amount of phosphate containing 2X 

HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) (140 mM NaCl, 1.5 mM 

Na2HPO4, 50 mM HEPES, pH 7.05) was then subsequently added and immediately mixed using 

repetitive pipetting techniques, to form a heterogeneous nanoparticle transfection mixture. This 

final transfection solution was then added to appropriate wells containing a semi-confluent cell 
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monolayer population, at a dilution equivalent to 1/10th total culture volume, before incubation 

for 4 hours (37°C, 5% CO2). Upon completion, appropriate 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 complete medium. All transfected culture plates were then further 

incubated under standard conditions before performance of a transfection assay at the desired 

timepoint.  

2.2.10.2 Polyethylenimine mediated transfection 

 Based on previously established work, the transfection capability and effectiveness of formulated 

PEI polyplexes varies according to its cationic character – which is a function of the amount of 

PEI polymer initially applied to a plasmid solution. This characteristic 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 solution, and 3 nmol of phosphorous is present per 

microgram of double stranded DNA, the following equation was formulated to ascertain N/P 

ratios for each polyplex (Equation 2.2).  

 

Polyplexes were subsequently prepared as per Figure 2.9. Briefly, pDNA (of the desired 

concentration) was added to a specified volume of serum-free media, generating solution X. A 

specific volume of PEI solution (1 μg/μL) (solution Y) was then added, using repeated pipette 

mixing techniques, before a 15 minute incubation period, at rest. The resulting polyplexes were 

then added to appropriate wells containing a semi-confluent cell monolayer population, at a 

dilution equivalent to 1/10th total culture volume, before incubation for 4 hours (37°C, 5% CO2). 

Following this, all wells were directly media changed with complete medium, then re-cultured 

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

timepoint. 

N/P =  
(μL PEI working solution) x 23.2 mM Nitrogen Residue 

(μg plasmid DNA) x 3 nM Phosphate 

2.2 
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2.2.10.3 Lipofectamine mediated transfection 

Briefly, a plasmid solution (of the desired concentration) was first added to a 50 μL volume of 

serum free media. In tandem, a 2 μL volume of Lipofectamine™ 2000 (Life Technologies) was 

then separately added to a further 50 μL volume of serum free media, before a 5 minute 

incubation. After this period, the diluted DNA and lipofectamine solutions were combined, 

gently mixed using repeated pipette mixing techniques and then incubated again (for 20 minutes 

at room temperature). The entire DNA-lipid solution (100 μL) was then added to each well 

containing cells and growth medium (500 μL) and incubated for 4 hours. Upon completion, 

appropriate wells were directly media changed with complete medium and subsequently re-

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

desired timepoint. 

2.2.11 Assessment of cellular transfection 

2.2.11.1 Qualitative assessment of transfection 

Successful transfection of a fluorescent reporter plasmid vector such as pCAG-d2-eGFP was 

visually assessed using fluorescent microscopy in combination with CLSM techniques. 

2.2.11.1.1 2D 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 based optics – including GFP detection channels 

(excitation filter: 488 nm, emission filter: 509 nm). Images were captured using LAS X Leica 

software at different cell monolayer locations – providing a detailed picture of transfection 

mediated fluorescence.  

Figure 2.9 – Simplified mechanism of PEI polyplex mediated transfection of 2D cell monolayers 
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2.2.11.1.2 3D Scaffold systems 

Fluorescent microscopy techniques were similarly applied for the evaluation of scaffold based 

3D transfection, with modifications. Briefly, seeded scaffolds were transferred to a 96 well plate, 

rinsed twice with PBS, followed by a 1 hour fixation step in 10% NBF, then PBS washed again 

removing any residual fixative. A working 4′,6-diamidino-2-phenylindole (DAPI) solution was 

then formulated (0.5 μg/mL in PBS) and applied as 180 μL aliquot to each scaffold for 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 fluorescence parameters to allow simultaneous capture of both the 

cytosolic GFP and nucleolar DAPI expression. DAPI detection channel: excitation filter: 358 

nm, emission filter: 461 nm. 

2.2.11.2 Quantitative assessment of transfection 

Successful transfection was also assessed through the use of a luciferase reporter assay – a 

commonly used tool to study gene expression at the transcriptional level. In contrast to the 

expensive and time-consuming fluorescence-based detection methods, luciferase assays are a 

more convenient and inexpensive method which most significantly can produce high throughput 

quantitative 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 are oxidised to release energy in 

the form of light. Upon examination of species in which this occurs, such as Photinus pyralis (North 

American firefly) and Metridia longa (marine copepod), the exact reactions could be characterised 

into two types; those catalysed by non-secreted luciferases or those catalysed by secreted 

luciferases (Figure 2.10). 

 

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

isolate the individual components in the hope of repurposing for use as a luminescence reporter 

system. Recent examples include the non-secreted firefly Luciferase Assay System (Promega) and 

Ready-To-Glow Secreted Luciferase Reporter Assay (TaKaRa, California, USA), which both 

Figure 2.10 – Naturally occurring bioluminescence reactions found in the Photinus pyralis (North 
American firefly) and Metridia longa (marine copepod) species. 
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comprise of an expression vector encoding a luciferase reporter gene, and a reagent or substrate 

which upon chemical reaction with luciferase produces light as a measureable by-product. 

Crucially, both assays rely on the principle that the intensity of the light produced is directly 

proportional to the amount of successfully expressed luciferase enzyme within cells. As such, the 

overall gene expression efficiency of transfection capable payloads can be assessed.  

Due to the destructive nature of non-secreted luciferase assays (cell lysis step required), a secreted 

luciferase assay 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 time-points, more effectively illustrating the overall gene 

expression profile.  

An in-house Secreted Metridia Luciferase Assay or Met-Luc Assay was therefore developed 

utilising the pCAG-MetLuc2 vector system, notably containing the gene insert encoding Metridia 

Luciferase. 

2.2.11.2.1 2D Cell monolayer systems 

In order to standardise transfection efficiency, cell culture media was always exchanged 24 hours 

prior to performance of Met-Luc assay. The assay substrate Coelenterazine (Promega) was 

subsequently reconstituted in acidified methanol (1 drop conc. HCl in 10 mL Methanol) to 

generate a 5mg/mL stock substrate solution. A 50 μL transfected 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 Maxisorp optiplate (PerkinElmer)) in preparation for luminescence assay. 10 μL 

working coelenterazine solution (1:500 dilution in sterile PBS) was then added to each well, gently 

mixed before incubation over a 30 minute period in the dark. Then, using a luminometer 

microplate reader, light signals for each sample well were measured. Using the values generated 

from negative control samples (cell only without luciferase), final test readings were equated and 

illustrated as Fold Luminescence over negative control.  

2.2.11.2.2 3D Scaffold systems 

The Met-Luc assay protocol outlined in section 2.2.11.2.1 was subsequently applied with ease to 

scaffold mediated transfection cultures with only few modifications required. As such, in order 

to again maintain standardised luminescence readings across multiple timepoints, cell seeded 

scaffolds, on each day preceding the Met-Luc assay, were now transferred to wells of a new round 

bottom 96 well plate - also containing 200 μL fresh culture media. Then, on the day of assay 

performance, 50 μL transfected cell media sample was transferred to a well of a 96 well Maxisorp 

plate in preparation for luminescence assay. The identical protocol as described in section 

2.2.11.2.1 was then followed from this point until completion.  
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2.2.12 Data analysis 

2.2.12.1 Statistical analysis 

Statistical analysis was performed 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 stage-1, numerical data (containing groups less than 8) was evaluated in terms of 

normality, with the Shapiro-Wilk normality test being utilised specifically to confirm Gaussian 

distribution. In stage-2, the means of each group within a dataset was compared. In the case of 

the comparison of normally distributed data with only two means (i.e 2 groups), an unpaired 

Student’s t-test was used. For data where two means were compared and the data was not 

normally distributed, a Mann-Whitney U test was used. Furthermore, in the case of the 

comparison of normally distributed data with multiple means (i.e. greater than 2 groups), an 

ordinary one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test was 

used. Finally, in the case of the comparison of not normally distributed data with multiple means, 

a Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test was used. 

In all comparison tests performed in stage-2, statistical significance was taken at P < 0.05 and 

was denoted graphically with a single * symbol either directly above the bar chart (showing 

significance in comparison to the negative control) or using connector lines (showing significance 

between non-control groups). Additional significance levels were taken at P < 0.01, < 0.001, < 

0.0001 and were denoted by **, ***, **** symbols respectively. In the context of this thesis, a P 

value below the 0.05 threshold indicated that the observed difference between a particular set of 

means was unlikely to have occurred by chance alone (i.e. a real effect or difference was likely 

present). If no significant difference was observed between a particular set of means, the graph 

was left unlabelled or in some cases was denoted by a “ns” symbol.  
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 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 chapter 1, for osteochondral tissue engineering (OCTE) approaches to 

be successful, a 3D biomaterial must be fabricated which possesses physical and biomechanical 

attributes which resembles that identified within native osteochondral tissue (Berthiaume et 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 differentiation. 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 (inherent pore sizes between 100 μm – 300 μm) with high degrees of 

porosity and mechanical stability (Lee et al., 2018).  

Agarose hydrogels on the other hand are repeating unit polysaccharide systems containing dense 

networks of polymers with absorbed water and nanosized pores (300-500 nm), the latter of which 

has been shown to hinder a large proportion of the previously stated cellular processes (Hoffman, 

2012; Li et al., 2018).  To rectify this, various fabrication strategies can be employed which can 

adjust agarose hydrogel 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 casting, particle leaching and 

freeze-drying (Annabi et al., 2010). Of these selected methods, freeze-drying is considered most 

popular on account of its ability to convert hydrogel (i.e. agarose) systems into heterogeneous 

macro-microporous materials with high speed, high reliability, at relatively low cost (equipment 

includes standard -80°C freezer and benchtop freeze drying system) (Mirtaghavi et al., 2020). 

Furthermore, the freeze-drying process is also considered simple and straightforward with no 

specialist skillset required.  

The freeze-drying process, also known as lyophilisation, is a well-established technique 

extensively employed in the tissue engineering, drug and food packaging industries. It intricately 

follows a three-stage methodology that encompasses sequential freezing and drying steps. In the 

initial stage, a liquid-containing material, such as a hydrogel, undergoes controlled cooling under 

freezing conditions, transforming it into a solid 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 material, be it in solid or liquid form, in a process known as secondary drying. Notably, the 
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last two steps transpire concurrently at different locations within the sample (Flink et al., 2002; 

Nowak & Jakubczyk, 2020). 

As shown in previous works from our group (Figure 1.19 B and C), a simple freeze-drying 

procedure could induce the macro/microporous conversion of 1 wt% agarose GAM hydrogels 

into porous agarose scaffolds. Unfortunately, this early data as well as other similar papers 

showed that lower polymer percentage hydrogels (≤ 1 wt%) were highly susceptible to 

lyophilisation associated phenomena such as bulk surface area shrinkage and structural chain 

collapse. Significantly, literary reports have attributed this to firstly the high overall water content 

found within these hydrogels, of which a substantial portion is removed during lyophilisation, 

and secondly, due to ice-crystal mediated weakening of agarose fibre architectures, resulting in 

significant collapse upon ice sublimation (Guastaferro et al., 2021). As a result, low weight 

percentage agarose scaffold products commonly display physical and mechanical imperfections 

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 percentage of the synthesised hydrogel (i.e ≥ 3 wt%). As 

shown by Guastaferro et al, this 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 robust macrostructure is preserved as the damaging effects of high ice-crystal 

volumes and crystal growth are substantially restricted (Guastaferro et al., 2021). 

Despite acting as a potentially beneficial solution in the context of freeze-drying and scaffold 

preservation, it must however be considered that the increase in agarose percentage may 

detrimentally alter several physical properties of the agarose scaffolds ultimately produced 

(Guastaferro et al., 2021). As literature specifically purports an inverse association between 

agarose percentage and hydrogel pore size/porosity (Narayanan et al., 2005), if this solution were 

to be applied, an effective working relationship would likely need to be established across the 

three stated variables (agarose percentage, detrimental freeze-drying effects, final pore size and 

porosity), thus facilitating the production of an effective osteochondral agarose scaffold 

biomaterial with properties which crucially fall within the previously described optimal clinical 

remits. 

An additional factor that must also be considered is that alterations to agarose percentage will 

result in the requirement for a re-validated F-AGE-1 spatial patterning procedure. Firstly to 

account for the established fact that plasmid DNA migrates more slowly in higher percentage 

agarose gels thus rendering the previously optimised F-AGE-1 DNA loading and co-localisation 

methods inadequate (Yılmaz et al., 2012). Secondly, as illustrated by (Kamitakahara et al., 2012)  

(Section 1.8.3.1), 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% proof-of-concept data. This specific area however was the focus of an aligned PhD 

project within the Feichtinger research group (Daniel White, PhD student).  

Ultimately, for the purpose of this PhD project and the formation of an osteochondral GAM 

system, a functional and structurally stable porous scaffold biomaterial was considered essential 

and thus this first chapter will seek to explore how this could be achieved. Additionally, this 

project will also explore for the first time the incorporation of either Fibronectin and PEI into 

the in-situ Feichtinger patterning system.  In 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 would be tested as a possible 

alternative gene delivery vehicle to CaP, a decision taken as a result of its excellent reported 

cellular transfection ability across multiple cell types and its strong cationic character (Hall et al., 

2017).  
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3.2 Specific materials & methods 

3.2.1 Physical characterisation of freeze-dried agarose scaffolds  

To elucidate the structural effects of firstly; the freeze-drying 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 scaffold architecture (including pore structure and size) in 3D (via scanning electron 

microscopy) and 2D (via histological analysis/tissue sectioning).  

3.2.1.1 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used as an important tool to assess the 3D topography 

of fabricated agarose scaffolds, utilising its specific capability to examine closely the surface 

structures of samples, both at a gross scale as well as at sub-micrometre resolutions.  

3.2.1.1.1 Determination of microarchitecture of agarose Scaffolds  

Individual 15 x 15 cm 1 wt% and 3 wt% agarose hydrogel slabs were first fabricated using the 

protocol set out in section 2.2.2.1.2. Using the in-house designed hydrogel excision tool, 

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 freeze-drying procedure, as stated in section 2.2.3, resulting in the bulk 

transformation of agarose hydrogels into porous scaffolds. From this point on agarose scaffolds 

were termed either 1%-Blank 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 

transferred 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 magnifications enabling visual 

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 pressure conditions. 

3.2.1.2 2D histology of agarose Scaffolds 

To further evaluate pore size characteristics of agarose scaffolds of varying percentage, 1%-Blank 

and 3%-Blank scaffolds were once again manufactured and then evaluated using simple two-

dimensional histological analysis. Through gross evaluation of 2D sections, agarose scaffold pore 

structure and size was qualitatively and semi-quantitatively 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 group) were histologically fixed, processed 

and sectioned as described in section 2.2.8.1. For each of the three scaffolds per group, a single 

section (n=1) was taken from its “middle” geometic portion (at approximately 2000-3000 µm). 

H&E staining, as per section 2.2.8.2, was then used to stain the agarose fibres, thus distinguishing 

and enhancing the aforementioned 2D pore structure. Images were captured using a light 

microscope, in tandem with Zeiss image processing 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 

Figure 3.1. For each scaffold section imaged (n=1), all pores were measured and the mean pore 

size calculated. 

 

 

 

 

 

 

 

 

 

 

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

Based on the outcomes of experiments outlined in section 3.2.1, the F-AGE-1 methodology was 

validated for 3 wt% agarose hydrogels.  

This validation process was divided into three incremental stages. Stage-1 consisted of the 

synthesis and characterisation of in-situ CaP nanoparticle precipitates within 3 wt% agarose 

scaffolds, using the F-AGE-1 method. In this stage, the birds-eye view location or “distance” of 

the precipitate within the agarose gel was measured to allow for future DNA co-localisation. 

Then, using these precipitate containing gels, the CaP nanoparticles were imaged via SEM (work 

performed by Daniel White, Dr Feichtinger supervised PhD student). In stage-2, the 

Figure 3.1 – The data extraction process for mean pore size of 2D histologically processed and 
stained agarose scaffolds. The 200 μm scale bar was incorporated into the WebPlotDigitizer software 
prior to measurements. 
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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 specifically noted. Finally, in stage-3, the entire F-AGE-

1 method was performed with co-localisation being confirmed via gel imaging.  

For all experimental studies illustrated below, maxipreparations of the pCAG-d2-eGFP plasmid 

vector was utilised for all nucleic acid master stock solutions. 

3.2.2.1 Stage-1: F-AGE-1 mediated CaP synthesis  

Briefly, this included the formulation of 3 wt% agarose hydrogels which contained supersaturated 

levels of a salt precursor (i.e - PO4
3-), to which subsequent introduction of a cationic species (i.e. 

Ca2+) via electrophoresis was tested specifically for its ability to induce spontaneous crystallisation 

and precipitation within the agarose gel (The F-AGE-1 Feichtinger core concept).  

The detailed experimental procedure used in this validation study is illustrated below in Table 

3.1. Each CaCl2 master stock solution was loaded sequentially in a horizontal fashion (n=3) along 

a single agarose gel row. 

After completion of the F-AGE-1 gel loading procedure, the agarose gels were immediately 

imaged using firstly a digital camera and then a BioSpectrum® 810 imaging system (UVP, 

Germany) (set to image using the UV-trans-illumination 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 was measured. From this initial value, the “well thickness” (2 mm) 

was then subtracted away, providing a final distance measurement.  

Table 3.1 – Experimental procedure for the synthesis of CaP precipitates within an agarose gel, 

specifically using the F-AGE-1 approach. 

 
Brief method 

description 

Specific materials 

required 

Product of 

each step 

Detailed 

Protocol 

Location 

Step 1 

Formulate F-AGE-1 

nanoparticle master stock 

loading solutions (enough 

for 60 runs) 

500 mM CaCl2, 30% 

Glycerol, ddH2O 

1500 μL CaCl2 

master stock 

loading solutions 

(0mM-225mM) 

2.2.2.1.1 

Step 2 

Generate concentrated F-

AGE-1 buffer solution 

(Buffer A) 

500 mM HEPES, 15 mM 

Na2HPO4, ddH2O 

1000 mL 

concentrated 

Buffer A 

2.2.2.1.2 

Step 3 

1 in 20 dilution of 

concentrated Buffer A 

solution to generate 

working/running solution 

ddH2O 
2000 mL working 

Buffer A 
2.2.2.1.2 
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3.2.2.1.1 CaP precipitate characterisation 

SEM imaging was also used for the characterisation of CaP nanoparticle precipitates, formulated 

using the F-AGE-1 electrophoretic loading method. Specifically, using micron and sub-micron 

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

nanoparticles within powderised 3 wt% agarose scaffolds. 

This study was carried out by Daniel White (PhD student, University of Leeds) who contributed 

to experimental performance and analysis. This study followed directly on from the experiment 

above, whereby post-imaging, the 0 mM CaCl2 and 225mM CaCl2 precipitates were excised using 

the gel excision protocol (section 2.2.2.1.4) before undergoing a freeze-drying process (section 

2.2.3). After freeze-drying, the scaffolds were then powderised with a small pestle and mortar 

before being transferred to a 1.5 mL Eppendorf tube. A small proportion of the agarose 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 section 3.2.1.1.1, specifically using the dual secondary electron (SE) detector modality. 

3.2.2.2 Stage-2: pDNA and fibronectin electrophoretic mobility 

 To ensure proximal co-localisation 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 the F-AGE-1 proof-of-concept investigations, 

it was purported by this author that due to its negative charge, its electrophoretic mobility and its 

Step 4 

Generate 15 x 15 3 wt% 

agarose gel (with SYBR 

SAFE DNA stain, 1 in 

10,000) 

Working Buffer A, ddH2O, 

SeaKem LE agarose powder, 

SYBR SAFE, in-house gel 

tray, in-house comb inserts 

Solidified agarose 

gel used for 

payload patterning 

2.2.2.1.2 

Step 5 

Equilibrate agarose gel with 

running Buffer A within 

Sub-Cell GT electrophoresis 

tank 

3 wt% agarose gel, 1800 μL 

working Buffer A, Sub-Cell 

GT electrophoresis tank 

equilibrated 

agarose gel ready 

for loading 

2.2.2.1.3 

Step 6 

Performance of the F-AGE-

1 gel loading procedure 

specifically starting at “stage 

3” 

CaCl2 master stock loading 

solutions (0mM-225mM), 

Sub-Cell GT electrophoresis 

tank, PowerPak 300 

Confined 

crystallisation of 

CaP nanoparticles  

2.2.2.1.3 

Step 7 

Image capture of CaP 

nanoparticle precipitates 

within agarose gels 

(photographic and UV-trans-

illumination) 

Standard digital camera, 

BioSpectrum 810 imaging 

system 

Visual analysis of 

CaP precipitates 

including distance 

of precipitates 

from loading well 

2.2.2.1.3 
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usefulness as a cell adhesion enhancer, its presence in combination with pDNA (as a bioconjugate 

pair) may have a positive enhancing effect to the final GAM system (Hsiao et al., 2017; Musante 

et al., 1998). Its basic protein structure can be found in Figure 3.2. 

 

This study specifically included 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 

previously to estimate pDNA migration distance in a variety of agarose gel formulations were 

utilised to good effect (Figure 3.3). Given the location of the F-AGE-1 CaP precipitates, an 

electrophoresis time of 5 minutes was used and analysed initially for this experiment.  

 

Figure 3.3 – Distance versus time graph for pDNA migration in 1 – 3 wt% agarose gels, at a 
constant voltage (300V) 

Figure 3.2 – Diagrammatic representation of a bovine fibronectin protein (440KDa dimer). 
Bovine FN possesses a net charge of -42.0 at pH 7.  
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Experimentally, steps 1-7 stated in the above table (Table 3.1) were repeated with minor 

modifications. This included; the preparation and subsequent loading of all DNA and FN master 

stock loading solutions (as per Table 2.2, Section 2.2.2.1.1). Upon gel loading, the master stock 

loading solutions were pipetted into five wells (n=1) in a horizontal fashion.  

During performance of the F-AGE-1 gel patterning procedure (Section 2.2.2.1.3), only stages 1 

and 2 of the protocol were executed before subsequent image analysis. Resulting DNA bands 

were imaged through exposure to UV-trans-illumination with SYBR Green filter, with specific 

measurements then taken regarding the distance between the midpoint of the DNA or FN band 

and the end of the loading well.  

3.2.2.3 Stage-3: DNA-CaP co-localisation using F-AGE-1 methodology 

Using the results from the above pDNA/FN loading optimisation procedure, the F-AGE-1 

process outlined in section 2.2.2.1 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 CaCl2 master mix loading solutions were formulated prior to gel 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 

CaCl2 master mix only (n=3 per group).  

The resulting precipitates and band patterns were assessed once all electrophoresis steps were 

performed, using the same techniques stated in sections 3.2.2.1 and 3.2.2.2. 

3.2.3 Creation of a F-AGE method for PEI electrophoretic patterning  

Due to the widely successful application of cationic PEI polymers as transfection vehicles for 

non-viral vector gene delivery, 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 co-localisation in confinement (Boussif et al., 1995; Ding et al., 2022; 

Zakeri et al., 2018). As linear PEI contains a high positive charge density (protonated amine 

functional groups), it was hypothesised that comparable electrophoretic mediated spatial control 

(to that previously identified with inorganic metal cations) could also be achieved within similar 

agarose hydrogels, leading to proximal pDNA and PEI polyelectrolyte co-localisation and the 

possible formation of polyplexes.  

By utilising fundamental concepts from both F-AGE-1 and Kamitakahara electrophoretic 

nanoparticle synthesis methods (Kamitakahara et al., 2012), proof-of-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 the in-situ formation of polyplexes. 

3.2.3.1 Stage-1: 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 (agarose gel-DNA dye mediated detection – SYBR SAFE), 

very little research has been undertaken to establish a similar method for the detection and 

subsequent characterisation of electrophoretically loaded polymer species within agarose gels 

(Motohashi, 2019). Interestingly however, in the field of proteomics, staining methods exist for 

the visualisation of different molecular weight proteins (SDS-PAGE mediated protein analysis), 

with disulphonated tri-phenylmethane dyes specifically developed for this application (Gauci et 

al., 2013). Such dyes (e.g. Coomassie Brilliant Blue) act through electrostatic interactions between 

it and the protonated 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 idea that spatial migration of the PEI polymer within the gel could be 

visualised and characterised.  

Experimentally, ReadyBlue Protein Gel Stain (Merck, UK) was purchased and initially stored at 

4°C. A 3 wt% agarose gel was then formulated (in the absence of SYBR SAFE DNA stain) 

specifically utilising working Buffer B (section 2.2.2.2.2), whilst simultaneously, eight different 

PEI masterstock loading solutions were also being synthesised (PEI-N/P8-2.5 - PEI-N/P40-5) 

as per section 2.2.2.2.1, Table 2.5.  

To the gel, 30 μL PEI loading solutions were applied to individual wells (n=1). An electrophoretic 

potential (+ ⟶ - electrode configuration) was then generated using the conditions: 300V for 10 

minutes. After completion, the gel was submerged in ReadyBlue Protein Gel Stain and 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 Stage-2: PEI-DNA co-localisation using F-AGE polyplex methodology 

Upon confirmation of PEI electrophoretic mobility within agarose gels, a proof-of-concept co-

localisation investigation was subsequently performed with the hypothesis that pDNA loading 

followed by reversed PEI loading can induce the formation and deposition of in-situ polyplexes.  

As such, the F-AGE polyplex method outlined in section 2.2.2.2 was performed 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, with pDNA mastermix only and PEI-N/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 freeze-dried agarose scaffolds 

The University of Leeds freeze-drying process (Section 2.2.3) was applied to two different agarose 

hydrogel formulations (1 wt% and 3 wt% hydrogels). The resulting impact of this process, as 

illustrated in Figure 3.4, was two-fold – synthesising white glossy porous biomaterials whilst 

crucially preserving the double helical agarose framework (previously encased buffer components 

sublimated away). Additionally, scaffolds appeared fully lyophilised after a 12 hour freeze-drying 

procedure, with no evidence of frozen buffer components remaining within the scaffold bulk.  

Significantly, upon individual visual analysis of 1%-Blank scaffolds post-freeze drying, it was 

found that this particular formulation was, as hypothesised, highly susceptible to lyophilisation 

mediated damage with large scale shrinkage and chain collapse observed. This culminated in the 

formation of porous scaffold structures approximately 1.3 fold smaller in size (length and width) 

(Figure 3.4 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 freeze-drying of the 3 wt% agarose hydrogel formulation, it was shown 

that nearly all previously observed lyophilisation mediated 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 only) (Figure 3.4 B). 

Figure 3.4 – Effect of freeze-drying on 1 wt% (A) and 3 wt% (B) agarose hydrogels. 
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3.3.1.2 Structural analysis of freeze-dried agarose scaffolds 

Despite early success with regards to the protection against harmful freeze-drying mediated 

effects, it was deemed appropriate to perform more in-depth physical and structural 

characterisation of the 3%-Blank scaffolds before its selection as a scaffold in further experiments 

within this PhD project. This included structural analysis under SEM. Through this 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 scaffold pore size 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 purported that agarose hydrogels (1 wt% and 3 wt%) had transformed 

successfully into porous, interconnected scaffolds upon exposure to a basic freeze-drying process 

(Figure 3.5 A 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 higher magnification, both scaffold formulations 

illustrated pores that were considered to be highly irregular with thin walls throughout the 

scaffold bulk (Figure 3.5 B and D).  

 

Unfortunately, despite clear physical differences in terms of structural stability and bulk 

dimensions between 1%-Blank and 3%-Blank scaffolds, the highly irregular and overlapping 

nature of the resulting pores meant determining specific pore sizes across the two formulations 

using SEM was incredibly challenging. Effective pore size measurements could not be obtained 

Figure 3.5 – SEM micrograph images of agarose scaffolds after freeze-drying fabrication process. 
A & B: Representative microstructure of 1%-Blank agarose scaffold, C & D: Representative microstructure 
of 3%-Blank agarose scaffold.  



100 
 

due to the incompatibility of the images with the imageJ BoneJ pore size plug-in (Doube et al., 

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

3.3.1.3 Agarose scaffold 2D pore size and morphology  

Due to study-specific limitations of SEM data collection and analysis, representative 2D 

histological images of 1%-Blank and 3%-Blank scaffolds were subsequently produced, with a 

view to provide further evidence of scaffold pore characteristics. Histological sections were 

analysed qualitatively and quantitatively, as described in section 3.2.1.2.  

Based on the images captured, 1%-Blank and 3%-Blank scaffolds (Figure 3.6 A-D) contained 

highly irregular pores separated by thin agarose fibre walls, as purported from SEM analysis of 

the bulk scaffolds. It was also found that 3%-Blank scaffolds generally contained a larger number 

of pores over the analysed scaffold cross-sections, in comparison to 1%-Blank scaffolds. The 

analysis of the mean pore size diameter revealed a significantly smaller value for the 3%-Blank 

scaffolds (215 μm ± 132) compared to the 1%-Blank scaffolds (388 μm ± 276) (P < 0.0001). It 

was also found that the 3%-Blank 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 scaffold systems (Lee et al., 

2018).   
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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 wt% analogue for the lyophilisation-mediated 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 stressful conditions of freeze-drying 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 the re-validation of the F-AGE-1 spatial 

patterning approach for 3 wt% hydrogels, as well as the steps involved in the creation of the PEI 

modified F-AGE methodology.  

Figure 3.6 (A, B, C) – The effect of agarose percentage on 2D pore morphology and mean pore 
size, using histological processing and imaging concepts. H&E stained (and grey-scale) histological 
cross-sections of 1%-Blank (A & B) and 3%-Blank (C & D) scaffolds. Prior to staining and imaging, 
scaffolds were fixed in NBF before processing and sectioning into 10 μm thick slices. Sections were taken 
from the “middle” portion of the scaffold. E: Mean pore size measurements extracted from 2D histological 
sections (n=3 per scaffold type). Each pore was measured across its single greatest width. A Mann-Whitney 
U test was used to compare between the means of each of the scaffold groups. **** = P<0.0001. 
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3.3.2 Spatial patterning using F-AGE-1 approach 

3.3.2.1 Synthesis of CaP precipitates 

Using the previously illustrated datasets provided by Dr Feichtinger and colleagues as both a 

guide and as tentative positive controls, the F-AGE-1 spatial patterning method was subsequently 

re-validated for use in 3 wt% agarose hydrogels. The nanoparticle precipitation 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 CaCl2 loaded gel (specifically in the + ⟶ - 

electrode configuration), it was noted that after approximately two minutes, faint white “C-

shaped” precipitates appeared to form within the gel structure below loaded wells containing  

CaCl2 (Figure 3.7 A). As electrophoresis then continued (4-6 minutes), the precipitates initially 

identified appeared to grow larger and more intense in all cases. In terms of precipitate thickness 

and intensity, a small CaCl2 concentration dependent effect was observed, with the 225 mM CaCl2 

group displaying the thickest and most intense band whilst the 112.5 mM appeared the thinnest 

with lower overall intensity. 

 

Interestingly, such patterns in 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 in agarose gel 

concentration. Furthermore, similar curved or “C” shape precipitates were presented in this work 

Figure 3.7 (A & B) – Formation of confined CaP precipitates within 3 wt% agarose hydrogels, 
using the F-AGE-1 method. All wells were exposed to a constant 60V electrophoretic potential for 6 
minutes. A: Range of CaP precipitates synthesised from CaCl2 loading solutions ranging from 0mM-
225mM. B: Enlarged SYBR SAFE image used to calculate the overall distance of the CaP precipitate from 
the loading well (i.e. the CaP precipitate region). 
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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.  

 

Upon measurement of the distance of the final formulated precipitates from the loading wells, 

the CaP precipitate regions were found to occur at 2.2-2.75 mm (Figure 3.8). These values were 

then used for pDNA mobility optimisation in the next section.  

3.3.2.1.1 Analysis of CaP precipitates 

In a further experiment performed by Daniel White, the 0 mM and 225 mM CaCl2 agarose 

precipitate hydrogels were analysed via SEM to obtain a greater understanding of particle 

morphology and size. The images accumulated were illustrated in Figure 3.9. 

Analysis of the control 0 mM sample (Figure 3.9 A) provided evidence of the absence of CaP 

nanoparticles within the agarose fragments. In contrast to the above observations, the 225 mM 

CaCl2 agarose sample illustrated the existence of distinct populations of visible particles, which 

exhibited notable differentiation from the surrounding background whilst also displaying 

uniform and spherical shapes (Figure 3.9 B and C).  

Figure 3.8 – Final distance measurements of the synthesised CaP precipitates after the F-AGE-1 
electrophoretic loading process (n=3). ImageJ software was used to calculate total distance 
measurements between the leading edge of the CaP precipitate and the back of the initial loading well. 
Once calculated, the length of the well (2mm) was subtracted. 
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Additional in-depth characterisation experiments of in-situ F-AGE-1 synthesised CaP 

populations, including X-Ray Diffraction spectra and mean particle diameters, can be found in 

the PhD thesis by Daniel White (White Rose eThesis depository) entitled “Development of 

mineralised gene-activated matrices for osteochondral tissue regeneration”. 

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 (2.2-2.4 mm), it was judged that pDNA patterning should be performed over a 

short duration (5 minutes), at high voltage (300V).     

Figure 3.10 illustrates the location of a variety of nucleic acid, bovine fibronectin and nucleic 

acid-Fibronectin combinations, upon loading and 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 five minute 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, causing marginal upwards migration 

of nucleic acid components. As a result, pDNA constituents were hypothesised to be proximally 

located for the following CaP nucleation and precipitation steps (combined co-localisation 

procedure). 

Figure 3.9 (A-C) – Comparative SEM analysis of 3%-Blank versus 3% F-AGE-1 CaP embedded 
precipitates (225 mM CaCl2). A: 3%-Blank. B & C: 3%-225mM CaP nanoparticle precipitates. Each 
individual scale-bar tick represents 1/10th of the overall bar length (i.e 3 μm, 500 nm, 200 nm).  
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3.3.2.3 F-AGE-1 co-localisation  

Using the results from sections 3.3.2.1 and 3.3.2.2, the full F-AGE-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 the co-localisation of CaP to DNA or the co-

localisation of CaP to DNA-FN composites.  

Figure 3.11 illustrates the resulting spatially patterned agarose gels after completion of the F-

AGE-1 protocol. Interestingly it was identified by visual observation that pre-loading of wells 

with nucleic acid payloads alone resulted in marginally fainter CaP precipitates than the controls, 

whilst the presence nucleic acid-FN payloads resulted in brighter more intense patterning. 

Significantly, this corresponded with equivalent SYBR SAFE images which showed that pDNA 

and pDNA-FN payloads were both proximally loaded within the CaP precipitate zones, thus 

providing supporting evidence of a pDNA-CaP co-localised interaction. Interestingly however, 

in both cases, no obvious differences were identified in the shape, size or position of the DNA 

bands when CaCl2 concentration was increased. As a result, it was only possible to infer that co-

localisation had occurred in these DNA-CaP and DNA-FN-CaP. 

Importantly, all findings matched with those presented previously by the Feichtinger proof-of-

concept studies, suggesting successful translation of the F-AGE-1 technique for 3 wt% agarose 

gels.  

 

Figure 3.10 – Optimisation of plasmid and Fibronectin migation within 3wt% agarose hydrogels, 
in the context of F-AGE-1 nanoparticle precipitates and the precipitate region. All wells were 
exposed to a constant 300V electrophoretic potential for 5 minutes. 
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3.3.3 Spatial patterning using F-AGE polyplex approach 

3.3.3.1 Confirmation of PEI mobility within agarose hydrogels 

In a proof-of-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 polymer 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. 

Figure 3.12 shows 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 wave-like pattern downwards towards the negative electrode. Interestingly, 

observations also suggested that as well as the influence of the electrophoretic voltage applied, 

migration speed appeared to be concentration dependent, with higher concentration PEI loading 

samples (e.g. PEI-N/P40-5μg) progressing greater distances within the agarose gel in comparison 

to lower concentration equivalents (e.g. PEI-N/P8-2.5μg). Based on these results, it was assumed 

a 10 minute 300V electrophoretic duration could therefore be optimal for subsequent pDNA co-

localisation steps.  

Figure 3.11 – Electrophoretic patterning and co-precipitation of pDNA and CaP nanoparticles 
within a 3 wt% agarose gel, using the F-AGE-1 approach. All wells were exposed to the F-AGE-1 
four stage protocol in which two specific electrophoretic procedures took place. 1) 300V electrophoretic 

potential for 5 minutes (- ⟶+ electrode configuration). 2) 60V electrophoretic potential for 6 minutes (+ 

⟶- electrode configuration).  
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3.3.3.2 PEI-DNA co-localisation  

Using the results from section 3.3.3.1, a full AGE-polyplex patterning method was executed 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.  

Figure 3.13 illustrates 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 polyplex protocol), at approximately 5 minutes, thin faint bands of precipitates began to 

appear across both the 2.5 μg and 5 μg pDNA containing lanes, with precipitate intensity 

increasing as concentration of PEI also increased. Interestingly, precipitates in the largest PEI 

concentration wells appeared first and were also found immobilised at a lower region in the gel. 

Figure 3.12 – Electrophoretic migration of linear PEI within 3 wt% agarose hydrogels. Gel was 

exposed to a constant 300V electrophoretic potential for 10 minutes, using a + ⟶- electrode configuration. 
Post electrophoresis, gels were stained in Ready Blue Protein Gel Stain for 2 hours. 
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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). Moreover, as 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 control 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. 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 – Electrophoretic patterning and polyplex formation within a 3 wt% agarose gel, using 
the F-AGE polyplex approach. All wells were exposed to the F-AGE polyplex four stage protocol in 
which two specific electrophoretic procedures took place. 1) DNA patterning: 300V electrophoretic 

potential for 20 minutes (- ⟶+ electrode configuration). 2) PEI patterning: 300V electrophoretic potential 

for 10 minutes (+ ⟶- electrode configuration). Both 2.5 μg and 5 μg complexation results illustrated. 
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3.4 Discussion 

3.4.1 Impact of increasing agarose percentage on agarose scaffold structure 

In previous works performed by Dr Feichtinger and colleagues involving the freeze-dry mediated 

fabrication of porous scaffolds from low percentage formulation agarose hydrogels (1 wt%), it 

was found that the end-stage biomaterial product was unsuitable for use in osteochondral 

scaffold repair. This was attributed to bulk surface area shrinkage and structural chain collapse, 

which likely materialised due to damaging ice-crystal growth, causing expansion within the 

hydrogel pores, thus weakening structural integrity. Here, 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 based on the work by Guastaferro and 

colleagues, who reported that hydrogels with ≥3 wt% agarose are less susceptible to the 

detrimental freeze-drying effects previously mentioned (Guastaferro et al., 2021).  

Within this study, upon visual analysis of both 1 wt% and 3 wt% agarose hydrogels post freeze-

drying (Figure 3.4), it was clear the 3 wt% hydrogel formulation was indeed substantially more 

resistant to the structural damage associated with freeze-drying process, compared to the 1 wt% 

analogue. This was illustrated by the clear improvement in dimensional stability in the 3 wt% 

scaffolds, post freeze-drying, compared to the 1 wt% scaffolds. Significantly, this observed 

behaviour was consistent with the findings in the detailed study compiled by Guastaferro et al, 

which quantitatively illustrated that such an increases in agarose concentration leads to a large 

percentage reduction in overall scaffold shrinkage – in their case by approximately 30-40% 

(Guastaferro et al., 2021).  

On closer inspection of the two generated scaffold biomaterials using SEM, the University of 

Leeds freeze-drying 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 level (Figure 3.5). Both surfaces also 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 to the non-controlled 

method of freezing applied within the cryotropic stage of this lyophilisation process (Guastaferro 

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 thus alternative 

methods were sought in the form 2D histological sectioning coupled with semi-qualitative image 

analysis. Crucially, based on the 2D images collected (Figure 3.6) 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 the inherent 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 percentage gels – an advantageous trait commonly utilised in 

analytical gel electrophoresis for resolving DNA fragments of varying size (Voytas, 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. Eventual sublimation 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 suggested by Guastaferro and colleagues which assessed the effect of 

polymer amount and variable cooling rates on agarose cryogel morphology (Guastaferro et al., 

2021). Based on data collected, 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 rates applied (2.5°C/min or 

0.5°C/min) (Guastaferro et al., 2021; Qian & Zhang, 2011). Although exact cooling rates were 

not explicitly determined in this study, based on the work by Guastaferro et al, it could be 

concluded that the cryotropic conditions applied here (-80°C for 45 minutes) resulted in a very 

fast cooling rate – 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 been shown that as a direct consequence of polymer-mediated and 

cooling rate-mediated pore size adjustments, mechanical properties of the resulting agarose 

scaffolds such as Young’s modulus will likely vary (Choren et al., 2013; Rybacki et al., 2015). 

Although not explicably assessed in this chapter, an additional trade-off between pore size and 

mechanical strength clearly exists using this platform, suggesting function-specific scaffold 

requirements can be more specifically tailored with careful selection of freeze-dry fabrication 

parameters and agarose percentage.  

As such, based on the findings illustrated, the 3 wt% porous agarose scaffold was found to be an 

acceptable formulation 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 as a electrophoretically patterned 

GAM, the electrophoretic mobility of transfection payloads in the gel must be assessed.   

3.4.1 Re-validation of the F-AGE-1 method 

The core F-AGE-1 methods formulated and tested in previous work by the Feichtinger research 

group have tentatively shown their capability for in-situ electrophoretic synthesis and deposition 
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of nanosized CaP crystals, as well as facilitating spatial patterning and co-localisation of nucleic 

acid payloads with such crystal structures inside agarose hydrogel systems. As increasing the 

agarose wt% reduces electrophoretic mobility of DNA, the second theme of this chapter 

therefore sought to re-optimise the previously established F-AGE-1 methodologies (developed 

for 1 wt% agarose gels), for their use for the higher percentage 3 wt% agarose gel. 

Overall, it was found that the F-AGE-1 protocol was generally compatible with the 3 wt% 

agarose formulation, with only minimal modifications required. In stage-1 of the re-validation 

process, a large agarose hydrogel slab containing supersaturated levels of Na2HPO4 was 

fabricated. Upon the addition of a CaCl2 loading 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 the proof-of-concept 

work (60V for 6 minutes), thin white coloured C-shaped precipitates were once again observed 

directly below the CaCl2 loading wells (a pattern also seen in the 1 wt% methodology). Although 

large-scale 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 hypothesised that the 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 predominantly on Ostwalds “step rule” theory, in which less 

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 during electrophoresis (Figure 3.13). 

The gradual formation and progression of the precipitate band appeared as a result of the gradual 

supply of the calcium ions into the system during the electrophoresis process, as previously 

explained in the “opposite loading” reports by (Kamitakahara et al., 2012). As such, it was 

reasoned that after approximately two minutes of F-AGE-1 electrophoresis, a large proportion 

of proximal calcium and phosphate ions (pre-loaded within the gel), became situated and 

subsequently consumed in the region directly below the loading wells, with pockets of 

ACP/Posner’s clusters likely being synthesised in-situ. As concentrations of ions then increase 

further, supersaturation of the region occurs, leading to the observed formation of C-shaped 

precipitate bands. Upon continuation of electrophoresis (3-6 minutes), 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 and colour intensity. 
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In stage-2 of the validation process, the migration of the pDNA and bovine fibronectin within 3 

wt% agarose hydrogels was validated such that co-localisation within CaP would then be possible. 

Using the 3 wt% 300V migration formula as a predictive tool, it was hypothesised 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 the F-AGE-1 CaP precipitation step which in normal circumstances 

takes place directly after DNA loading and contains a reversal of polarity. Crucially, as shown in 

the SYBR SAFE images in Figure 3.10, 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 

that 10 μg fibronectin alone migrated a similar distance to plasmids, whilst a DNA-FN 

combination generated a thicker and more intense DNA band pattern.   

In the final stage of the validation process, the new F-AGE-1 methodology was performed in 

full using the optimised and validated protocols outlined in stages 1 and 2. Based on the 

qualitative evidence provided (digital image and SYBR SAFE stain in Figure 3.11), there was clear 

proof of co-localisation, 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 pDNA-CaP lanes (Figure 3.11 left and middle digital images), it 

was also shown that the presence of pDNA resulted in an overall reduction in precipitate 

intensity. This fact may point to a possible co-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, 

Figure 3.14 – Schematic representation of the CaP synthesis route using Ostwald step rule 
concepts. Route A represents the traditional crystallisation mechanism whereby HAP is synthesised 
directly from solution via thermodynamically favourable ion-by-ion pathways, circumventing any 
intermediate phases. Route B represents a lower energy crystallisation mechanism under kinetic control, 
whereby step-wise amorphous and metastable phases are sequentially produced prior to HAP. ACP: 
Amorphous Calcium Phosphate, DCP/OCP: Dicalcium Phopshate and Octacalcium Phosphate, HAP: 
Hydroxyapatite. Adapted from (Gower, 2008). 
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which appeared identical in shape and location for both the pDNA only lanes and the co-localised 

pDNA-CaP.  

Significantly, as well as matching previous F-AGE system investigations with regards to the 

confined electrophoretic ACP synthesis, a newer report by Kimura et al also 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 concentration, a hypothesis fundamentally centred around the smaller 

pore spaces present within such gels restricting ACP growth and particle precipitation (Kimura 

et al., 2018). In the case of the potentially co-localised pDNA-CaP nanoparticles formed using 

the F-AGE-1 optimised for 3 wt% agarose gels, it could be hypothesised that the range of 

nanoparticle complexes produced in Figure 3.11 would be likely possess a smaller bulk diameter 

than those previously analysed in the proof-of-concept work (mean diameter < 232 nm), and as 

such may possess a greater affinity for cellular uptake and transfection when applied as spatially 

loaded 3D payloads (Lin et al., 2014) (a hypothesis tested in chapter 6). 

3.4.2 Creation of a new F-AGE polyplex methodology 

As stated in section 3.2.3, the incorporation, synthesis and patterning of PEI polyplexes within a 

spatially controlled agarose electrophoresis 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 also provide a valid 

alternative (or enhancement) to the previously developed but yet untested F-AGE-1 DNA-CaP 

nanoparticle GAMs. With this in mind, the reasoning for the incorporation of PEI particularly 

related to two unique challenges previously described in the literature review; 1) unwanted 

polyplex particle aggregation; which is considered a huge impediment for the effective loading of 

high concentration transfection-active payloads within 3D hydrogel systems and 2) the difficulty 

of formulating distinct in-situ spatial patterning or bi-directional gradients of polyplex payloads 

within single hydrogel systems. Crucially, through simultaneous synthesis, patterning and 

confinement of polyplexes within 3 wt% agarose hydrogels, via the F-AGE methodologies, such 

challenges 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 

establishment of electrophoretic mobility and migration speed of linear PEI alone within 3D 

agarose hydrogel systems – a fundamental factor needed for spatial patterning within F-AGE 

strategies. Significantly, unlike plasmid DNA or phosphate-nanoparticle precipitates, of which 

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 been established for 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 Coomassie Blue (Demoreno et 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 regarding 

dye penetration within similar hydrogel-like systems (polyacrylamide gels versus agarose gels) 

(Kumari et al., 2021).  

Crucially, upon direct method translation of Coomassie Blue staining protocols (Merril, 1990), 

PEI migration within 3 wt% agarose gels could be successfully visualised and characterised, as 

per Error! Reference source not found. A and B. Interestingly the observed staining patterns 

illustrated wave-like polymer migration towards the negative electrodes, over acceptable time-

scales (a finding not yet reported in the literature thus far).  It was also observed in Error! 

Reference source not found. A, 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 quantities of PEI were added to loading wells. This finding proved to be hugely important 

for subsequent in-situ polyplex patterning. The initial testing in this study illustrated PEI’s 

potential compatibility for its incorporation within F-AGE GAM systems. 

The next objective was to formulate a full F-AGE polyplex synthesis and patterning protocol, 

which could proximally control pDNA and linear PEI location within 3 wt% agarose gels, in 

order to produce in-situ, populations of contained, zonally distinct polyplexes. The adaption of 

the F-AGE process for PEI appeared remarkably successful. Firstly, as shown in Figure 3.13 

digital images, thin precipitate bands were 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 filter are 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. 

As shown in the SYBR SAFE images in Figure 3.13, the combination of PEI and pDNA yielded 

a thinner, more condensed band – a characteristic feature of nucleic acid interaction with cationic 

polymers such as PEI (Dai et 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 µg pDNA 

containing lanes in 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 percentage agarose electrophoretic loading for confined PEI polyplex 

synthesis appears, albeit in basic proof-of-concept studies, to be a completely novel translation 

of the previous Watanabe and Kamitakahara electrophoretic biomineralisation methods as well 

as further advancing 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 by Lei et al, in which a caged nanoparticle 

encapsulation method (or CnE) was applied to preserve polyplex population transfection efficacy 

within 3D PEG, HA and fibrin hydrogels (Lei et al., 2010; Lei et al., 2011). In these studies, 

combinations of high viscosity sucrose and agarose solutions were added to freshly made (dilute) 

polyplex populations – 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 cross-linking and cell-hydrogel formation (NIH 3T3 

encapsulated PEG, HA or fibrin hydrogels). Significantly, such hydrogels were then able to 

illustrate in-vitro and in-vivo gene transfer after sustained cellular culture, infiltration and hydrogel 

degradation. However, despite this success, they remained unable to control the spatial 

distribution of said unaggregated polyplexes, with non-uniform micro-domains present 

particularly within the final cross-linked gels (Lei et al., 2010; Lei et 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 

restricting 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 the F-AGE 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%) demonstrated resistance to 

bulk surface area shrinkage and agarose fibre chain collapse during lyophilisation. The resulting 

freeze-dried 3% agarose scaffolds exhibited a suitable morphology (porous, 200 μm pores) for 

3D tissue engineering biomaterials, featuring a highly interconnected and microporous structure 

with a pore size distribution ranging from 40 μm to 900 μm. Although the mean pore size was 

significantly lower than that of 1 wt% agarose scaffolds (215 μm versus 388 μm), it remained 

within acceptable limits for osteochondral tissue engineering scaffold systems. This was 

hypothesized to be sufficient for various cellular processes, including infiltration, migration, 

nutrient transfer, and proliferation. Subsequently, the F-AGE-1 methodology was adapted for 

use with 3 wt% agarose hydrogels. Protocols were successfully modified to enable simultaneous 

in-situ electrophoretic deposition of inorganic nanosized crystal precipitates and proximally 
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patterned nucleic acid payloads within the 3 wt% gel. This process was hypothesized to initiate 

co-localisation, possibly forming pDNA-nanoparticle co-complexes with promising properties, 

including hypothesized small particle diameters (< 300 nm). Additionally, a novel F-AGE strategy 

was developed, allowing for the simultaneous in-situ 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 chapter provides essential primary validation data for 

the generation of a 3D microporous scaffold system as well as two highly promising agarose 

electrophoretic GAM loading platforms. These agarose GAM platforms now necessitate for 

further characterisation and testing, particularly in the areas of freeze-dried agarose scaffold 

cytotoxicity, 3D cellular adhesion, and 3D transfection capability. As such, the respective 

chapters 4, and 5 will delve into each of these aspects in greater depth, with the ultimate aim of 

validating both F-AGE-1 co-localised GAM scaffolds and F-AGE polyplex co-localised 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 

FUNCTIONALISATION METHODS 

4.1 Introduction  

The pillars of biocompatibility, cytotoxicity and cellular adhesion are considered crucial for the 

application of GAM scaffolds in osteochondral tissue repair. The terms are often grouped 

collectively and generally refers to a scaffold’s ability to effectively interact with and not destroy 

living cellular material such that its 3D surfaces may act specifically as stable sites for cellular 

adherence, migration, proliferation, differentiation and matrix deposition (Krishani et 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 adhesion properties are exhibited by the chosen biomaterial framework (O'Brien, 2011).   

As discussed in section 1.6.1.2.1, polysaccharide-derived biomaterials such as agarose exhibit 

multiple characteristics which lend themselves for use in a variety of therapeutic fields, with 

properties including self-gelling, water solubility, adjustable mechanical properties widely 

reported cytotoxicity, 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 tissue 

engineering (Miguel et al., 2014; Sanchez-Salcedo et al., 2008; Singh et al., 2016; Stokols et 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 discussed. Often this 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 infiltration (Mercey et al., 2010; Varoni et al., 2012).   

In terms of enhancing scaffold mediated cellular adherence, the approaches fall under two main 

categories, 1) composite manufacture, 2) physical adsorption/surface functionalisation. 

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 self-gelling upon formulation of hybrid blending solutions. Such examples 

include silk-agarose (Singh et al., 2016), platelet-rich plasma-agarose (Yin et al., 2014) and 

poly(ethylene) glycol-agarose hybrids (DeKosky et al., 2010) all of which presented elevated cell 

attachment and 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 electrophoretic and electroendosmosis (EEO) capabilities, 

which can be only maintained via the delicate chemical constituent relationship 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 

a cell adhesion augmentation approach.  

In contrast, physical adsorption techniques can avoid such pitfalls with its specific application as 

a post hydrogel/scaffold fabrication adhesion augmentation step. In most successful literature 

cases, the method simply involves the incubation of fabricated 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 and hydrogen bonds. Crucially, 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 this thesis three cell attachment/bioactive molecules were considered as contingencies 

should the inherent cell adhesion characteristics of the freeze-dried agarose scaffolds and 

electrophoretic GAMs be inadequate, therefore physical adsorption of fibronectin, laponite-

PEO, and polydopamine 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 and as part of the 

extracellular matrix (ECM) which surrounds cells (Palomino-Durand et al., 2021). This protein 

plays a significant role within the ECM, mediating several physiological processes such as cellular 

adhesion, regulating phagocytosis, wound healing, cell proliferation and locomotion (Mosher, 

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 binding (Garcia et al., 2002). Such moieties make this protein a highly 

pertinent avenue for its use as a grafting/surface coating system whereby cells interact with an 

exposed protein coating instead of direct biomaterial surface adhesion, thus delivering the desired 

cell attachment in 3D. This can be seen in reports by Franck et al and Arredondo et al, in which 

low adhesion biomaterials such as gel spun silk and polycaprolactone-polyurethane (PCL-PU) 

were successfully functionalised via a gentle non-damaging fibronectin adsorption strategy, 

providing hope that agarose scaffolds could be similarly augmented (Arredondo et al., 2021; 

Franck et 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 in chapter 3 of this thesis, 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 mineral family and can be characterised by its unique crystal structure whereby 
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two tetrahedral silica sheets sit between a single Mg2+ containing octahedral sheet (Tomas et al., 

2018). It has an empirical formula of Na+ 0.7[(Si8Mg5.5Li0.3)O20(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 respectively (Atrian et al., 2019; Castro-Aguirre et 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, bioimaging and as bioactive tissue 

engineering coatings (Tomas et al., 2018). As surface coatings, LAP possesses good hydrophilicity, 

biodegradability, cytotoxicity and importantly allows for the deposition of beneficial films onto 

scaffold biomaterials, thus augmenting higher adhesion based characteristics. Significantly, one 

physical adsorption method reported by both Gaharwar et al and Orafa et al proved highly 

successful, whereby nanocomposites of LAP-PEO were deposited onto PLA nanofibers, 

improving overall scaffold hydrophilicity and therefore enhancing downstream MC3T3- E1 and 

hMSC 3D cell adherence and attachment (Gaharwar et al., 2012; Orafa et al., 2021).  

Drawing inspiration from the remarkable bioadhesive properties observed in marine mussels, 

facilitated in particular by the 3,4-dihydroxy-L-phenylalanine-lysine (DOPA-K) motifs within the 

mussel foot protein, scientists have successfully synthesized a synthetic analogue known as 

polydopamine (PDA) (Yu et al., 1999). This innovative biomimetic material exhibits a host of 

advantageous properties and has revolutionised the field of scaffold surface functionalisation. 

Notably, its production involves a straightforward self-polymerisation reaction where the base 

constituent dopamine polymerises under basic conditions and in the presence of oxygen (Tolabi 

et al., 2022). This process culminates in the formation of an adhesive eumelanin polymer product, 

characterised by exceptional adhesive strength. The adhesive strength of polydopamine has been 

attributed to the presence of highly reactive functional groups within its chemical structure, 

including amines, imines, and catechols (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 polysaccharide hydrogels. 

A key facet of polydopamine's versatility lies in its ability to significantly enhance the adhesion 

capacity of scaffold systems, with the presence of functional groups facilitating the 

immobilisation of an extensive array of bioactive molecules, growth factors, and extracellular 

matrix (ECM) proteins onto the scaffold surface (Ku et al., 2010). This transformative capability 

empowers the PDA-modified scaffold to actively engage in critical cellular signalling processes 

and tissue regeneration mechanisms. Moreover, polydopamine's inherent cellular adherence and 

low cytotoxicity ensures that the modified scaffolds provide a conducive environment for 

fundamental cellular activities, including proliferation, differentiation, and extracellular matrix 

deposition. The successful works of Tsai et al and Wang et al and Su et al were considered highly 
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applicable to this thesis and the suitability of PDA as a bioactive/cell adhesion coating for agarose 

scaffolds was investigated. (Su et al., 2021; Tsai et al., 2011; Wang et al., 2019).  

An in-depth investigation regarding the biocompatibility of the agarose scaffolds previously 

formulated in chapter 3 will therefore greatly aid the progression of the overall Feichtinger 

electrophoretic GAM patterning platform, elucidating its inherent adhesion capability when 

biologically relevant cell lines are applied. It will also indicate whether surface functionalisation 

mechanisms are indeed required. The respective cell line L929 was selected for cytotoxicity 

testing whilst C2C12 and Y201 cell lines were selected for agarose-cell biomaterial adherence 

assessments. 
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4.2 3D scaffold cell adhesion testing specification  

The following testing specification was constructed as an experimental blueprint for examining 

overall cell response, adhesion and viability upon cell seeding within the range of different 

fabricated agarose scaffolds. The specification is detailed in Table 4.1. 

Table 4.1 – 3D scaffold testing specification and testing parameters. Progression through each 
stage required the provision of reliable data of which conclusively illustrated evidence of each criterion. 

 

For the evaluation of potential scaffold biomaterials as 3D GAM systems, effective cell-scaffold 

adherence and viability, as well as the desired morphological behaviour upon cell interaction, 

were considered of greatest initial importance As such, these were included within the stage-1 

testing specifications for each iteration of agarose scaffolds 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 deemed acceptable, metabolic indicators, as outlined in stage 2, were then 

evaluated, providing a quantifiable and distinguishable metric for scaffold specific cell health and 

proliferation. After this, scaffold permeability and infiltration were then evaluated to ensure 

scaffolds possessed feasible routes of infiltration to therapeutic payloads deposits. Finally, 

 Property Minimum Requirements or Criteria 
Methodology 

of testing 

Stage-1 

1.1: Capacity for cell-

scaffold adherence 

Presentation of large cell numbers on the 

scaffold surface after initial seeding and 

staining procedures (48 hours) 

LIVE-DEAD 

staining  

1.2: Maintain viable 

3D cell populations 

High proportion of live/viable cell 

populations after 48 hours and 7 days 

culture 

LIVE-DEAD 

staining  

1.3: Typical/classic 

3D cell morphology 

All seeded cells appear elongated, 

interconnected with no signs of stress 

LIVE-DEAD 

staining  

Stage-2 
2.1: Indication of 

metabolic activity  

Strong indication of cellular metabolism 

which increases over time (48 hours – 7 

days) 

AlamarBlue 

Assay 

Stage-3 
3.1: Capacity for cell 

infiltration 

Strong evidence of cell permeation 

throughout the entire geometric scaffold 

structure 

H&E 

Histological 

staining 

Stage-4 
4.1: 3D differentiation 

potential 

Strong support for cell mediated 

deposition of osteogenic and 

chondrogenic factors  

Osteogenic and 

chondrogenic 

histological 

staining 
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scaffolds would then be evaluated for their 3D cellular differentiation capacity, considered the 

final, essential metric required of a osteochondral GAM system.  

4.3 Specific materials & methods 

4.3.1 Sterility testing  

Biomaterial systems used for tissue engineering applications including in-vitro, in-vivo and clinical 

testing must adhere to aseptic principles to primarily prevent and restrict the emergence of 

pathogenic micro-organisms 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 a sterilisation 

agent. Thioglycolate broth acts as a multi-purpose 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 dissolve by heat-mixing 

at 90°C, then aliquotted into glass bottles and autoclaved (121°C, 2.4 bar, 15 minutes). 

Formulations suitable for sterility testing appeared straw-coloured with a characteristic thin pink 

upper layer, as seen in Figure 4.1. A working tryptone soya medium was generated by dissolving 

15g tryptone soya (Sigma Aldrich) powder in 500 mL distilled water. Upon mixing and 

subsequent aliquot, the mixture was autoclaved at 121°C for 15 minutes (2.4 bar).  

 

 

 

Figure 4.1 – Prepared Thioglycollate broth pre-autoclave sterilisation (left) and post-autoclave 
sterilisation (right). 
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4.3.1.1.1 Methodology for testing ethanol mediated agarose GAM Sterilisation 

3 wt% agarose hydrogels, 3%-Blank agarose scaffolds, as well as a 3 wt% F-AGE-1 GAM 

scaffold (AGE1-2.5-225mM), were removed from the F-AGE-1 GAM fabrication process at 

different stages and, depending on the sample, were either treated with an ethanol sterilisation 

process or left untreated/un-sterilised. The different fabrication stages were either: 1) hydrogel 

excision directly from buffer submerged agarose slab or 2) after subjection to freeze-drying 

procedure. 

The stated ethanol sterilisation process included the following steps: scaffolds were removed 

from freeze-dryer, placed inside individual wells of 48 well plate, then incubated and washed three 

times with ice-cold 70% ethanol (10 minutes per wash, room temperature). Ensuring residual 

ethanol was removed, plates were transferred to a -80°C freezer for 1 hour, before freeze-drying 

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 both broths 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 F-AGE-1 electrophoretic GAMs (±FN) 

Using the electrophoretic patterning methodologies outlined in chapter 2 section 2.2.2.1, a range 

of F-AGE-1 electrophoretic GAM hydrogels were formulated (FN± : AGE1-2.5-0mM– AGE1-

2.5-225mM). In the FN containing scaffolds, FN was incorporated electrophoretically and thus 

is situated in-situ alongside pDNA-CaP payloads. Next, using freeze-drying and sterilisation 

methodologies, all hydrogels were converted into sterilised porous agarose scaffolds.  

At this stage, samples were individually placed and anchored inside the wells of a 6 well plate, 

using tailored Steri-strips (3M Steri-Strip SkinClosure 3x75mm, Medisave), as shown in Figure 

4.2 A. For the control groups, there was a cell only control, a steri-strip only negative control and 

a cyanoacrylate adhesive glue positive control (Figure 4.2 B). In the latter, a single drop was 

deposited in the centre of the well as per the photograph.  
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L929 cells were passaged and re-suspended to concentrations of 2.5x105 cells/mL before seeding 

as a 2 mL cell suspension into well plates (n = 3 per group for both FN- and FN+ agarose GAMs 

as well as each control group). Cells were left to incubate with the agarose GAMs for a duration 

48 hours, in 5% CO2 at 37°C. Following incubation, samples were initially viewed under phase 

contrast to investigate cell morphology, membrane integrity as well as the presence of dead cells 

proximal to the scaffold-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 fixation, Giemsa 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 samples were then examined under brightfield microscopy. 

4.3.3 Extract toxicity 

Using the same sample preparation technique as previously described in section 4.3.2, a range of 

F-AGE-1 electrophoretic GAM hydrogels (FN± : AGE1-2.5-0mM– AGE1-2.5-225mM) were 

once more fabricated, freeze-dried and sterilised. Extract solutions for each scaffold sample were 

then formulated inside sterilised 1.5 mL Eppendorf tubes by immersing scaffolds (n=4) in 1 mL 

serum free media (SFM) and subsequently incubating them for 72 hours (37°C, 5% CO2) 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 same conditions. 

Figure 4.2 (A & B) – Contact Toxicity Sample and Control Layout. A: F-AGE-1 GAM scaffolds were 
anchored to the 6-well plate surface using a steri-strip. B: Control wells containing a Steri-strip only and a 
cyanoacrylate adhesive (positive control for cytotoxicity). 
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After 48 hours of extract agitation (of the total 72 hours), a confluent L929 culture was, at this 

point, passaged and re-suspended to concentrations of 5x104 cells/mL before seeding as a 200 

μL cell suspension into flat 96 well plates (n=4 per group for both FN- and FN+ extract subsets, 

n=6 for negative and cell lysis (positive control) subsets)), as per the plate layout shown in Figure 

4.3. 

24 hours later (72 hours total), cell culture media within 96 well plates were aspirated and replaced 

by 100 μL double strength media alongside either 100 μL test extract or negative control medium. 

Cell-extract suspensions were then incubated for another 24 hours before LDH and MTT assay 

execution (as described below).  

4.3.3.1.1 Methodology for LDH cytotoxicity assay 

Commercial lactate dehydrogenase (LDH) assay kits, such as the CytoTox 96® Non-Radioactive 

Cytotoxicity kit (Promega), can be employed to allow quantitative 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, utilising the concept that levels of LDH detected within each sample is directly 

proportional to percentage cell death. 

According to manufacturer’s instructions, a 50 μL aliquot of sample or control supernatant was 

transferred to a new flat bottom 96 well plate. Additionally, 10 μL 10X cell lysis solution was 

applied to positive control wells assigned as the LDH positive control or “maximum LDH release 

control” and incubated for 45 minutes. 50 μL substrate mix (12 mL Assay Buffer (Promega) 

added to vial of lyophilized substrate (Promega)) was then added to all samples and gently mixed. 

The plate was dark adapted for 30 minutes allowing the reaction to progress before incorporating 

the 50 μL stop solution. Using a Varioskan flash microplate reader (Thermo Scientific) the 96 

Figure 4.3 – Dual Plate layout for Extract Cytotoxicity (LDH) and Viability testing (MTT). L929 
cells were seeded in each coloured well at a density of 5x104 cells/mL. Extract solutions (100 μL) were 
added 24 hours later.   



127 
 

well plate was read at 490nm with absorbance reading corrected according to background values. 

The following formula was used to calculate percentage cytotoxicity (equation 4.1): 

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 death marker in 

supernatant, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

measures viable cell proliferation within a cell monolayer, using a tetrazolium specific dye. As 

such, in this study, the commercial CellTiter 96® Non-Radioactive Cell Proliferation Assay 

(Promega) kit was also applied.  

According to manufacturer’s instructions, after sufficient incubation with extract, 15 µL pre-

mixed optimised Dye solution (Promega) was added to each sample well of a 96 well. The plate 

was incubated for 4 hours before the solution was removed. 100 µL 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 nm) using a plate reader. The following formula was used to calculate percentage viability: 

4.3.4 Cellular adhesion assessment of uncoated agarose scaffolds (stage-1) 

4.3.4.1 Evaluation of media-pre-conditioning  

Using established methods, 3%-Blank agarose scaffolds were fabricated and sterilised. The 

scaffolds, prior to cell seeding, were either pre-conditioned 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 method 2). A high density C2C12 or Y201 cell solution of 2.5x105 Cells 

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 either 48 hours or 7 days before fluorescent microscopy analysis, via LIVE-DEAD viability 

assay (section 2.2.6). 

4.3.4.2 Evaluation of F-AGE-1 payload patterning (±FN) 

F-AGE-1 agarose GAMs (FN±: AGE1-0mM, AGE1-225mM) were fabricated, freeze-dried and 

ethanol sterilised, as per sections 2.2.2.1, 2.2.3. Using method 2 static seeding conditions, a high 

% Cytotoxicity  =  

Experimental LDH Release (OD490)  

Maximum LDH Release (OD490)  

x 100 4.1 

% Viability  =  

Experimental MTT Release (OD570) 

Maximum MTT Release (OD570)  

x 100 4.2 
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density C2C12 or Y201 cell solution of 2.5x105 cells was subsequently added to each scaffold 

(n=2 per group), according to static seeding methodologies outlined in section 2.2.4. 3%-Blank 

was used as the control group. Scaffolds were cultured for 48 hours and 7 days before fluorescent 

microscopy analysis, via LIVE-DEAD viability assay (section 2.2.6). 

4.3.5 Cellular adhesion assessment of surface coated agarose scaffolds (stage-1) 

4.3.5.1 Evaluation of FN surface coating  

Using the fibronectin coating methodology (chapter 2, section 2.2.4.1), 3%-Blank agarose 

scaffolds were functionalised with either 25 μg/mL or 50 μg/mL fibronectin (FN) solutions, 

producing the following scaffold formulations: 3%-FN25 and 3%-FN50. After subsequent 

lyophilisation and ethanol sterilisation, each scaffold type was seeded with either C2C12 or Y201 

cells at a cell density of 2.5x105 cells/scaffold (n=2 per group). Uncoated 3%-Blank scaffolds 

were used as controls. All of the following 3D culture conditions as well as cell attachment and 

viability analysis remained consistent with those described in section 4.3.4.1. 

4.3.5.2 Evaluation of LAP-PEO surface coating  

Using the LAP-PEO dip-diffusion methodology (chapter 2 section 2.2.4.2), 3%-Blank agarose 

scaffolds were surface functionalised. Agarose scaffolds were submersed and incubated in either 

40 mg/mL or 120 mg/mL LAP-PEO solutions for 4 hours before lyophilisation and ethanol 

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 of 2.5x105 cells/scaffold 

(n=3 per group). 3D static cell culture conditions and cell attachment and viability analysis 

remained consistent with those described in section 4.3.4.2. 

4.3.5.3 Evaluation of PDA surface coating  

Using the PDA coating methodology (chapter 2, section 2.2.4.3), 3%-Blank agarose scaffolds 

were again functionalised. Using two different PDA concentrations (1 mg/mL or 2 mg/mL) and 

incubation times ranging from 4 hours to 24 hours, coatings of various densities were deposited 

onto and within the porous scaffolds, as per Table 4.2. 

Table 4.2 – The range of PDA functionalised agarose scaffolds fabricated when different 
dopamine solution concentrations and immersion times were used.    

Scaffold Name 

Dopamine 

Concentration 

(mg/mL) 

Immersion Time 

(hrs) 

3%-Blank N/A N/A 

3%-PDA4.1 1 4 
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After subsequent washing, lyophilisation and sterilisation, each scaffold group was seeded with 

either C2C12 or Y201 cells at a cell density of 2.5x105 cells/scaffold (n=2 per group). 3%-Blank 

scaffolds were used once more as controls. The preceding 3D culture conditions, as well as cell 

attachment and viability analysis remained consistent with those described initially in section 

4.3.4.1. 

4.3.6 Cellular adhesion assessment of PDA coated agarose scaffolds (stage-2) 

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 3D cell metabolism and proliferation on agarose 

scaffolds, cell seeding density and alamarBlue incubation time must initially be optimised for the 

scaffold system in question. Crucially, for assay success, the parameters in question must be 

optimised using a scaffold system which has a proven ability for cell viability and attachment. As 

this could not be achieved with uncoated agarose scaffolds, the 3%-PDA8.2 PDA scaffold group 

was selected for use in the following 3D alamarBlue parameter optimisation experiment.  

3%-PDA8.2 scaffolds were fabricated and placed in wells of a 48 well plate (static seeding 

condition 1). Y201 cell solutions of different cell densities were then formulated (1.25x105, 

2.5x105, 3.75x105, 5x105 cells/scaffold) and subsequently seeded using static seeding 

methodologies (section 2.2.5.1). After 2-3 hours, scaffolds were transferred into round bottom 

96 well plates containing 200 μL alamarBlue working solution and incubated over a 6 hour period. 

Fluorescence intensity was measured at 2, 3, 4 and 6 hours and compared to a fully reduced 

working alamarBlue sample. Parameters were deemed optimal if percentage alamarBlue reduction 

over the specified duration was exponential and remained below 50 percent. 

4.3.6.1.2 Cell proliferation assay 

Using optimised assay parameters from the previous section, Y201 cell proliferation was 

evaluated on a range of PDA coated agarose scaffolds, with the aim of ascertaining the most 

effective PDA functionalisation condition. All fabricated groups were evaluated except 3%-

PDA4.1, 3%-PDA-24.1 and PDA-24.2. Static seeding 1 conditions were applied before seeding 

3%-PDA4.2 2 4 

3%-PDA8.1 1 8 

3%-PDA8.2 2 8 

3%-PDA12.1 1 12 

3%-PDA12.2 2 12 

3%-PDA24.1 1 24 

3%-PDA24.2 2 24 
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of each scaffold with C2C12 or Y201 cells at a density of 1.25x105 cells/scaffold. Seeded scaffolds 

were incubated for either 48 hours or 7 days before alamarBlue assay was performed, according 

to methods outlined in section 2.2.7. 

4.3.7 Cellular adhesion assessment of PDA coated agarose scaffolds (stage-3) 

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 histological processing and staining techniques. 

Experimentally, 3%-PDA-8.2 scaffolds were statically seeded with Y201 cells at a seeding density 

of either 2.5x105 or 5x105 cells/scaffold (n=2 per cell density), cultured for 24 hours and then 

histologically processed and H&E stained, as per section 2.2.7. 

To ascertain infiltration capacities, each scaffold post processing was successively sliced in a 

longitudinal fashion throughout its bulk, with each progressive section (n=3 per geometric 

section location) then undergoing H&E staining. Through this procedure, a tentative geometric 

picture of cell seeded agarose scaffolds can be generated. The geometries of acquired sections 

were assigned according to distance from the first whole longitudinal section generated from the 

wax block. “Surface” sections were acquired from the first 0-500 μm, “middle” sections were 

acquired from 2000-3000 μm, “end” sections were acquired from 4500-5000 μm. 

4.3.7.2 Optimisation of static seeding procedures 

In response to histology data, the static seeding methods were modified to further improve 

attachment and infiltration efficiency of 3%-PDA-8.2 functionalised scaffolds. Such 

modifications included the application 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 

(Browe et al., 2019; Guler et al., 2023). 

In the modified static seeding method, a 3 wt% agarose hydrogel solution was first formulated 

with sterile deionised water and subsequently autoclaved. Before cooling, 250 μL 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 modification to conditions was therefore termed “static seeding conditions method 

3”.  

The cell seeding protocol as described in section 4.3.7.1 was then repeated using both normal 48 

well plate wells or agarose treated wells (n=2 per group), with a cell seeding density of 5x105 

cells/scaffold. Analysis was performed using H&E staining as per section 4.3.7.1. 
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4.3.8 Effect of PDA surface coating on cellular differentiation (stage-4) 

Prior to examining the supportive capacity of PDA coated agarose scaffolds for osteogenic and 

chondrogenic differentiation, the inherent tri-lineage differentiation capability of Y201 cells was 

successfully validated within a 2D cell monolayer context. Results of this experiment are shown 

in the appendix Figure 8.3 

4.3.8.1 Scaffold osteochondral differentiation 

3%-PDA-8.2 scaffolds were fabricated and then assigned to one of three differentiation 

conditions; basal media scaffolds (BS), osteogenic media scaffolds (OS) and chondrogenic media 

scaffolds (CS) (n=3). Using static seeding conditions method 3, scaffolds were prepared and 

seeded with a Y201 cell density of 5x105 Cells/Scaffold. After 2-3 hours, 800 μL 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 800 μL osteogenic and chondrogenic media, respectively (Table 4.3). 

Cell seeded scaffolds were subsequently cultured for 7, 21 and 28 days under standard conditions 

(37°C, 5% CO2) with media replaced every 2-3 days. At each timepoint, the level of scaffold 

differentiation was evaluated using histological osteochondral differentiation staining procedures.  

Table 4.3 – Constituents of osteogenic and chondrogenic media. ITS: Insulin-Transferrin-Selenium. 

Osteogenic Medium Chondrogenic Medium 

Supplement Name 
Final 

Concentration 
Supplement Name 

Final 

Concentration 

Complete DMEM N/A 
SFM (with 2mM L-

Glutamine, 100 U.mL−1) 
N/A 

L-Ascorbic acid-2-phosphate 

(50 mg/mL) 
50 µg/mL 

L-Ascorbic acid-2-phosphate 

(50 mg/mL) 
50 µg/mL 

ß-Glycerophosphate (500 

mM stock) 
5 mM L-Proline 40 µg/mL 

Dexamethasone (10 µM 

stock) 
10 nM 

Dexamethasone (10 µM 

stock) 
100 nM 

  ITS-1 (100X) 1X 

  hTGF-ß3 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 was produced by adding 0.25 g Alizarin Red S powder to 12.5 mL distilled water. The 

pH was then adjusted via dropwise addition of ammonium hydroxide, filtered and stored in the 

dark. Sections were dewaxed and dehydrated following the same protocol outlined in section 

2.2.8.1. Alizarin Red S working solution was added dropwise to each sample and incubated in the 

dark for 30 minutes. Excess dye was carefully blotted away. Sections 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 cartilage-like 

glycosaminoglycans (GAG) and proteoglycan content. The associated staining 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 made by adding 500 mg Safranin O powder 

(Raymond Lamb, Eastbourne, UK) or 100 mg Fast Green powder (Sigma, UK) to 500 mL 

distilled water, respectively. Fresh sections (no older than two days) were similarly dewaxed and 

rehydrated following the protocol outlined in section 2.2.8.1. Slides were subsequently immersed 

in Weigert haematoxylin for 3 minutes, washed in tap water, and then differentiated in 1% acid-

alcohol (5 mL 1% conc. hydrochloric acid in 495 mL 70% ethanol) for 1 minute. After this, slides 

were placed for 5 minutes in 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% Safranin O for 4 minutes 

followed before dehydration in an ethanol series (5 seconds - 70% ethanol, 1 minute – 100% 

ethanol IV, 2 minutes – 100% ethanol V, 3 minutes – 100% ethanol VI) and a final clearance in 

xylene (10 minutes – xylene III, 10 minutes – xylene IV). Sections were DPX mounted, visualised 

and captured as described in section 4.3.8.1.1.  

4.3.9 Physical & Chemical characterisation of Polydopamine coatings 

4.3.9.1 Scanning Electron Microscopy analysis 

3%-Blank, and 3%-PDA-8.2 scaffolds were fabricated and sterilised before standard SEM 

imaging protocols for bulk scaffold imaging were followed to completion (section 3.2.1.1). 
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4.4 Results 

The following results section will illustrate the outcomes of various agarose scaffold formulations 

upon extensive sterility, cytotoxicity and cellular adherence testing.  

In terms of the adherence testing, experimentation was carried out as per the testing criterion set 

out in section 4.2. Stage progression was only achieved upon reliable illustration 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 bacterial and/or yeast 

contamination in containment broths. Visual confirmation of sterility was captured at 48 hours 

and 14 days, as illustrated in Figure 4.4 and Figure 4.5. 

Assessment of sample thioglycollate broths at both timepoints (Figure 4.4) revealed 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. Conversely group A samples, taken at the wet 

hydrogel fabrication stage without ethanol sterilisation, illustrated initial pink layer subsidence 

followed by a turbid, straw coloured bacterial growth, within the O2-rich layer, at two weeks. This 

matched comparable observations from positive control groups.  

Figure 4.4 – Sterility testing of agarose scaffolds taken at different stages of the fabrication 
process, using thioglycolate medium. A: 3% Agarose hydrogel (without EtOH), B: 3%-Blank (without 
EtOH), C: 3%-Blank (with EtOH), D: 3% AGE1-2.5-225mM (without EtOH), E: 3% AGE1-225mM 
(with EtOH wash), F: Positive Control, G: Negative Control. 
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Assessment of sample tryptone soya broths at both timepoints (Figure 4.5) similarly illustrated 

an absence of observable bacterium in all ethanol sterilised sample groups. Formulated agarose 

hydrogels (group A) and agarose GAM (group D) produced substantial bacterial growth after 

two weeks, matching turbid string-like infections produced in positive control broths. 

4.4.2 Contact toxicity of F-AGE-1 GAMs (± FN) 

L929 cells were incubated with a range of fabricated agarose F-AGE-1 GAMs, alongside positive 

and negative controls, and tissue culture plastic, to evaluate the in-vitro cytotoxicity over a 7 Day 

culture period. Microscopy images captured for each scaffold formulation are shown in Figure 

4.6 and Figure 4.7. Steri-strips have been previously shown in the lab to support cell growth so 

were deemed sufficient as both the anchoring mechanism as well as the negative control (Fermor 

et al., 2015) whilst cyanoacrylate – which is known to be locally cytotoxic, was used as a positive 

control.  

The cell only and steri-strip only controls were used in this experiment as negative controls for 

cytotoxicity, and as such provided an example of normal L929 morphology and growth (Figure 

4.6 H and F). In comparison, the cyanoacrylate control (Figure 4.6 G), showed clear proximity 

based cellular cytotoxicity and lack of growth up to the substance layer. 

 

 

 

Figure 4.5 – Sterility testing of agarose scaffolds taken at different stages of the fabrication 
process, using tryptone soya medium. A: 3% Agarose hydrogel (without EtOH), B: 3%-Blank (without 
EtOH), C: 3%-Blank (with EtOH), D: 3% AGE1-2.5-225mM (without EtOH), E: 3% AGE1-225mM 
(with EtOH wash), F: Positive Control, G: Negative Control. 
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Upon visual analysis of the electrophoretic agarose F-AGE-1 GAM samples (FN ±) (Figure 4.6 

and Figure 4.7), normal growth patterns were identified, showing similarities to those cultured 

with steri-strips and on tissue culture plastic. Furthermore, cells grew up to and made contact in 

some form with all anchored scaffolds. In one scaffold group (AGE-1-2.5FN-0mM) (Figure 

4.7A), a marginal inhibitory zone was identified with cell-scaffold contact not being illustrated. 

Interestingly, in comparison to the cell only control, L929 cells in the presence of agarose GAMs 

generally displayed a more heterogeneous morphological profile, with an observable increase in 

spindle-like cells forming across these cultured populations. As this behaviour was also identified 

in the steri-strip only group however, this was deemed acceptable. In FN+ containing scaffolds, 

spindle-shaped cell morphologies were also identified.   

 

 

 

 

Figure 4.6 – Contact Cytotoxicity assay on a range of electrophoretic agarose GAM scaffolds (FN-
). Images A-E show the growth of L929 cells in the presence of electrophoretic agarose GAMs (A:  AGE1-
0mM, B: AGE1-112.5mM, C: AGE1-162.5mM, D: AGE1-212.5mM, E: AGE1-225mM). Customary cell 
growth was established in the presence of all scaffolds and made contact with agarose scaffolds in all cases. 
Growth and contact was also identified in the presence of the steri-strips + cells negative control (F) whilst 
the cells were severely restricted in the presence of the cyanoacrylate positive control (G). Cells grown on 
tissue culture plastic alone (H) illustrated sufficient cell numbers and morphology. Scale-bar = 50 μm. 
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4.4.3 Extract cytotoxicity of F-AGE-1 GAMs (± FN) 

After 24 hours exposure to electrophoretic agarose GAM extracts (FN ±), LDH and MTT assays 

detected only a small loss of L929 viability, in terms of percentage cell death and percentage 

viability, as illustrated below. Importantly however, Figure 4.8 A illustrates that one group, 

specifically in the FN+ subset (AGE-1-2.5FN-0mM), produced a statistically significant 

difference when compared to the negative control (P = 0.0326). This further validates the 

qualitative assertions made in section 4.4.2, specifically regarding the possible 

inhibitory/cytotoxic zone generated by this specific scaffold type. Despite this, no differences 

were identified across any of the other tested groups. This latter finding was corroborated with 

MTT viability counts (Figure 4.8 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 ISO standard for medical devices (ISO 10993-5:2009 – 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 possessed similar cytotoxic potential to a media only control. 

 

 

Figure 4.7 – Contact Cytotoxicity assay on a range of electrophoretic agarose GAM scaffolds 
(FN+). Images A-E show the growth of L929 cells in the presence of electrophoretic agarose GAMs 
(FN+) (A:  AGE1-2.5FN-0mM, B: AGE1-2.5FN-112.5mM, C: AGE1-2.5FN-162.5mM, D: AGE1-2.5FN 
-212.5mM, E: AGE1-2.5FN-225mM). L929 cells grew normally in the presence of fibronectin containing 
GAM scaffolds and made contact in all cases with biomaterial perimeters. Scale-bar = 50 μm. 
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4.4.4 Cellular behaviour within uncoated agarose scaffolds 

As described in section 4.3.4, a variety of unmodified freeze-dried agarose scaffold formulations 

were first evaluated for their inherent cellular adherence. This included blank agarose control 

scaffolds, pre-conditioned blank scaffolds and electrophoretically loaded agarose scaffolds 

(including fibronectin containing payloads).  

4.4.4.1 Effect of pre-conditioning on cell attachment  

Scaffold pre-conditioning 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 the beneficial presence of pre-deposited serum proteins on scaffold surfaces (Amirikia et al., 

2017). Uncoated 3%-Blank agarose scaffolds were therefore tested to evaluate if a similar 

phenomenon could aid agarose scaffold-cell adherence. As such, scaffolds were either 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 indicated pre-conditioned scaffolds remained largely 

hydrated after the 1 hour dehydration step (Figure 4.9), but unfortunately only allowed absorption 

of approximately 30 μL cell suspension during seeding (60 μL total). Remaining cell volume in 

Figure 4.8 (A & B) – Quantitative assessment of percentage L929 cell death and viability after 
exposure to a range of electrophoretic agarose GAM extracts (FN ±). L929 cells were cultured for 
24hrs in the presence of agarose GAM extracts before performance of LDH assay (A) and MTT assay (B) 
(n=4). SFM extract was used as a negative control (n=6). Data was expressed as mean percentage cell 
death/cell viability (± SD) when compared to a separate LDH positive control and a MTT negative 
control. One-way ANOVA with Tukey’s multiple comparison test was used after Arc-Sin transformation 
of the data and compared across the independent variables. *** = P < 0.001 compared to SFM extract 
control. 
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all cases was noted to percolate directly out of 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.  

 

The impact of both procedures on scaffold-cell attachment was then assessed using the LIVE-

DEAD assay. Following an initial 48-hour period of 3D culture (Figure 4.10), staining of cells 

within the scaffolds primarily revealed viable C2C12 and Y201 cells situated on the scaffold 

surfaces, albeit in relatively modest numbers compared to the high initial seeding density of 

2.5x105 cells per scaffold. Notably at this early timepoint, pre-conditioned scaffolds, particularly 

those seeded with Y201 cells, showed a reduction in viable cell count compared to their dry 

scaffold counterparts. Intriguingly, this decrease did not however correspond with any increase 

in cell non-viability (as indicated by red staining), implying that the pre-conditioning process did 

not induce noticeable cytotoxicity or harm to cell viability. It was further observed that the 

presented cellular morphologies across the seeded scaffolds consistently displayed a characteristic 

"stressed" or “cobblestone” appearance, appearing as distinct spheroidal cellular structures with 

no evidence of interconnectivity or elongation (Kim et al., 2009). After prolonged culture (7 days), 

there was a noticeable decrease in viable cells across all groups, leaving only a small population 

visibly located to the scaffold surface. Additionally, the spheroidal morphologies observed earlier 

were sustained.  

In light of these observations, and based on the scaffold testing criterion, it was concluded that 

1) 3%-Blank scaffolds do not appear to provide a sufficiently bioactive surface capable of large 

scale cellular adhesion or long term viability and 2) that scaffold pre-conditioning appears 

ineffective at rectifying such issues. As a result, the pre-conditioning step was eliminated from all 

subsequent scaffold seeding experiments.  

  

Figure 4.9 – Illustration of the growth media pre-conditioning process on 3%-Blank agarose 
scaffolds.  



139 
 

4.4.4.2 Effect of FN containing pDNA-nanoparticles on cell attachment 

Uncoated 3 wt% F-AGE-1 agarose GAMs (AGE1-2.5-0mM, AGE1-2.5-225mM, AGE1-2.5FN-

0mM, AGE1-2.5FN-225mM) alongside 3%-Blank scaffolds were similarly cultured with either 

C2C12 or Y201 cells before LIVE-DEAD staining at 48 hours and 7 days, as described in section 

4.3.4.2.  

Upon visual inspection of the F-AGE-1 GAM scaffolds lacking fibronectin (AGE1-2.5-0mM, 

AGE1-2.5-225mM) (Figure 4.11), similar cell attachment, viability and morphology 

characteristics were observed as previously outlined in Figure 4.10. It was noted however, that 

greater cell death occurred in Y201 seeded AGE1-2.5-225mM GAM scaffolds, at 7 days. As this 

did not appear in the C2C12 samples, it was hypothesised that Y201 cells may possess a greater 

degree of susceptibility to electrophoretically loaded co-localised payloads and thus the lower 

viability observed. 

 

 

 

 

 

Figure 4.10 – Images of LIVE-DEAD stained C2C12 and Y201 cells following 48 hours and 7 days 
3D culture on pre-conditioned or dry 3 wt% agarose scaffolds. Cells were seeded on 3%-Blank 
scaffolds using static seeding techniques with a density of 2.5x105 Cells/Scaffold. Live cells are stained 
green and dead cells stained red. Scale bars = 250 μm 



140 
 

 

When F-AGE-1 GAM scaffolds containing fibronectin (AGE1-2.5FN-0mM, AGE1-2.5FN-

225mM) were then examined (Figure 4.12), it was observed that the presence of 

electrophoretically loaded fibronectin appeared to induce initial positive effects with regards to 

cell-scaffold surface attachment, with all groups displaying 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. Electrophoretically loaded FN also had no impact on cellular morphology, with 

spheroidal phenotypes consistently observed as shown in the previous agarose scaffolds.  

Due to these results, it was postulated that the presence of electrophoretically co-localised 

pDNA-CaP or pDNA-FN-CaP precipitates did not significantly enhance the overall adherence 

attributes of 3 wt% agarose scaffolds. Crucially, none of the formulations were deemed capable 

of providing a long-term culture environment conducive to sustaining large 3D populations of 

C2C12 and Y201 cells, especially in the desired phenotype. As a result, this aspect of the research 

pertaining to uncoated agarose scaffolds was concluded at the first stage of the adhesion 

assessment (stage-1), with various methods for scaffold surface functionalisation now actively 

under development. 

Figure 4.11 – Images of LIVE-DEAD stained C2C12 and Y201 cells following 48 hours and 7 days 
3D culture on F-AGE-1 FN- GAMs. Cells were seeded using static seeding techniques with a density of 
2.5x105 Cells/Scaffold. GAMs were fabricated containing 2.5 μg pDNA-CaP nanoparticles (F-AGE-1 
approach - plasmid used: pCAG-d2-eGFP). Live cells are stained green and dead cells stained red. Images 
A-B and C-D: 48hr and 7 day 3%-Blank control scaffolds seeded with C2C12 and Y201 cells, respectively. 
Images were captured specifically at CaP precipitate regions. Scale bars = 250 μm. 
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4.4.5 Cellular behaviour within surface coated agarose scaffolds 

4.4.5.1 Effect of FN surface coating on cell attachment, viability and morphology 

In contrast to GAM scaffolds formulated via FN conjugation within CaP precipitates, alternative 

surface coated agarose scaffolds were fabricated using two different FN solutions (25 μg/μL and 

50 μg/μL). Visual inspection of the cell viability images of all FN coated scaffolds (Figure 4.13) 

showed C2C12 and Y201 cells were present and viable but again in meagre numbers at 48 hours 

post seeding.  

Viable cell numbers did however appear to remain steady when cultured for a further 5 days, 

with little obvious depletion. When FN concentration was increased, no visible change in cell 

numbers was identified, however 7 day images for both C2C12 and Y201 cells did appear less 

red. FN coatings also had no morphological impact on either cell type, presenting largely as round 

globular individual cell populations, much like the uncoated 3%-Blank controls.  

Figure 4.12 – Images of LIVE-DEAD stained C2C12 and Y201 cells following 48 hours and 7 days 
3D culture on F-AGE-1 FN+ GAMs. Cells were seeded using static seeding techniques with a density 
of 2.5x105 Cells/Scaffold. GAMs contained 2.5μg pDNA-CaP nanoparticles conjugated with 10μg FN (F-
AGE-1 Approach - plasmid used: pCAG-d2-eGFP). Live cells are stained green and dead cells stained red. 
Images were captured specifically at CaP precipitate regions. Scale bars = 250 μm 
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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 surfaces with the aim of improving cell 

attachment, long term viability and focal cell adhesion. High molecular weight PEO was used to 

physically crosslink LAP nanoplatelets and form a coating on the agarose scaffold. Two LAP-

PEO solutions with concentrations of 40 mg/mL or 120 mg/mL were tested.  

Following the surface deposition and freeze-drying process, the scaffolds displayed no obvious 

visual change in complexion or morphology, remaining white in colour and appearing porous. 

The presence of a white fluffy-like coating interspersed within the pores and the outer surfaces 

was noted. Upon handling, the mechanical integrity of the coated scaffolds remained consistent 

with uncoated controls. 

Upon analysis, LAP-PEO scaffold LIVE-DEAD images illustrated a marginal improvement in 

cell-scaffold 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 

Figure 4.13 – Images of LIVE-DEAD stained C2C12 and Y201 cells following 48 hours and 7 days 
3D culture on FN coated 3 wt% agarose scaffolds. Cells were seeded using static seeding techniques 
with a density of 2.5x105 Cells/Scaffold. 3wt% agarose scaffolds were fabricated and functionalised with 
either 25 μg/mL or 50 μg/mL fibronectin. Images A & B: 48hr and 7 day uncoated agarose scaffold 
control (C2C12). Images C & D: 48hr and 7 day uncoated agarose scaffold control (Y201). Scale bars = 
250 μm 
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controls (Figure 4.14 A and C). In both cell lines, 40 mg/mL LAP-PEO scaffolds specifically 

appeared to contain the greatest proportion of attached cells however this apparent advancement 

did not improve cell morphology, with all cells remaining as distinct spheroids with no 

interconnectivity. In general, fewer cells 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 LAP-PEO associated background EthD-III staining appeared 

across all groups at both timepoints (most acute at 7 days), which severely impeded effective 

viability analysis. The author hypothesises this to be colloidal laponite dispersions which appear 

as a result of its insolubility in water (Cummins, 2007).  

 

4.4.5.3 Effect of PDA surface coating on cell attachment, viability and morphology 

Using similar deposition-coating methodologies to the FN and LAP-PEO functionalised 

scaffolds, 3%-Blank agarose scaffolds were incubated in PDA solutions (1 mg/mL or 2 mg/mL) 

over the course of a 24 hour period, as described in section 2.2.4.3. C2C12 and Y201 cells were 

then 3D cultured in the scaffolds over a further 7 day period, and subsequently LIVE-DEAD 

stained to ascertain viability.  

Figure 4.14 – Images of LIVE-DEAD stained C2C12 and Y201 cells following 48 hours and 7 days 
3D culture on LAP-PEO coated agarose scaffolds. Cells were seeded using static seeding techniques 
with a density of 2.5x105 Cells/Scaffold. 3 wt% agarose scaffolds were fabricated and functionalised with 
either 40 mg/mL or 120 mg/mL LAP-PEO solutions. Images A & B: 48hr and 7 day 3%-Blank control 
seeded with C2C12. Images C & D: 48hr and 7 day 3%-Blank control seeded with Y201. Scale bars = 250 
μm. 
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Completion of the PDA deposition protocol revealed a clear visual change in scaffold 

appearance, with scaffolds transitioning from a white to grey to black colour after 4, 8, 12 and 24 

hours respectively (Figure 4.15). Moreover, 2 mg/mL PDA solutions induced a greater colour 

change for all agarose scaffolds, most noticeably at 4, 8, and 12 hours of immersion time. These 

findings suggested PDA film density and/or thickness increased with PDA solution 

concentration and immersion time. Crucially, coatings also remained consistent in colour after 

ddH2O washing and subsequent freeze-drying procedures.  

  

Subsequent analysis of the stained 3 wt% PDA scaffold range, after 48 hours initial 3D culture, 

illustrated positive wholesale transformation across all experimental indictors including 

improvements to cell-scaffold attachment, the proportion of viable cells present and alterations 

to cellular morphology (cells presenting as classical elongated and interconnected fibroblast-like 

cells).  

In terms of the effect of PDA immersion time, images initially suggested that coating for 4 hours 

only marginally improved Y201 and C2C12 cell adhesion and viability, in comparison to uncoated 

controls, with some instances of cell elongation and interconnectivity (Figure 4.16). When PDA 

immersion duration was increased further, up to 12 hours, cell adhesion and viability 

characteristics of the cell seeded scaffolds substantially improved, with large interconnected cell 

populations now visible on all sides of the biomaterial surface. Beyond this duration (i.e. at 24 

hours immersion duration), cell adhesion capabilities appeared to decline with fewer numbers of 

viable cells detected on the scaffold surfaces, and in some cases cells with the previously described 

spheroidal phenotypes were observed. Interestingly, these cases were not accompanied with an 

overall increase in the numbers of dead cells (red staining), suggesting high PDA concentrations 

may not necessarily cause cytotoxicity. The effect of increasing PDA concentration (1 mg/mL 

versus 2 mg/mL) appeared to only result in marginal improvements to cell attachment and 

viability, up to 12 hours (Figure 4.16).  

Figure 4.15 – Effect of immersion time and concentration on PDA deposition on agarose scaffolds. 
3%-Blank were immersed in 1 mg/mL or 2 mg/mL dopamine solutions of different concentrations for 4, 
8, 12 and 24 hours. Unattached PDA was removed with ddH20 before freeze-drying. The amount of PDA 
incorporated and overall coating thickness could be controlled by increasing immersion time and PDA 
solution concentration. Right hand image showing uncoated 3%-Blank scaffold as reference. 
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Significantly, after 7 days, clear viable cell populations could still be identified across all PDA 

coated scaffold groups with little evidence of cellular cytotoxicity (Figure 4.17). The previously 

classified cell morphologies were also maintained and now appeared highly interconnected over 

a large proportion of the scaffold surface, likely with permanent focal cell-scaffold adhesions as 

well as crucial cell-cell contacts.  

Figure 4.16 – Images of LIVE-DEAD stained Y201 and C2C12 cells following 48 hours 3D culture 
on Polydopamine (PDA) coated 3 wt% agarose scaffolds. Cells were seeded using static seeding 
techniques with a density of 2.5x105 Cells/Scaffold. 3%-Blank agarose scaffolds were fabricated and 
functionalised by immersion in 1 mg/mL or 2 mg/mL PDA solutions over different time periods (4, 8, 
12, 24hrs). Live cells are stained green and dead cells stained red. Images A and B: 3%-Blank scaffold 
controls seeded with Y201 and C2C12, respectively. Scale bars = 250 μm (Y201) and 750 μm (C2C12). 
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Collation of the above qualitative results (Figure 4.16 and Figure 4.17) comprehensively 

confirmed the general applicability of PDA coatings for agarose scaffolds, resulting in improved 

3D cell attachment and viability as well as drastic changes to cellular morphology. In relation to 

the cellular adhesion criterion set out in section 4.2, sufficient evidence was provided by most of 

the PDA formulations with only the 4 hour (1mg/mL) and 24 hour iterations failing to 

comprehensively illustrate adequate cellular properties for stage-1-stage-2 progression. As a 

Figure 4.17 – Images of LIVE-DEAD stained Y201 and C2C12 cells following 7 days 3D culture 
on Polydopamine (PDA) coated 3 wt% agarose scaffolds. Cells were seeded using static seeding 
techniques with a density of 2.5x105 Cells/Scaffold. 3%-Blank agarose scaffolds were fabricated and 
functionalised by immersion in 1mg/mL or 2mg/mL PDA solutions over different time periods (4, 8, 12, 
24hrs). Live cells are stained green and dead cells stained red. Images A and B: 3%-Blank scaffold controls 
seeded with Y201 and C2C12, respectively. Scale bars = 250 μm (Y201) and 750 μm (C2C12). 
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result, all remaining formulations were recommended for stage-2 cell adhesion investigations, 

specifically regarding the effect of PDA coating on 3D cell metabolism and proliferation.  

4.4.5.4 Effect of PDA surface coating on cellular proliferation  

4.4.5.4.1 Optimisation of alamarBlue assay parameters  

Quantification of cell proliferation using an alamarBlue assay is most accurately measured when 

cells are in the exponential phase of growth. As such, experimental parameters including scaffold 

seeding density and incubation time were first optimised for Y201 cells, as described in section 

4.3.6.1.1. As uncoated agarose scaffolds failed to provide a suitable environment for even basic 

cell attachment, it was essential that optimisation of alamarBlue parameters was performed on a 

scaffold formulation known to support the measured experimental factors. As such, 8 hours 2 

mg/mL (or 3%-PDA8.2) was chosen, with appropriate scaffolds being formulated and sterilised 

accordingly.  

In terms of optimisation of the incubation time, it was identified from Figure 4.18 A that a linear 

response in percentage reduction in alamarBlue was presented solely when cells were incubated 

for 4 hours. This was further supported by Figure 4.18 B, which showed that different cell 

densities could be effectively distinguished at 4 hours of alamarBlue incubation specifically. 

Moreover, with future long term culture experiments in mind (i.e. over 7 days 3D static culture), 

an initial seeding density of approximately 125,000 cells/scaffold should be considered, thus 

containing measured sample reduction to within the measurable limits (<100% reduction). As a 

result of these findings, a 4 hour incubation period was utilised for subsequent viability and 

proliferation measurements. 

Figure 4.18 – Optimisation of alamarBlue incubation period (A) and Y201 cell seeding density (B) 
for PDA coated agarose scaffolds. 3%-PDA8.2 scaffolds were selected as the reference biomaterial for 
which optimisation took place. Scaffolds were seeded under static conditions using a cell density range of 
125,000 – 500,000 cells/scaffold. The degree of alamarBlue reduction was measured for a total duration 
of 6 hours, with separate readings performed every 1-2 hours. Mean percentage reduction in alamarBlue 
was calculated using a mean reading of a fully reduced alamarBlue sample (n=3). 
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4.4.5.4.2 PDA coated agarose scaffold cell proliferation assay 

AlamarBlue cell proliferation assays were performed on the range of PDA coated 3% agarose 

scaffolds, as described in section 4.3.6.1. This was done to firstly quantitatively assess the degree 

to which PDA functionalisation of agarose scaffolds improves cell adhesion and subsequent 

proliferation compared to uncoated agarose and secondly to reliably inform which specific 

functionalisation parameters, i.e. PDA solution concentration and immersion time, are most 

effective and thus deemed optimal for future work.  

 Y201 cell metabolic activity, as determined by alamarBlue reduction, was initially shown to be 

low in all tested uncoated control scaffolds (3%-Blank) at both measured timepoints, with an 

observed drop detected as 3D culture time increased up to 7 days (Figure 4.19). In comparison, 

detectable metabolic activity of PDA functionalised Y201 seeded scaffolds appeared greatly 

elevated at 48 hours, which importantly then increased further with 3D culture time (up to 7 

days).  

 

In terms of the most optimal PDA functionalisation condition, Figure 4.19 A and B displayed a 

time and concentration dependent effect, whereby increases in PDA immersion time as well as 

PDA solution concentration induced a greater degree of cellular proliferation within the scaffolds 

over the course of a 7 day culture period. Interestingly, despite large differences in percentage 

alamarBlue reduction between the 4 hour and 12 hour PDA conditions, no statistically significant 

differences were found between either of the datasets when each PDA scaffold group was 

analysed. In the case of the 48 hour timepoint data, statistically significant improvements were 

found when the 3%-PDA8.2 and 3%-PDA12.2 groups were compared to the uncoated negative 

Figure 4.19 (A & B) – Metabolic activity of Y201 cells seeded on a range of PDA coated agarose 
scaffolds. Cell proliferation within a range of 3 wt% PDA coated scaffolds at (A) 48 hours and (B) 7 
days. Cells were seeded using static seeding techniques with a density of 1.25x105 Cells/Scaffold. At each 
timepoint media was exchanged for working alamarBlue solution and incubated for 4 hours. Mean 
percentage reduction in alamarBlue was calculated using a fully reduced alamarBlue sample (n=3). 
Scaffold groups were statistically compared after Arc-Sin transformation using one-way ANOVA (with 
Tukey’s multiple comparisons test). * = P < 0.05, ** = P < 0.01, **** = P < 0.0001 
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control (P=0.0155, P=0.0067). In contrast, all PDA groups presented as substantially different 

in the 7 day timepoint when compared to the negative control.  

4.4.5.4.3 Final selection of ideal PDA coating parameters 

Based on outcomes of initial manufacture as well as qualitative viability images and quantitative 

metabolic activity (stage-1 and stage-2 testing data for PDA coated agarose scaffolds), it was 

concluded that PDA coatings were firstly; capable of stable, long term affixation onto and within 

3% porous agarose scaffolds, using a standard dip/diffusion coating process and secondly; able 

to dramatically improve cellular adhesion, viability, survival and proliferation characteristics, 

upon 3D seeding of two different cell lines. It was further concluded that upon analysis with 

Y201 seeded cells, cell metabolic activity and proliferation was greatest in coatings cultivated for 

generally longer periods of time, specifically in the region of 8-12 hours, with extended cultivation 

periods, such as 24 hours, appearing detrimental. 

Given the minimal differences observed in viability, cell attachment and metabolic activity 

between the 8 hour and 12 hour PDA formulations, final selection was determined simply by 

practicalities of sample production within the confines of daily laboratory hours. As the 8 hour 

2mg/mL agarose scaffolds could be fully functionalised within a single working day, this was 

deemed most appropriate and as such was subsequently used for all future experimentation.  

4.4.5.5 Effect of PDA surface coating on cellular infiltration  

Following confirmation of effective cellular attachment, viability and proliferation, further studies 

were subsequently performed to elucidate the capability of 3%-PDA8.2 scaffolds. This was to 

allow effective and heterogeneous cellular infiltration, under current static seeded methodologies 

and determine whether this could be improved via changes to cell seeding densities or by changes 

to the static seeding methodology. Whole scaffolds were therefore analysed across the material 

bulk, by typical histological processing and sectioning procedures using H&E staining. 

4.4.5.5.1 Influence of cell seeding density  

Images obtained from 3%-PDA8.2 scaffolds seeded statically, with either 2.5x105 Y201 

cells/scaffold or 5x105 Y201 cells/scaffold (Figure 4.20), appeared to contain populations of cells 

in each of the geometric groupings, from surface layer sections through to the underlying bottom 

layer of the scaffold. Furthermore, in both subsets, Y201 cells were found across the geometric 

layers as interconnected clusters within the agarose pore spaces, displaying classical elongated 

morphologies with clear evidence of cell-cell and cell-scaffold contacts. When cell seeding density 

was compared, the appearance within the stained sections suggested more overall cells were 

present when larger amounts of Y201’s were initially seeded, with a greater number of pore spaces 

filled with Y201 cell clusters, across the entire scaffold bulk.  



150 
 

Based on initial outcomes from this experiment, basic static seeding methodologies (method 1) 

were deemed largely acceptable as a method for scaffold wide infiltration, and as such only 

minimal optimisation steps were subsequently performed.  

 

4.4.5.5.2 Additional optimisation of static seeding procedures 

Static seeding methodologies were further optimised to improve cell attachment efficiency and 

scaffold infiltration through the application of an adhesion resistant agarose layer to the tissue 

culture plastic well bottom (also known as static seeding method 3), as described in section 

4.3.7.2. Through its application, it was hypothesised that cell adhesion towards the PDA coated 

scaffolds would be favoured, thus restricting attachment and drop-off onto the treated 48 well 

plate surface. 3%-PDA8.2 scaffolds were cultured for 48 hours followed by histological 

processing. 

Visual analysis via H&E staining confirmed the validity of the new static seeding technique with 

Y201 cell populations clearly situated across all geometric locations examined. Cells also displayed 

the expected fibroblastic morphologies, as seen when seeded using seeding methodology 1 

(treated 48 well plate), suggesting no apparent morphological impact was induced upon agarose 

Figure 4.20 – H&E staining of statically seeded 3%-PDA-8.2 PDA coated agarose scaffolds. At 3 
different geometric points of interest throughout the scaffold, 10 μm sections were collected and 
histologically stained to show the degree of 3D cellular infiltration. Y201 cells were seeded at a density of 
either 2.5x105 (A) or 5x105 cells/scaffold (B) using static seeding techniques and cultured for 48 hours 
prior to histological processing and staining. Scale bar of X4 images: 200 μm. Scale bar of X20 images: 50 
μm. 
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layer addition. Furthermore, it was also observed that marginal enhancements in cell attachment 

efficiencies across the entire scaffold bulk occurred when an additional agarose layer was added 

(Figure 4.21), confirming the experimental hypothesis.  

4.4.5.6 Effect of PDA surface coating on cellular differentiation  

Upon optimisation of cell-scaffold infiltration parameters, 3%-PDA8.2 scaffolds were examined 

with regards to their ability to support and sustain 3D cellular differentiation of Y201 cells 

towards osteochondral lineages – a key requirement for future application of these scaffolds as 

GAM repair systems. Furthermore, it was also vital to confirm if the presence of the PDA coating 

alone possessed any capacity for Y201 lineage commitment.  

To ensure comprehensive validation, the Y201 cell line was initially assessed for its tri-lineage 

differentiation capability in 2D, specifically across the osteogenic, chondrogenic and adipogenic 

lineages (Appendix Figure 8.3). This was then followed by long term 3D culture of cells within 

3%-PDA8.2 scaffolds, specifically for this study, in the presence of either basal media or 

differentiation media (osteogenic or chondrogenic).   

Figure 4.21 – H&E staining of statically seeded PDA coated agarose scaffolds comparing agarose 
layered 48 well plate methodology versus treated wells. At 3 difference geometric points of interest 
throughout the scaffold, 10 μm sections were collected and histologically stained to show the degree of 
3D cell attachment and infiltration after seeding either in the presence or absence of reportedly adhesion 
resistant agarose surface layer. Scale bar of X4 images: 200 μm. Scale bar of X20 images: 50 μm. 
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4.4.5.6.1 3D osteochondral differentiation 

Following the methods described in section 4.3.8.1, 3%-PDA8.2 scaffolds were seeded with Y201 

and evaluated to ascertain their capacity for osteogenic and chondrogenic differentiation. Alizarin 

red and Safranin O-Fast green staining were utilised as indicators of differentiation commitment 

(Figure 4.22 and Figure 4.23). Evaluation of agarose scaffolds for their support for adipogenic 

differentiation was not considered appropriate given the therapeutic context in which these 

scaffolds are being applied (i.e for osteochondral defects repair). 

Initially, visual analysis of negative control scaffolds revealed no inherent detectable ability of 

PDA coatings to induce seeded Y201 cells towards the osteogenic lineage at any timepoints 

(Figure 4.22 A). In these samples, seeded cells continued to proliferate and spread throughout 

the scaffold bulk with no indication of cellular condensation or deposition of calcium and bone 

nodules. In contrast, cells cultured under osteogenic conditions displayed small quantities of 

positive alizarin red staining after 21 days, then comprehensively staining after 28 days (Figure 

4.22 B). Such red staining specifically appeared to track around the edges of the scaffold pore 

structure in areas which Y201 cells had formed clusters, suggesting the formation of bone nodules 

in these scaffold cultures.  

 

Figure 4.22 – 3D osteogenic differentiation of Y201 seeded PDA agarose scaffolds. Y201 cells were 
cultured in 3%-PDA8.2 scaffolds under basal or osteogenic conditions for up to 28 days. Sections were 
stained using alizarin red dye illustrating Ca2+ deposition. Scaffold seeding density was 5x105 cells/scaffold. 
Scale bar of X4 images: 200 μm. Scale bar of X20 images: 50 μm. 
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Alcian blue staining was performed on chondrogenic sections however significant dye 

accumulation on agarose scaffold fibres resulted in an indistinguishable colour change between 

control and chondrogenic samples. As such, Safranin-O-fast green staining was employed.  

In a similar fashion to osteogenic control scaffolds, visual analysis of chondrogenic negative 

control scaffolds revealed no detectable ability of PDA coatings alone to induce seeded Y201 

cells towards the chondrogenic lineage at any timepoint (Figure 4.23 A). Sections remained absent 

of any characteristic red or green staining representing possible proteoglycan deposits. 

Furthermore, it was noted cell proliferation continued as expected over the sample period with 

scaffold pores filled with cell clusters across its bulk. In comparison, seeded scaffolds cultured 

under chondrogenic conditions showed progressive cellular aggregation at 21 and 28 days, 

forming dense circular populations at pore junctions. Positive staining for safranin O often 

occurred in regions adjoining these populations, whilst fast green stain was positively identified 

at cell-cell junctions. 

 

Figure 4.23 – 3D chondrogenic differentiation of Y201 seeded PDA agarose scaffolds. Y201 cells 
were cultured in 3%-PDA8.2 scaffolds under basal or chondrogenic conditions for up to 28 days. Sections 
were stained using safranin O-fast green dye illustrating proteoglycan content. Scaffold seeding density was 
5x105 cells/scaffold. Scale bar of X4 images: 200 μm. Scale bar of X20 images: 50 μm.  
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4.4.6 Physical & chemical characterisation of polydopamine coatings 

4.4.6.1 Microstructure of PDA coated agarose scaffolds 

 SEM imaging of PDA functionalised scaffolds was performed to firstly confirm the presence of 

a deposited PDA coating at the micron scale and secondly to assess its morphological 

characteristics in comparison to an uncoated scaffold control. Under low magnification, PDA 

coated scaffolds were indistinguishable from uncoated controls, illustrating the previously 

characterised interconnected pore microstructure, which also appeared unaffected by additional 

functionalisation and freeze-drying procedures (Figure 4.24 A & D). However, greater 

magnification of PDA coated scaffolds revealed wholesale coverage of fibres with a high density 

PDA film, individually measured in the nanoscale range, accompanied by the presence of PDA 

agglomerates (Figure 4.24 E & F). In comparison, uncoated agarose fibres remained clean and 

smooth with no indication of particulates or debris (Figure 4.24 B & C). When these PDA coated 

regions were analysed under EDX elemental analysis, detectable signals of carbon, oxygen and 

nitrogen were significantly enhanced in comparison to uncoated agarose (Figure 4.24 G & H). 

Furthermore, the characteristic sulphur signal present in uncoated agarose decreased to near 

undetectable levels after PDA coating, suggesting complete coverage by PDA, within the region 

analysed.   

Figure 4.24 (A-H) – SEM micrograph images and EDX analysis of PDA coated agarose scaffolds. 
A-C: Representative microstructure of 3%-Blank agarose scaffold, D-F: Representative microstructure of 
3%-PDA8.2 scaffold. G: EDX analysis of 3%-Blank scaffold, H: EDX analysis of 3%-PDA8.2 scaffold. 
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4.5 Discussion 

4.5.1 Agarose scaffold sterilisation 

The first objective of this chapter sought to assess the effectiveness and long-term suitability of 

a common scaffold sterilisation procedure. Specific attributes of interest for the particular 

method used included being fast, cheap and easily available, whilst also being able to restrict 

unwanted biomaterial morphological changes (including the mechanical and chemical 

properties). Finally, the method should not negatively affect incorporated DNA payloads and 

their downstream function. Based on these characteristics, the most obvious method chosen for 

agarose scaffold sterilisation was the use of ethanol – part of the chemical sterilisation family.  

When utilised as a step-wise wash procedure, ethanol has in the past, been successfully applied 

to a range of scaffold based systems including fibrous electrospun biomaterials, hydrogels and 

porous scaffolds (Rediguieri et al., 2016; Selim et al., 2011; Su et al., 2021). The protocol used in 

this study was therefore based on these published methodologies and applied accordingly 

alongside previously established lyophilisation procedures. Upon bacterial broth evaluation, the 

results suggested ethanol sterilisation was indeed sufficient at preventing microbial growth over 

a two week period. Of particular note was the apparent partial resistance to bacterial infection in 

groups which solely underwent a freeze-drying procedure (without an ethanol sterilisation wash). 

Although more investigations would be required, this finding was in fact backed up in two recent 

studies which showed that the primary cooling step specifically induces partial microbial 

inactivation, acting through temperature mediated protein and enzyme denaturation (Dai et al., 

2016; Markowicz et al., 2006). As such, overall sterilisation efficiency of agarose scaffolds was 

likely enhanced by the incorporation of both methods acting in tandem and was therefore 

deemed acceptable for future experimentation within this thesis.  

4.5.2 Agarose scaffold/GAM cytotoxicity 

Initial cytotoxicity testing conducted with L929 cells revealed fabricated and sterilised agarose F-

AGE-1 GAMs were regarded as not notably toxic to cells. Growth patterns were similar across 

all GAM groups with no obvious indication of CaP nanoparticle associated cytotoxicity. 

Furthermore, cell growth up to and in contact with scaffold surfaces did not change upon 

electrophoretic loading of pDNA-nanoparticle complexes. Observations additionally suggested 

electrophoretic inclusion of a fibronectin recombinant protein within such GAMs had little effect 

on contact viability. This was hypothesised to be a result of either; FN inducing little to no visual 

improvement to contact viability or that FN containing nanoparticle complexes remained 

immobilised within the freeze-dried agarose matrix over the course of experimentation, thus 

mitigating its desired effect. Quantitative cytotoxicity analysis revealed small yet non-significant 

levels of detectable cell death over a 24 hour culture period in which L929 cells were incubated 

in the presence of GAM extract solutions. The identified cell death was thought to be likely due 
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in part because of possible residual ethanol remaining within the porous matrix after sterilisation, 

or carryover of cell passage-seeding related death (Arango et al.; Rainer et al., 2010).  

Although study results show promise in terms of agarose scaffold cytotoxicity characteristics, it 

should be clarified this does not guarantee effective cell-scaffold adhesion and attachment when 

applied in 3D culture environments – a crucial pillar for GAM mediated tissue engineering.  

4.5.3 Cellular adhesion capability of uncoated agarose scaffolds 

Using standard methods for cell attachment testing, strong evidence was presented which 

suggested that all of the first generation uncoated agarose scaffold formulations (3%-Blank, F-

AGE-1 GAMs (±FN)) were, according to this project’s specification, not suitable for short or 

long term 3D cell culture, with LIVE-DEAD imaging revealing low level surface attachment and 

long term viability for the two cell lines tested. Additionally, any detectable live cells identified 

using viability dyes retained distinct round globular morphologies. This evidence supports reports 

by Cambria et al and Evans et al, with both purporting agarose biomaterials generally lack the 

necessary cell adhesion motifs for cell-scaffold focal adhesion and thus successful 3D culture 

(Cambria et al., 2020; Evans et al., 2022).  As a result of this, surface coating methods were 

therefore applied which aimed to improve agarose scaffold- cell adhesion. 

4.5.4 Cellular adhesion capability of FN and LAP-PEO coated scaffolds 

Three surface deposition methods (FN, LAP-PEO, PDA) were applied to fabricated agarose 

scaffolds aiming to improve cell attachment, viability and proliferation characteristics.  

It was initially found that direct physical surface adsorption of both FN and LAP-PEO failed to 

bring any tangible improvements to cell attachment and viability, with scaffolds displaying cell 

morphologies which retained globular circular conformations after 7 days 3D culture. In the case 

of FN coated scaffolds, the most likely cause of cell adhesion failure was due to the lack of 

interaction between the bioinert agarose scaffold and fibronectin molecules. As agarose is only 

weakly hydrophilic with no inherently charged functional groups, it was reasoned that fibronectin 

could not adsorb onto and within the scaffold via classical Van der Waals, hydrogen bonding or 

electrostatic interactions. Therefore, during the PBS and ethanol wash steps in the protocol, as 

well as in the static seeding procedures, FN molecules were likely easily washed off the scaffold 

surface, thus providing no improvement in cell attachment and viability compared to the 

uncoated agarose scaffolds previously tested.  

In the case of LAP-PEO coated samples, specific bio-nanocomposite coating methods, such as 

those reported by Orafa et al and Gaharwar et al, were adapted with modifications for application 

as a coating for agarose scaffolds. This involved the replacing of the reported drying and vacuum 

oven steps with the freeze-drying fabrication procedure used in this thesis (Gaharwar et al., 2012; 

Orafa et al., 2021). Due to this change, it could be assumed that the cryogenic conditions may 
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have negatively influenced the reported cell adhesion properties of LAP-PEO, such that cationic 

interactions may have been disrupted, therefore breaking the delicate interconnectivity of the 

films. This hypothesis however was at least partially countered by a comprehensive report by 

Adam et al who similarly freeze-dried LAP-PEO solutions but with the aim of characterising its 

rheological properties. This study reported a similar white fluffy powder to what was identified 

in this thesis, which possessed similar properties and chemistries to samples not placed under 

freeze-drying procedures, suggesting lyophilisation mediated damage is unlikely (Adam, 2012). 

As cell adhesion potential of this LAP-PEO freeze-dried form wasn’t evaluated in this stated 

report, evidence remains scarce supporting the idea lyophilisation was in fact the root cause. 

Furthermore, as LAP-PEO coatings have widespread reported success for improving biomaterial 

functionality over a range of cell types and materials, the exact mechanisms for its apparent failure 

in this case remain up for debate and would require more intense study and characterisation.  

Based on FN and LAP-PEO evaluations, it was therefore surmised the inherent bio-inert nature 

of agarose scaffolds restricts the effective and permanent deposition of adhesion molecules on 

its surfaces, and as such the biomaterial itself must require either additional chemical modification 

or intermediary coupling agents to induce the desired cellular adhesion (Evans et al., 2022; Meng 

et al., 2012; Zhu et al., 2006).  

4.5.5 Cellular adhesion capability of PDA coated scaffolds 

Polydopamine was alternatively proposed for its ability to form exceptionally well adhered 

bioactive films on virtually any biomaterial including other bio-inert surfaces such as metals, non-

wetting surfaces and 3D scaffolds (Barros et al., 2021; Ku et al., 2010; Tsai et al., 2011). 

Consequently, previously reported PDA coating procedures were adapted for uncoated agarose 

scaffold deposition and subsequently applied. Importantly, it was found that several factors 

during the initial PDA preparation and coating procedure including; reaction temperature, initial 

dopamine concentration, incubation time, pH, buffer type, can influence the resulting surface 

characteristics found on the deposited material. Of these factors, dopamine concentration and 

incubation time were considered paramount, directly controlling coating thickness, density and 

distribution – characteristics key to inducing scaffold-cell adhesion(Jiang et al., 2011).  

Upon cell attachment and viability analysis, cellular adherence characteristics of C2C12 and Y201 

cells to the PDA scaffolds were dramatically enhanced, illustrating in general a dose-dependent 

improvement in adherence, viability, and morphology as a function of increasing incubation time 

and dopamine concentration. This improved surface affinity in both cell types for the 

functionalised agarose scaffolds was directly attributed to the super hydrophilic environment 

created by the PDA film. Although still not fully understood, the results here support hypotheses 

reported by Ku et al and Tsai et al who purport that catechol and amine functional groups present 

on the surface of the PDA films covalently bind and immobilise serum proteins present in cell 
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media (Ku et al., 2010; Tsai et al., 2011). Crucially once bound, these cell adhesive ECM proteins 

(such as fibronectin and vitronectin) remain in their native conformational state, retaining their 

interactivity and functional potential as cell adhesion sites (Lee et al., 2009). Integrin cell surface 

receptors present on cell membranes can then recognise these proteins (specifically the RGD tri-

peptide sequence) and establish focal contacts between the seeded cells and the scaffold surface 

(Mardon & Grant, 1994).   

Interestingly, in comparison to other reported studies in which lengthy incubation periods (e.g. 

16-24 hours) were required for whole scaffold coating and subsequent cell adhesion, it was found 

in this study that incubation periods as short as 8 hours were sufficient (Ku & Park, 2010; Ku et 

al., 2010). This was hypothesised to be due to the highly porous microstructure of freeze-dried 

agarose scaffolds (chapter 3 scaffold characterisation), whereby polydopamine could diffuse 

freely into the scaffold bulk during the polymerisation and immersion processes. PDA films likely 

then could be deposited at speed throughout the entirety of the scaffold bulk, crucially avoiding 

the need for use of dynamic compression techniques – a method employed by Tsai et al to enable 

dopamine transport into less porous Pellethane scaffolds (Tsai et al., 2011). This fast PDA 

deposition rate likely instigated overall increases in film thickness or density, possibly a factor 

contributing to the poorer adhesion characteristics exhibited by the scaffolds incubated for 24 

hours over initial 3D culture. Because of this, the author concluded 8 hours with 2 mg/mL 

dopamine were most suitable conditions for future work (Tierney et al., 2012).  

4.5.6 Differentiation capacity of PDA coated scaffolds 

In relation to the overall goal of this thesis whereby agarose scaffolds would be used as 

osteochondral GAM repair systems, it was deemed essential that the functionalised scaffolds 

were validated with regards to its ability to support not only 3D osteogenic and chondrogenic 

differentiation, but to also confirm whether PDA, in this context, inherently was capable of 

directing lineage commitment. As such, osteogenic and chondrogenic differentiation potential of 

Y201 seeded scaffolds was characterised, using basic histological staining techniques.  

Based on the staining pattern of scaffold sections, evidence suggested that PDA films could not 

instigate Y201 differentiation. Local calcium or GAG deposition – clear histological indicators 

of osteogenic and chondrogenic differentiation respectively, were not detected. In contrast, when 

cultured in the presence of differentiation media, clear indications of osteogenic and 

chondrogenic differentiation could be identified via staining. It was therefore concluded that, via 

the use of gross histological evaluation techniques only, the PDA functionalised scaffolds 

supported osteochondral differentiation (in differentiation media) and interestingly appeared 

deficient with regards to its inherent differentiation capability (in basal media only). It should be 

noted however that assumptions concerning the latter might not represent the full behavioural 

relationship occurring between the coating and 3D seeded cells, namely because of limitations in 
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the histological detection procedures used - of which have the potential to omit or not detect the 

more subtle cellular changes occurring. Granted, if study time permitted, the power of this 

hypothesis could likely have been enhanced further with the application of quantitative 

osteogenic or chondrogenic detection methods such as alkaline phosphatase (ALP) and GAG 

assays or qPCR gene expression analysis, thus potentially identifying behavioural changes at the 

cellular and gene level.  

In terms of osteogenic differentiation, several examples exist in the literature which suggest PDA 

films do in fact play a major role in this process. For example, Ghorbani et al illustrated upon 7 

days culture with MG-63 cells, PDA functionalised electrospun polyurethane-graphene oxide 

scaffolds alone could significantly enhance ALP activity in comparison to uncoated controls 

(Ghorbani et al., 2019). This behaviour was further corroborated when it was reported by Lee et 

al that ALP activity was enhanced in MC3T3-E1 cells cultured on PDA functionalised titanium 

(Lee et al., 2014). In contrast, in terms of chondrogenic differentiation, little evidence suggests 

PDA coatings possess an inherent ability to influence cells towards chondrogenesis. Successful 

examples only exist upon further biomolecule conjugation of PDA functionalised scaffolds 

enabling growth factor mediated differentiation towards cartilage phenotypes (Tolabi et al., 2022; 

Wei et al., 2021).  

4.5.7 Physiochemistry of deposited PDA coatings 

The cell-surface interaction is recognised as a critical factor influencing the adhesion, 

proliferation, and differentiation of bone marrow-derived mesenchymal stem cells (BMSCs). 

Consequently, characterising the surface properties of the developed PDA coated agarose 

scaffolds becomes crucial for obtaining fundamental insights into the underlying mechanisms 

governing such interactions. In this regard, numerous studies have highlighted the intrinsic 

bioinert nature of agarose as a prominent factor contributing to the limited maintenance of stable 

cell culture (Tang et al., 2007; Valdoz et al., 2021). Given this understanding, surface modifications 

that render the agarose surfaces highly hydrophilic hold significant potential in promoting cell 

adhesion and proliferation. 

Commonly, this attribute can be characterised by measuring the water contact angle over a range 

of PDA coating surfaces, thus determining the degree to which parameters used in this study 

such as PDA concentration and immersion time (8 hours 2mg/mL) affect overall scaffold 

wettability. As such, water contact angle experiments were explored for this same purpose, but 

certain limitations were identified. This included the extremely porous and open nature of the 

agarose scaffolds, such that the water droplets applied were found to be insufficiently stable at 

the scaffold surface over the required measurement time. This characteristic specifically caused 

the droplet to pass directly through the scaffold rather than resting on its surface, restricting the 

extraction of meaningful contact angle data. Based on literary articles however, in which similar 
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experiments were performed, e.g. in PDA coated alginate-gelatin hydrogels or poly(caprolactone) 

scaffolds, it was found that water contact angles were in fact reduced in both cases as a function 

of PDA coating time and concentration indicating increased hydrophilicity. This can likely be 

attributed to elevated numbers of amine and catechol residues present in PDA, found at the 

material surface (Cheng et al., 2016; Ghorbani et al., 2022). As PDA coated agarose scaffolds 

generally followed this same trend, in terms of cell adhesion, it was therefore hypothesised a 

similar mechanism of action was in play in this study, with largely hydrophilic surfaces being 

formed on the agarose scaffold.  

Surface chemistry was considered a further essential factor in the successful improvements 

identified in PDA coated agarose scaffold-cell adhesion. According to SEM images, it was shown 

that pore structure and size was generally maintained after PDA coating treatment, with little 

observable differences in bulk scaffold appearance. Furthermore, upon higher magnifications, it 

was found agarose fibres were largely coated uniformly with spherical PDA particles of sizes 

below 100 nm in diameter. Small quantities of PDA agglomerates were also identified. 

Additionally, in uniform PDA regions, the surface chemistry profile was evaluated using energy 

dispersive X-ray spectroscopy and importantly illustrated the presence of nitrogen atoms, a 

feature crucially lacking in native agarose scaffold equivalents (Chuah et al., 2015).  This was 

further supported by the removal of the agarose associated sulphur peak as well as higher relative 

carbon signal, within the PDA coated samples.  

4.6 Conclusions 

The findings presented in this chapter reveal that lyophilised agarose scaffolds, in their basic 

form, appear biocompatible but lack the essential attributes required for a biomaterial to be 

suitable in 3D culture systems. Thus, the need for an effective biomaterial modification strategy 

to enhance the cell attachment capability of agarose scaffolds became clearly evident. By 

considering successful literary examples, which circumvent detrimental changes to the novel 

agarose-mediated electrophoretic loading platforms established (F-AGE-1 and F-AGE polyplex 

- Chapter 3), led to the consideration of surface functionalisation methodologies as the most 

suitable approach for elevating overall 3D adhesion. Subsequent evaluation of the stated 

approaches identified the application of Polydopamine coatings specifically as the most optimal 

in this regard, significantly improving all the specified characteristics stated within the scaffold 

design (section 4.2), including cell adhesion, long-term viability, proliferation, infiltration, and 

migration. 

Firstly, the investigation of physically relevant cell lines, such as C2C12 and Y201, revealed their 

adherence and viability within the PDA-coated scaffolds, as confirmed by LIVE-DEAD staining. 

These cells exhibited desired morphologies with well-formed focal adhesions on the scaffold 

surfaces. Over a 5-day period (48 hours to 7 days), cell proliferation was also observed, enabling 
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the identification of optimal parameters - an 8-hour immersion using 2 mg/mL PDA. With these 

parameters established, scaffold infiltration and modifications to the static seeding process could 

then be verified and implemented, respectively.  

Secondly, through SEM analysis, it was determined that the aforementioned PDA coatings were 

uniformly deposited over the porous scaffold, effectively coating the thin agarose fibre walls with 

nanoparticles.  

In conclusion, this work successfully achieved the overall aim of formulating a biocompatible 

and bioactive agarose scaffold system capable of supporting long-term cell 3D culture, 

importantly acting as the gateway for subsequent investigations into the 3D transfection 

capabilities of electrophoretically loaded agarose GAMs, as described in Chapter 5. 
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CHAPTER 5 
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 CHAPTER 5: 3D TRANSFECTION CAPABILITY OF 

ELECTROPHORETIC LOADED PDA COATED AGAROSE 

GAMS  

5.1 Introduction  

Gene therapy is a revolutionary approach which delivers DNA sequences to cells and/or tissues 

for the purpose of correcting a genetic deficiency or to treat a disease. This ability to foster a 

targeted and controlled cellular response makes gene therapy systems a highly pertinent avenue 

of research within the field of tissue engineering. In this regard, the seminal GAM concept 

proposed by Bonadio in which therapeutic protein encoding non-viral DNA payloads are 

encapsulated or immobilised within a 3D matrix framework has since become established as the 

standard blueprint (Bonadio, 2000). Significantly, the utilisation of GAMs facilitates one-time 

administration of genetic material, directing cells along a predetermined lineage. This is achieved 

through the sustained expression of transgenes over time, orchestrating a durable in-vivo response 

conducive to effective healing (Avilés et al., 2010). Additionally, by dispersing these genetic 

complexes uniformly throughout a biomaterial framework, as opposed to concentrating gene 

therapy solely at the defect site, the scaffold imparts a protective shield to these complexes 

(Tierney et al., 2012).  

It is accepted however, that GAM gene delivery is not straightforward and relies on three essential 

pillars for its success (El-Sherbiny & Yacoub, 2013). In pillar one, a method must be established 

which can successfully couple the DNA payload to a biomaterial. This can be achieved either 

during the biomaterial assembly process (i.e. encapsulation) or after biomaterial assembly via 

payload adsorption or immobilisation (Bengali & Shea, 2005). In both cases, coupling is reliant 

on a chemical interaction between the payloads and the biomaterial surfaces, with either non-

covalent bonding (e.g. hydrogen bonds, Van Der Waals forces, electrostatic forces) or covalent 

bonding (e.g. amide bonds) being the primary attachment mechanisms (Tallawi et al., 2015; Yazdi 

et al., 2020). In pillar two, a biocompatible and bioactive biomaterial surface must be expressed. 

This factor is essential for gene delivery due to the necessity of cells being viable, 

conformationally adherent and in a proliferative state when interacting with 3D adsorbed DNA 

payloads (Oyane et al., 2010). Finally, in pillar three, the impregnated or adsorbed DNA payloads 

must be gradually released from the biomaterial surface (as a transfection vehicle–DNA vector 

complex) for subsequent uptake and internalisation by locally adhered cells. Crucially, release 

kinetics are dependent on the nature of the chemical interaction between said payloads and the 

biomaterial, with covalent interactions requiring mechanical or enzymatic degradation for 

effective release (Li & Mooney, 2016). Once released, locally high concentrations of transfection 

payloads can easily diffuse across the microenvironment created at the cell-scaffold interface, 

thus ensuring gene delivery and expression (Oyane et al., 2012). 



164 
 

Osteochondral tissue engineering, aimed specifically at repairing the gradient multi-tissue 

interface across the sub-chondral bone and articular cartilage layers, necessitates sophisticated 

biomaterials such as GAMs that can guide cellular responses in three dimensions. However, as 

illustrated in chapter 1, current osteochondral GAM approaches are restricted by their discrete 

bi-layered design, whereby zonal osteogenicity and chondrogenicity is instigated upon 

transfection payload delivery (Needham et al., 2014; Yu et al., 2023). Furthermore, due to the 

requirement of two separate GAM phases which are fused together, it has been identified that 

mechanical instabilities can be induced with phase separation a likely end result (Seo et al., 2014).  

As detailed in chapter 3 and chapter 4, methods for controlling in-situ transfection payload 

patterning (F-AGE-1 and F-AGE polyplex) and methods for improving agarose scaffold cellular 

adherence (polydopamine) were developed and characterised. Upon amalgamation of these two 

significant procedures, the resulting PDA coated agarose GAMs serve as a facile strategy for the 

3D delivery of non-viral DNA payloads. The research presented in this chapter therefore 

attempts to assess the third pillar of a 3D GAM system; the inherent 3D transfection capability, 

with an emphasis on optimising DNA payload properties in the hope of achieving the most 

effective gene delivery outcome.  
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5.2 Specific materials & methods 

5.2.1 Generation of a luminescence reporter gene expression vector 

A previously validated fluorescence reporter plasmid vector termed pCAG-d2-eGFP was kindly 

provided by Dr G Feichtinger and colleagues. This acted as the primary fluorescent reporter 

vector, as well as the plasmid vector backbone for additional reporter vector formulations. A 

pMetLuc2 plasmid was then separately purchased from Clontech/TaKaRa (Palo Alto, USA) 

encoding the luminescence reporter gene Metridia luciferase. 

By conducting initial plasmid sequence analysis and then employing a cloning process mediated 

by restriction enzymes, the GFP reporter gene (originating from pCAG-d2eGFP) was substituted 

with the Met-Luc reporter gene sourced from the pMetLuc2 plasmid. This led to the creation of 

a new plasmid, denoted as pCAG-MetLuc2 (refer to Figure 5.1). The experimental procedure 

involved six key stages, employing various molecular biology techniques outlined in detail in 

Table 5.1.  

 

Figure 5.1 – Schematic illustrating the generation of a pCAG-MetLuc2 luminescence reporter 
vector using restriction enzyme mediated cloning methods. 
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Table 5.1 – Sequential description of the pCAG-MetLuc2 formulation process 

 
Brief method 

description 

Specific materials 

required 

Product of each 

step 

Detailed 

Protocol 

Location 

Step 1 

1μg double restriction 

digest of pCAG-d2-eGFP 

and pMetLuc2 plasmids 

AgeI and NotI restriction 

enzymes  

1 wt% agarose gel 

DNA ladder 

Agarose gel slab 

containing linearized 

plasmid fragments 

2.2.9.1 

2.2.9.2 

2.2.9.3  

Step 

2 

Isolation of pCAG 

backbone and Met-Luc 

insert from agarose gel 

Wizard SV Gel & PCR 

Clean-Up System  

High quality and 

complementary linear 

DNA fragments 

2.2.9.4 

Step 

3 

Restriction enzyme 

mediated ligation of pCAG 

backbone and Met-luc 

insert using T4 DNA ligase 

T4 DNA ligase 
Newly circularised 

plasmid ligation product 
2.2.9.5 

Step 

4 

Transformation of 

circularised ligation product 

Competent E.coli TOP10, 

SOC media, LB agar 

plates (ampicillin) 

Four individual pCAG-

MetLuc2 bacterial 

colonies were selected for 

minipreparation 

2.2.9.8 

Step 

5 

Minipreparation of plasmid 

DNA 

Wizard® SV 

minipreparation kit 

(Promega) 

High quality pCAG-

MetLuc2 samples 
2.2.9.9 

Step 

6 

Confirmatory 1μg 

restriction digest of pCAG-

MetLuc2 plasmids 

AgeI and NotI 

(Thermofisher) 

1 wt% agarose gel 

DNA ladder 

Linear fragments 

illustrating pCAG 

backbone and Met-Luc 

insert 

2.2.9.1 

2.2.9.2 

2.2.9.3  

 

5.2.2 2D expression of reporter vector library  

5.2.2.1 Basic Calcium phosphate and PEI mediated cell monolayer transfection 

C2C12 and Y201 cells were separately passaged and re-suspended to a concentration of 0.4x105 

cells/well before seeding into 24 well culture plates. Upon approximately 80% confluency (~24 

hours post seeding), cells were subsequently transfected with pDNA-nanoparticle complexes or 

pDNA-PEI polyplexes formulated as per Table 5.2 and Table 5.3, specifically containing either 

pCAG-d2-eGFP (n=3 per group) or pCAG-MetLuc2 expression vectors (n=4 per group).  

Under such parameters, the basic transfection protocols outlined in section 2.2.10 were then 

followed until completion.  
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Table 5.2 – Basic 2D CaP transfection parameters for the transfection of C2C12 and Y201 cells 
cultured within a 24 well plate format. 

Modality 

 

CaP:DNA 

Incubation 

Solution Volume 

(per well) 

Initial CaCl2 

Conc (2.5M 

stock) (per well) 

pDNA 

Conc (per 

well) 

Final 

CaCl2 

Conc  

Culture 

Volume 

24 well 

plate 
50 μL 125 mM 0.625 μg 12.5 mM 500 μL 

 

Table 5.3 – Basic 2D PEI transfection parameters for the transfection of C2C12 and Y201 cells 
cultured within a 24 well plate format. 

Modality 

PEI:DNA 

Incubation 

Solution Volume 

(per well) 

PEI Conc 

(1mg/mL 

stock) (per 

well) 

pDNA 

Conc (per 

well) 

N/P 

Ratio 

Culture 

Volume 

24 well 

plate 
50 μL SFM 1.94 μg 0.625 μg 24 500 μL 

 

In the case of calcium phosphate mediated transfection, controls were included such as media 

only (negative control), plasmid only and calcium phosphate only (n=3). In pDNA-nanoparticle 

complex groups, cells were transfected in both the presence and absence of glycerol shock 

treatment. 

In the case of PEI mediated transfection, controls included media only (negative control) and 

plasmid only, whilst polyplexes were formulated using a single N/P ratio of 24.  

Transfection was ultimately assessed after 48 hours culture (or over the 48 hour time-window) 

using either qualitative or quantitative assessment methods, as outlined in sections 2.2.10.1.1 and 

2.2.10.2.1.  

5.2.3 Optimisation of 2D transfection payloads 

5.2.3.1 Calcium phosphate mediated transfection 

Calcium phosphate mediated transfection of C2C12 and Y201 cells was optimised in the absence 

of glycerol shock treatment, as the current method is not viable for clinical translation (glycerol 

cannot be added to GAMs post-implantation). A range of pDNA and CaCl2 concentrations were 

tested (Table 5.4) for use in solution A of the transfection process (Section 2.2.10.1), all other 

parameters were maintained.   
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Cells were cultured in 24 well plates (0.4x105 cells/well) for 24 hours until 80% confluent. pDNA-

CaP nanoparticle complexes (n=3) were added to cells for 4 hours then replaced with complete 

media. Media only and plasmid only controls (n=3) were included. The CaP transfection 

procedure was then executed. Met-Luc reporter luminescence was measured per well after 24, 

48, 72, 96 and 168 hours to assess transfection efficiency. 

 

 

5.2.3.2 PEI mediated transfection 

PEI mediated transfection of C2C12 and Y201 cells was also optimised. A range of polyplex 

formulations were generated (Table 5.5) through modifications to both the pDNA concentration 

(within solution X) and amount of PEI added (i.e N/P ratio) (solution Y), as previously shown 

in chapter 2, section 2.2.10.2, all other parameters were maintained.   

Cells were seeded and cultured as per section 5.2.3.1, with media only and plasmid only controls 

(n=3) also being included. The polyplex transfection procedure was then carried out. Met-Luc 

reporter luminescence was measured per well after 24, 48, 72, 96 and 168 hours to assess 

transfection efficiency. 

 

Table 5.4 – Optimisation parameters for CaP mediated 2D cell monolayer transfection.   

Modality 

CaP:DNA 

Incubation 

Solution Volume 

(per well) 

Initial CaCl2 Conc (2.5M 

stock)  
Final CaCl2 

Conc per 

well 

Culture 

Volume 
0.5 μg 

pDNA 

1 μg 

pDNA 

2 μg 

pDNA 

24 well 

plate 
50 μL 0 mM 0 mM 500 μL 

24 well 

plate 
50 μL 250 mM 12.5 mM 500 μL 

24 well 

plate 
50 μL 500 mM 25.0 mM 500 μL 

24 well 

plate 
50 μL 750 mM 37.5 mM 500 μL 

24 well 

plate 
50 μL 1000 mM 50.0 mM 500 μL 

24 well 

plate 
50 μL 1125 mM 56.25 mM 500 μL 
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5.2.4 3D transfection control study (external application method) 

Using the principle of external application of transfection capable DNA complexes, a basic 

scaffold transfection control model was generated which enabled the evaluation of PDA coated 

agarose scaffolds as platforms for 3D transfection (Figure 5.2). 

Using optimised functionalisation parameters from chapter 4, PDA coated scaffolds (3%-

PDA8.2) were first fabricated and sterilised and then placed into agarose coated 48 well plates, 

in preparation for seeding. C2C12 and Y201 cells were simultaneously passaged and re-suspended 

to a concentration of 5x105 cells/scaffold before undergoing static seeding methodologies 

(section 2.2.5.1). Cell seeded scaffolds were consequently incubated for between 2-3 hours before 

wells were flooded with 800 μL complete growth media.  

Following an initial 24 hour culture period, cell seeded scaffolds were then prepared for 

transfection using external application of either DNA containing CaP nanoparticles or PEI 

polyplexes.  

Table 5.5 – Optimisation parameters for PEI mediated 2D cell monolayer transfection. 

Modality 

PEI:DNA 

Incubation 

Solution Volume 

(per well) 

PEI Conc (1μg/μL stock)  

(per well) N/P 

Ratio 

Culture 

Volume 
0.5 μg 

pDNA 

1 μg 

pDNA 

2 μg  

pDNA 

24 well 

plate 
50 μL SFM 0 μg 0 μg 0 μg 0 500 μL 

24 well 

plate 
50 μL  SFM 0.37 μg 0.75 μg 1.5 μg 8 500 μL 

24 well 

plate 
50 μL  SFM 1.55 μg 3.1 μg 6.2 μg 24 500 μL 

24 well 

plate 
50 μL  SFM 2.07 μg 4.14 μg 8.28 μg 32 500 μL 

24 well 

plate 
50 μL  SFM 2.59 μg 5.17 μg 10.34 μg 40 500 μL 
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5.2.4.1.1  External application of calcium phosphate complexes 

Scaffold containing media was firstly replaced with 900 μL complete media. Then, using the two 

best performing CaCl2 concentrations from 2D monolayer transfection (25 mM and 56.25 mM) 

(section 5.2.3.1), CaP nanoparticle complexes consisting of 2.5 μg or 5 μg pCAG-MetLuc2 were 

formulated, as per Table 5.6. 100 μL of each nanoparticle complex solution was then gently 

applied to the surface of pre-seeded scaffolds and incubated for 4 hours (n=4 per group). After 

completion, transfection medium was replaced with fresh growth media and the well plate 

transferred to an incubator for longer term culture (37°C, 5% CO2).  

Alongside each nanoparticle solution, media only (negative control) and plasmid only controls 

were tested (n=4). Transfection was then assessed over a 7 day culture period using scaffold 

specific quantitative Met-Luc transfection assays, as per section 2.2.11.2.2. 

 

 

 

 

Figure 5.2 – Schematic illustrating the proposed external application method for 3D transfection 
of a pre-seeded PDA coated agarose scaffold, using either GFP containing or Met-Luc containing 
transfection complexes. 
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Table 5.6 – Optimisation parameters for CaP mediated external application onto cell seeded 
agarose scaffolds. 

 

5.2.4.1.2 External application of PEI polyplexes 

Scaffold containing media was initially replaced with 900 μL serum free media (SFM). A range of 

polyplexes were then formulated consisting of 2.5 μg and 5 μg pCAG-MetLuc2 or pCAG-eGFP 

with N/P ratio’s ranging from N/P8 – N/P40, as per Table 5.7. 100 μL of each polyplex solution 

was then gently applied to the surface of pre-seeded scaffolds and incubated for 4 hours (n=4 

per group). After completion, transfection medium was replaced with fresh media and the well 

plate transferred to an incubator for longer term culture (37°C, 5% CO2).  

Alongside each polyplex solution, media only (negative control) and plasmid only controls were 

also tested (n=4). Transfection was then assessed over a 7 day culture period using scaffold 

specific quantitative Met-Luc transfection assays as well as qualitative fluorescence microscopy, 

as per sections 2.2.11.1.2 and 2.2.11.2.2. 

Table 5.7 – Optimisation parameters for PEI mediated external application onto cell seeded 
agarose scaffolds. 

Modality 

CaP:DNA 

Incubation 

Solution Volume 

(per well) 

Initial CaCl2 Conc (2.5M 

stock)  

Final 

CaCl2 

Conc per 

well 

Culture 

Volume 
2.5 μg 

pDNA 

5 μg  

pDNA 

Scaffold in 

48 well plate 
100 μL 0 mM 0 mM 1 mL 

Scaffold in 

48 well plate 
100 μL 500 mM 25.0 mM 1 mL 

Scaffold in 

48 well plate 
100 μL 1125 mM 56.25 mM 1 mL 

Modality 

PEI:DNA 

Incubation 

Solution 

Volume (per 

well) 

PEI Conc (1μg/μL stock)  

(per well) N/P 

Ratio 

Culture 

Volume 
2.5 μg  

pDNA 

5 μg  

pDNA 

24 well 

plate 
100 μL  SFM 0 μg 0 μg 0 1 mL 

24 well 

plate 
100 μL  SFM 2.59 μg 5.17  μg 8 1 mL 
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5.2.5 3D GAM transfection study (F-AGE-1 and F-AGE polyplex GAMs) 

Using the full processes outlined in chapter 2 section 2.2.2, a range of electrophoretically loaded 

agarose hydrogels were formulated via Feichtinger patterning and excision protocols. For high 

throughput quantitative analysis of 3D transfection, the pCAG-MetLuc2 luminescence reporter 

system was used as the GAM vector of choice for all patterning methods. All hydrogels were 

freeze-dried directly after gel excision and were then functionalised post scaffold fabrication with 

a polydopamine (PDA) coating (8 hour, 2mg/mL) prior to cell seeding, as validated in chapter 4. 

5.2.5.1 PDA coated F-AGE-1 GAMs  

2.5 μg and 5 μg loaded PDA coated F-AGE-1 GAM scaffolds were ethanol sterilised and then 

placed into agarose treated 48 well plates as per static seeding method 3 (n=4 for each group - 

Table 5.8 A and B).  

C2C12 and Y201 cells were simultaneously passaged and re-suspended to a concentration of 

5x105 cells/scaffold before seeding onto each scaffold (60 μL cell suspension – static seeding 

method 3 (section 2.2.5.1)). Cell populations were then incubated for 2-3 hours to allow sufficient 

scaffold attachment before all wells were flooded with 800 μL growth media, placed into an 

incubator and cultured under standard conditions (37°C, 5% CO2).  

Alongside each agarose GAM group, media only scaffolds (negative control) and plasmid only 

scaffolds were also tested (n=4). Over the course of a 7 day culture period, scaffold mediated 

transfection was then quantitatively assessed using Met-Luc assays, as described in section 

2.2.11.2.2. 

Furthermore, an additional set of F-AGE-1 agarose GAM scaffolds (n=1) were also formulated 

specifically for LIVE-DEAD staining (see Table 5.8). Scaffold seeding conditions remained the 

same as previously described above. Imaging, as per section 2.2.6, took place at the 48 hour 

timepoint directly before the first Met-Luc transfection assay. 

 

24 well 

plate 
100 μL  SFM 7.76 μg 15.5  μg 24 1 mL 

24 well 

plate 
100 μL  SFM 12.93 μg 25.86 μg 40 1 mL 
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Table 5.8 – The range of F-AGE-1 agarose GAM scaffolds formulated for the 3D transfection 
study. All scaffolds were functionalised post electrophoretic loading using previously optimised 
polydopamine coating conditions. pCAG-MetLuc2 expression vector was used in all cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.5.2 PDA coated F-AGE polyplex GAMs 

2.5 μg and 5 μg loaded PDA coated F-AGE polyplex GAM scaffolds were ethanol sterilised and 

placed into agarose treated 48 well plates, as per static seeding method 3 (n=4 for each group - 

Table 5.9). C2C12 and Y201 cells were similarly passaged and re-suspended to a concentration 

of 5x105 cells/Scaffold before static seeding onto each scaffold. As the proceeding steps are 

exactly the same as above, the protocol outlined in section 5.2.5.1 was continued from this stage 

until completion. 

Likewise, additional sets of F-AGE polyplex agarose scaffolds (n=1) were also formulated 

specifically for LIVE-DEAD staining (see Table 5.9). Scaffold seeding conditions remained 

consistent with the above 3D transfection study whilst imaging was again performed at 72 hours. 

 

 

 

F-AGE-1 Methodology 

PDA coated 

Scaffold Name pDNA Conc 
LIVE-DEAD stained 

at 48 hours 

3%-Blank / Negative 

Control 
N/A ✓ 

AGE1-2.5-0mM 2.5  μg ╳ 

AGE1-2.5-112.5mM 2.5 μg ✓ 

AGE1-2.5-162.5mM 2.5 μg ╳ 

AGE1-2.5-212.5mM 2.5 μg ╳ 

AGE1-2.5-225mM 2.5 μg ✓ 

AGE1-5-0mM 5 μg ╳ 

AGE1-5-112.5mM 5 μg ✓ 

AGE1-5-162.5mM 5 μg ╳ 

AGE1-5-212.5mM 5 μg ╳ 

AGE1-5-225mM 5 μg ✓ 
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Table 5.9 – A range of agarose GAM scaffolds formulated using the F-AGE polyplex 
electrophoretic patterning method. All scaffolds were functionalised post electrophoretic loading using 
previously optimised polydopamine coating conditions. pCAG-MetLuc2 expression vector was used in all 
cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F-AGE Polyplex Method 

PDA coated 

Scaffold Name pDNA Conc  N/P Ratio LIVE-DEAD 

stained at 48 hours 

3%-Blank / Negative 

Control 
N/A N/A ✓ 

AGE-2.5-N/P0 2.5 μg 0 ╳ 

AGE-2.5-N/P8 2.5 μg 8 ✓ 

AGE-2.5-N/P16 2.5 μg 16 ╳ 

AGE-2.5-N/P24 2.5 μg 24 ╳ 

AGE-2.5-N/P40 2.5 μg 40 ✓ 

AGE-5-N/P0 5 μg 0 ╳ 

AGE-5-N/P8 5 μg 8 ✓ 

AGE-5-N/P16 5 μg 16 ╳ 

AGE-5-N/P24 5 μg 24 ╳ 

AGE-5-N/P40 5 μg 40 ✓ 
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5.3 Results 

5.3.1 Generation of pCAG-MetLuc2 reporter plasmid 

For effective insertion of the Metridia Luciferase gene into the pCAG-d2-eGFP vector, the donor 

(pMetLuc2) and recipient plasmid (pCAG-d2-eGFP) sequences were initially analysed using 

SnapGene software for complementary single cutter restriction sites upstream and downstream 

of the gene insert. AgeI and NotI restriction enzymes were consequently selected, producing 

cohesive end products incapable of re-ligation as well as limiting potential sequence reversal of 

insert.  

Upon actual double digestion of pCAG-d2-eGFP and pMetLuc2 plasmids, two linearised 

fragments were generated from each plasmid – including the pCAG backbone of 4828 bp and a 

MetLuc insert of 674 bp, as shown in the agarose gel image (Figure 5.3 A). These fragments were 

purified from the gels and subsequently ligated, transformed and miniprepped in order to 

generate four distinct pCAG-MetLuc2 clones (pCAG-MetLuc2 (I-IV)).  

A secondary comparative digest of these clones versus the source plasmids (AgeI and NotI) 

confirmed the presence of both fragments (Figure 5.3 B), with matching DNA fragments at 4828 

bp and 647 bp, thus illustrating successful plasmid assembly. 

Figure 5.3 (A & B) – Synthesis of pCAG-MetLuc2 using restriction ligation methods. A) Double 
restriction digest of 1 μg pMetLuc2 Control donor plasmid and pCAG-eGFPd2 recipient plasmid using 
the NotI and AgeI restriction enzymes. B) Confirmatory double restriction digest of the final pCAG-
MetLuc2 vector using NotI and AgeI restriction enzymes. Size Ladder = Hyperladder 1 kb. 



176 
 

5.3.2 Analysis of fluorescence and luminescence reporter expression  

5.3.2.1 Basic calcium phosphate mediated 2D cell monolayer transfection 

Using basic calcium phosphate transfection protocols found in the literature, pDNA-

nanoparticle complexes containing either a fluorescent reporter vector pCAG-d2-eGFP or the 

newly generated pCAG-MetLuc2 luminescence vector were formulated and validated in terms of 

their expression within 2D cell monolayer models (C2C12 and Y201 cell lines) (Jordan et al., 1996; 

Sambrook, 2001).  

C2C12 and Y201 transfection using these nanoparticles was initially assessed qualitatively using 

CLSM techniques as illustrated in Figure 5.4. Upon excitation at 48 hours using the GFP channel, 

the negative control and pDNA only groups illustrated no detectable intracellular fluorescence 

in both cell lines. In contrast, in the pDNA-nanoparticle groups, in particular with glycerol shock, 

clear evidence of intracellular fluorescent protein production was displayed, thus implying that 

not only was successful transfection achieved, but also that the pCAG-d2-eGFP plasmid was 

indeed functional. Crucially, little evidence of transfection induced cell death was identified. 

Figure 5.4 – Qualitative assessment of basic calcium phosphate mediated 2D cell monolayer 
transfection (C2C12 & Y201). Cells were seeded using static seeding techniques with a density of 0.4x105 
cells/well before transfection with nanoparticles containing 0.625 μg pCAG-eGFP. A & C) Phase contrast 
image of C2C12 and Y201 negative control groups respectively. B & D) Fluorescence image of C2C12 
and Y201 negative control group respectively. Scale bars = 100 μm (phase contrast) and 250 μm (FITC 
filter). 
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To validate the above findings and to ensure homogeneity across both qualitative and quantitative 

transfection assay techniques, C2C12 and Y201 2D cell monolayer transfection using basic 

nanoparticle complexes was then re-assessed using the pCAG-MetLuc2 vector system, thus 

providing an equivalent numerical dataset in which statistical analysis of the independent variable 

could be performed (Figure 5.5). 

Firstly, in the context of validating the efficacy of the met-luc reporter system as a quantitative 

measure of transfection, basic observations of both datasets heavily indicate that successful 

transfection was again achieved, using the CaP co-precipitiation method and that the newly 

synthesised luminescence reporter vector (pCAG-MetLuc2) could effectively express the met-

luc gene insert, within both cell types. Additionally, based on these findings, post translational 

luciferase secretion into the surrounding cell media was also effective.  

Secondly, it further shows that the in-house met-luc assay can successfully and reliably translate 

overall enzymatic yield produced by cells into meaningful and quantifiable transfection data, by 

means of fold luminescence values.  In short, a functioning in-house met-luc reporter assay 

system was developed. 

 

In terms of transfecton behaviour, a similar pattern of reporter gene expression was identified, 

with pDNA-nanoparticle groups, in particular with glycerol shock groups inducing the greatest 

detectable expression. Interestingly however, only the glycerol shock group alone experienced 

significantly higher increases in luciferase expression in comparison to the negative control. 

A B 

Figure 5.5 (A & B) – Quantitative assessment of basic calcium phosphate mediated C2C12 and 
Y201 2D cell monolayer transfection. A: Fold luminescence detected from C2C12 cells 48 hours after 
exposure to pDNA-nanoparticle complexes. B: Fold luminescence detected from Y201 cells 48 hours after 
exposure to pDNA-nanoparticle complexes. Data was expressed as Fold Luminescence over negative 
control (Mean + SD). One-way ANOVA with Tukey’s multiple comparison test was used to compare 
across the independent variables. **** = P < 0.0001. 
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Furthermore, when both transfection capable groups were compared, further significant 

differences were identified (P<0.0001).  

In short, both qualitative and quantitative methods importantly conveyed a mutual agreement 

with regards to overall transfection behaviour, thus establishing a good degree of confidence in 

either method of assessment. Furthermore, it could be concluded that when calcium phosphate 

nanoparticle complexes were applied alone (in absence of glycerol), they appeared to produce 

mediocre or non-significant expression profiles for what is usually required of a effective 2D 

transfection system. Upon reflection, this was deemed unsurprising considering the basic nature 

of this initial calcium phosphate transfection methodology. Subsequent optimisation of the 

transfection vehicles was therefore considered essential to improve all aspects of the nanoparticle 

complex transfection pathway, with the overall goal of generating expression profiles which 

performed comparbly as a minimum, to those presented in glycerol shock groups. 

5.3.2.2 Basic PEI mediated 2D cell monolayer transfection 

In a similar fashion, using basic PEI transfection protocols, polyplexes containing a fluorescent 

reporter vector or the newly generated pCAG-MetLuc2 luminescence vector were also evaluated 

in terms of their expression within 2D cell monolayer models (C2C12 and Y201 cell lines).  

C2C12 and Y201 transfection using these polyplexes was assessed qualitatively using CLSM 

techniques and as such was illustrated in Figure 5.6. Upon subsequent excitation using the GFP 

channel, the negative control and pDNA only groups once again illustrated no detectable 

intracellular fluorescence in both cell lines. The N/P24 polyplex formulation however induced 

substantial cellular GFP production upon payload delivery, in both datasets, thus implying 

successful transfection and expression using these polyplex vehicles.   
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As with section 5.3.2.1, the findings outlined above were then validated qualitatively for both cell 

lines and are illustrated in Figure 5.7. 

Upon analysis of polyplex transfection behaviour for both cell lines, it was clearly shown that 

very large significant increases in fold luminescence (in comparison to negative control) occur 

when cells underwent polyplex mediated transfection. This was also the case for both cell lines 

upon comparisons with pDNA only groups (P<0.0001).  

 

 

 

 

 

 

 

 

 

Figure 5.6 – Qualitative assessment of basic PEI mediated 2D cell monolayer transfection (C2C12 
& Y201). Cells were seeded using static seeding techniques with a density of 0.4x105 cells/well before 
transfection with nanoparticles containing 0.625 μg pCAG-eGFP. A & C) Phase contrast image of C2C12 
and Y201 negative control groups respectively. B & D) Fluorescence image of C2C12 and Y201 negative 
control group respectively. Scale bars = 100 μm (phase contrast) and 250 μm (FITC filter). 
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Overall, the data presented in this section, along with those shown in section 5.3.2.1, illustrated 

that the pCAG-d2-eGFP and pCAG-MetLuc2 expression vectors were effective at inducing the 

expression of reporter proteins, at a cellular level. Furthermore, there was also a significant level 

of agreement between qualitative and quantitative assessment strategies when evaluating the 

application of both polyplexes and calcium phosphate nanoparticle complexes on 2D cell 

monolayer models. This finding is of critical importance as it validates the use of either 

assessment method for future experimentation whilst also providing a foundation for specific 

transfection capacities of polyplex or nanoparticle mediated transfection. This crucially included 

the major finding that both gene delivery methods, in their basic form, were generally capable of 

inducing some form of 2D cellular transfection, over a 48-hour period.  

It was however considered essential to continue experimentation for both methods, specifically 

modifying formulation parameters such as pDNA concentration and N/P ratio (or CaCl2 

concentration) so as to optimise and maximise the transfection potential for each strategy. Such 

optimisation steps were thought to be highly beneficial for the downstream testing of 

electrophoretic agarose GAM systems, with outcomes in 2D being highly translatable into 3D 

systems.  

5.3.3 Optimisation of 2D cell monolayer transfection methodologies 

For optimisation purposes, two different independent variable parameters for each of the 

transfection methodologies (Calcium phosphate mediated and PEI mediated) were identified and 

then evaluated – the pDNA concentration (for both methods) and also either initial CaCl2 

concentration or the N/P ratio. By using a low-high range for each of these variables, in 

conjunction with quantitative methods of transfection assessment, an optimal set of cell line 

A B 

Figure 5.7 (A & B) – Quantitative assessment of basic PEI mediated C2C12 and Y201 2D cell 
monolayer transfection. A: Fold luminescence detected from C2C12 cells 48 hours after exposure to 
polyplexes. B: Fold luminescence detected from Y201 cells 48 hours after exposure to polyplexes. Data 
was expressed as Fold Luminescence over negative control (Mean + SD). One-way ANOVA with Tukey’s 
multiple comparison test was used to compare across the independent variables. **** = P < 0.0001. 
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specific conditions was then identified which most effectively instigated transfection over the 

course of 7 days. 

Selection of said parameters was achieved via time-course assessment of fold luminescence 

measurements as well as analysis of the total fold luminescence produced termed “cumulative 

fold luminescence over negative control”. Total fold luminescence was calculated by measuring 

the total area under the curve (AUC) for each individual group, across the timecourse.  

5.3.3.1 Calcium phosphate nanoparticle payloads 

The following datasets are presented in two sections: first, the optimisation of pDNA 

concentration (at the original CaCl2 concentration of 12.5 mM), followed by the optimisation of 

CaCl2 concentration using the best-performing pDNA concentrations. 

5.3.3.1.1 Optimisation of pDNA concentration 

Evaluations of the 7 day timecourse data for C2C12 (Figure 5.8 A) revealed modifications to the 

pDNA concentration had little effect on the transfection capabilities of pDNA-CaP complexes, 

with meagre levels of Met-Luc gene expression identified in all tested formulations. The 

expression pattern in these cases generally appeared to peak during the 48 hour time-window (<5 

AUC units), before then proceeding to gradually decline, up to the final measurement taken at 7 

days.  

When equivalent C2C12 AUC values were calculated from the curves, a dose-dependent 

relationship between Met-Luc expression and pDNA concentration was however presented, with 

the 2 μg formulations inducing the greatest cumulative gene expression. Although this increase 

was statistically significant in comparison to the negative control (P=0.0003), the differences in 

gene expression between each of the pDNA concentrations however appeared non-significant. 

Figure 5.8 (A & B) – Evaluation of the effect of pDNA concentration on the transfection capability 
of calcium phosphate nanoparticle complexes when applied to C2C12 cell monolayers. A: 7 Day 
time course Met-Luc assay of CaP mediated cell monolayer transfection using 0.5-2 μg pCAG-MetLuc2. 
B: Effect of pDNA concentration on cumulative CaP mediated Met-Luc expression, calculated using area 
under the curve measurements. Data was expressed as Fold Luminescence over negative control (Mean 
±SD) or Area under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons 
test was used to compare between groups. ** = P < 0.01, *** = P < 0.001. 
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The 7 day timecourse data for Y201 (Figure 5.9 A) revealed similar findings, with no obvious 

improvements in gene expression observed upon the application of pDNA-CaP complexes 

containing increasing concentrations of pDNA. Gene expression also appeared lower in this cell 

line, with no clear time-window in which expression appeared to peak. By 7 days, only marginal 

expression was found. 

When the Y201 AUC values were calculated from the curves (Figure 5.9 B), the 1 μg nanoparticle 

complexes specifically produced the greatest cumulative expression, and was the only condition 

which produced a significant increase in expression when compared to the negative control 

(P=0.0279). 

 

Overall, alterations to pDNA loading concentrations for nanoparticle complexation resulted in 

only marginal improvements to cumulative reporter gene expression in both cell lines, with gene 

expression remaining far below that identified after glycerol shock treatment (pre-optimised 

levels). Nevertheless, for C2C12 and Y201 cells, 2 μg and 1 μg appeared optimal at this stage, 

respectively.  

5.3.3.1.2 Optimisation of CaCl2 concentration 

The following results subsequently displayed the effect of modifications to CaCl2 concentration 

on gene expression, specifically in the context of the best performing pDNA concentrations as 

stated in the previous section (C2C12 – 2 μg, Y201 – 1 μg).  

Evaluations of the 7 day timecourse data for C2C12 (Figure 5.10 A) revealed positive changes to 

the Met-Luc expression profiles upon alterations to the CaCl2 concentration. Specifically, in these 

cases, gene expression levels appeared larger and more sustained, with larger expression peaks 

Figure 5.9 (A & B) – Evaluation of the effect of pDNA concentration on the transfection capability 
of calcium phosphate nanoparticle complexes when applied to Y201 cell monolayers. A: 7 Day time 
course Met-Luc assay of CaP mediated cell monolayer transfection using 0.5-2μg pCAG-MetLuc2. B: 
Effect of pDNA concentration on cumulative CaP mediated Met-Luc expression, calculated using area 
under the curve measurements. Data was expressed as Fold Luminescence over negative control (Mean 
±SD) or Area under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons 
test was used to compare between groups. * = P < 0.05. 
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generally being observed during the 48 hour or 72 hour time-window (~15 fold increase over 

negative control) before eventually declining at 7 days. 

When C2C12 AUC values were calculated from the equivalent curves (Figure 5.10 B), no 

particular trend was illustrated. Despite this, peak values were specifically identified within the 

56.25 mM group. Such increases in total Met-Luc expression were deemed statically significant 

in this group, as well as in the 25 mM, 37.5 mM groups, when compared to the negative control. 

However, a lack of significance was found when the differences in cumulative Met-Luc 

expression were compared between each of these three best performing groups. 

 

Unfortunately, upon application of these same nanoparticle complex types to Y201 cell 

monolayers (Figure 5.11 A), only marginal increases in gene expression were identified. 

Significantly, in these cases, expression profiles generally remained low (<5 fold change) in all 

groups, with the 56.25 mM formulation appearing most effective. 

When cumulative Met-Luc values were calculated (Figure 5.11 B), this finding was substantiated, 

with the 56.25 mM group displaying the largest overall quantity of reporter gene produced (354 

AUC). The increase in total Met-Luc expression was statistically significant in comparison to the 

negative control (P<0.0001), however crucially lacked significance when compared to the next 

best performing group (50 mM).  

Figure 5.10 (A & B) – Evaluation of the effect of CaCl2 concentration on the transfection capability 
of calcium phosphate nanoparticle complexes when applied to C2C12 cell monolayers. A: 7 Day 
time course Met-Luc assay of CaP mediated cell monolayer transfection using complexes formulated with 
initial CaCl2 concentrations ranging from 0mM-56.25mM. B: Effect of CaCl2 concentrations on cumulative 
CaP mediated Met-Luc expression, calculated using area under the curve measurements. Data was 
expressed as Fold Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean 
+SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to compare between groups. 
** = P < 0.01, *** = P < 0.001. 
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Overall, alterations to CaCl2 concentrations during nanoparticle complex formulation resulted in 

a considerable positive effect on both peak Met-Luc expression as well as total Met-Luc produced 

by cells, over the course of a 7 day time period. It was therefore found in both cell lines, that a 

pDNA-nanoparticle formulation containing a final 56.25 mM CaCl2 concentration was 

considered optimal and was therefore taken forward for future studies.  

Based on the outcomes of each optimisation step within the calcium phosphate mediated 

transfection study, it was generally found that alterations to pDNA concentration and CaCl2 

concentration could amplify nanoparticle transfection capabilities to some regard (approximately 

4 fold in the case of C2C12), however unfortunately remaining largely below the expression 

displayed in that of pre-optimised glycerol shock treatment groups. In the case of C2C12, glycerol 

shock induced 10 fold greater Met-Luc expression (154.1 versus 15 fold luminescence over 

negative control) whilst Y201 glycerol shock induced 4 fold greater Met-Luc expression (15 

versus 3.5 fold luminescence over negative control). As a result of this, the current co-

precipitation CaP transfection method used in 2D cell monolayer transfection was found to be 

insufficient in terms of vector gene delivery and therefore highly unlikely to be capable of a long 

term therapeutic response in its current form.  

5.3.3.2 PEI mediated transfection 

The PEI optimisation results were also divided into two sections, firstly in terms of the 

optimisation of pDNA concentration (using the original N/P ratio - 24), and secondly by the 

Figure 5.11 (A & B) – Evaluation of the effect of CaCl2 concentration on the transfection capability 
of calcium phosphate nanoparticle complexes when applied to Y201 cell monolayers. A: 7 Day time 
course Met-Luc assay of CaP mediated cell monolayer transfection using complexes formulated with initial 
CaCl2 concentrations ranging from 0mM-56.25mM. B: Effect of CaCl2 concentrations on cumulative 
CaPO4 mediated Met-Luc expression, calculated using area under the curve measurements. Data was 
expressed as Fold Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean 
+SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to compare between groups. 
** = P < 0.01, *** = P < 0.001. 
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optimisation in terms of the N/P ratio (using the best performing pDNA concentrations for 

each cell line). 

5.3.3.2.1 Optimisation of pDNA concentration 

Based on the 7 day timecourse data for C2C12 (Figure 5.12 A), it was observed that that 

modifications to pDNA concentration within polyplexes has a large effect on the daily amount 

of reporter protein expressed by cells. Specifically, daily Met-Luc expression appeared most 

optimal at the midpoint pDNA concentration (1 μg), producing a substantial burst release 

expression profile which peaked during the 48 hour time-window, before eventually diminishing 

at 7 days. 

C2C12 AUC values (Figure 5.12 B) substantiated this finding, clearly detailing that the 1 μg 

polyplex group induces the greatest cumulative Met-Luc expression over the 7 days post 

transfection. Such amplification in the levels of met-luc expressed was also considered significant 

with regards to the negative control (P<0.0001) as well as when compared to the other polyplex 

groups (0.5 μg, P=0.0005 and 2 μg, P<0.0001).  

 

Time course distributions of Y201 transfection (Figure 5.13 A) illustrated a similar trend with 

regards to the effect of pDNA modification, albeit at a much lower expression range in 

comparison to C2C12. Once more, the 1 μg polyplex formulation appeared most optimal for 

daily Met-Luc expression, however interestingly producing expression profiles which were 

considerably more gradual, over the course of the 7 days. As a result, expression peaks were 

generally presented at the 72-96 hour time-windows, before then declining at 7 days.  

Figure 5.12 (A & B) – Evaluation of the effect of pDNA concentration on the transfection 
capability of PEI polyplexes when applied to C2C12 cell monolayers. A: 7 Day time course Met-Luc 
assay of PEI mediated cell monolayer transfection using 0.5-2 μg pCAG-MetLuc2. B: Effect of pDNA 
concentration on cumulative polyplex mediated Met-Luc expression, calculated using area under the curve 
measurements. Data was expressed as Fold Luminescence over negative control (Mean ±SD) or Area 
under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to 
compare between groups. ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001. 
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Upon calculation and analysis of Y201 AUC values (Figure 5.13 B), this hypothesis was further 

substantiated with the 1 μg polyplex group displaying the greatest cumulative level of reporter 

gene expression. Such increases in cellular expression were considered statistically significant 

when compared to the negative control and also to the 0.5 μg polyplex group, however 

interestingly a lack of significance was found when compared to the 2 μg group. 

At this stage, it was therefore concluded that changes to pDNA concentration during the 

formulation of polyplexes has a substantial effect on the transfection capability in 2D cell 

monolayer settings, with optimal concentrations in both cell lines occurring at the midpoint of 

the range tested (i.e 1 μg).  

 

5.3.3.2.2 Optimisation of N/P ratio 

The following results subsequently displayed the effect of modifications to N/P ratio on gene 

expression, specifically in the context of the best performing pDNA concentrations (C2C12 – 1 

μg, Y201 – 1 μg).  

Evaluations of the subsequent 7 day timecourse data for C2C12 (Figure 5.14 A) revealed changes 

to N/P ratio generally had little effect on the gene expression profile of polyplexes, with N/P16, 

24 and 32 all presenting similar distributions over the course of the 7 days of measurement. 

Interestingly, at minimum and maximum N/P ratios, reporter gene expression was considerably 

reduced, suggesting optimal Met-Luc enzyme expression converges on an N/P ratio midpoint – 

between 16 - 32 specifically. However, due to significant overlap of the line graphs within this 

midpoint range, AUC cumulative values of Met-Luc were required for definitive selection of a 

single optimal condition.  

Figure 5.13 (A & B) – Evaluation of the effect of pDNA concentration on the transfection 
capability of PEI polyplexes when applied to Y201 cell monolayers. A: 7 Day time course Met-Luc 
assay of PEI mediated cell monolayer transfection using 0.5-2 μg pCAG-MetLuc2. B: Effect of pDNA 
concentration on cumulative polyplex mediated Met-Luc expression, calculated using area under the curve 
measurements. Data was expressed as Fold Luminescence over negative control (Mean ±SD) or Area 
under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to 
compare between groups. ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001. 
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The resulting quantitative C2C12 AUC data (Figure 5.14 B) illustrates firstly that an N/P ratio of 

24 produced the single greatest cumulative Met-Luc expression. Secondly, it can be substantiated 

that optimal N/P ratio’s for this cell line converge over the 16-32 range, with the total AUC 

values of the N/P16, 24 and 32 polyplex groups all falling within a range of approximately 2000 

units. Furthermore, analysis revealed the differences in the total cumulative Met-Luc expression 

between these groups was not deemed statistically significant.  

 

Expression profiles of transfected Y201 cells (Figure 5.15 A) revealed a similar expression pattern 

as described in C2C12, albeit with lower overall Met-Luc produced at each of the measured 

timepoints. However in contrast to the data illustrated in Figure 5.14 A, less overlap was identified 

within the distributions and crucially revealed that an N/P ratio of 24 generally induced the largest 

daily met-luc expression, at each of the timepoints. 

This hypothesis was corroborated by Y201 AUC cumulative data (Figure 5.15 B), which showed 

N/P24 polyplexes produced the greatest total reporter gene expression. Interestingly, upon 

analysis, polyplexes formulated using N/P24 ratios produced increases in total Met-Luc 

expression which were deemed statistically significant in all groups except N/P32.  

Overall, for C2C12 and Y201 cells, the N/P24 ratio was taken forward and considered most 

optimal for polyplex mediated transfection. 

Figure 5.14 (A & B) – Evaluation of the effect of N/P ratio on the transfection capability of PEI 
polyplexes when applied to C2C12 cell monolayers. A: 7 Day time course Met-Luc assay of PEI 
mediated cell monolayer transfection using polyplexes formulated with N/P ratios ranging from 8-40. B: 
Effect of N/P ratio on cumulative PEI mediated Met-Luc expression, calculated using area under the curve 
measurements. Data was expressed as Fold Luminescence over negative control (Mean ±SD) or Area 
under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to 
compare between groups. ns = no significant difference, *** = P < 0.001, **** = P < 0.0001. 
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Table 5.10 – Final optimised conditions for calcium phosphate and PEI mediated 2D cell 
monolayer transfection in C2C12 and Y201 cell lines. 

 

5.3.4 Validation of 3D scaffold transfection control study  

Using the knowledge obtained from section 5.3.3 as well as literary examples, scaffold mediated 

transfection in its basic form (i.e using the external application method) was then tested to 

ascertain firstly; whether a cell seeded PDA functionalised agarose scaffold could support 

localised cellular transfection, and secondly; whether both quantitative and qualitative methods 

of transfection assessment were capable of detecting said transfection, in a 3D environment.  

5.3.4.1 Quantitative assessment of 3D nanoparticle transfection 

CaP nanoparticle complexes, prepared as detailed in section 5.2.4.1.1, were applied to cell-seeded 

scaffolds. A 7-day time-course assay was constructed for both C2C12 and Y201 seeded scaffolds 

In general, the luminescence changes observed in the time course line graphs tentatively indicated 

Transfection Method 
Cell 

Line 

Optimal N/P Ratio 

Concentration 

Optimal pDNA 

Concentration 

CaP Transfection C2C12 56.25mM 2μg 

CaP Transfection Y201 56.25mM 1μg 

PEI Transfection C2C12 N/P24 1μg 

PEI Transfection Y201 N/P24 1μg 

Figure 5.15 (A & B) – Evaluation of the effect of N/P ratio on the transfection capability of PEI 
polyplexes when applied to Y201 cell monolayers. A: 7 Day time course Met-Luc assay of PEI mediated 
cell monolayer transfection using polyplexes formulated with N/P ratios ranging from 8-40. B: Effect of 
N/P ratio on cumulative PEI mediated Met-Luc expression, calculated using area under the curve 
measurements. Data was expressed as Fold Luminescence over negative control (Mean ±SD) or Area 
under Curve (AUC) (Mean +SD). One-Way ANOVA with Tukey’s multiple comparisons test was used to 
compare between groups. ns = no significant difference, *** = P < 0.001, **** = P < 0.0001. 
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successful secretion of Met-Luc into the scaffold growth media from adhered cells, allowing 

reliable transfection data to be obtained using the established Met-Luc assay procedure.  

In terms of transcription performance, CaP-mediated transfection in C2C12 and Y201 seeded 

scaffolds (Figure 5.16 and Figure 5.17) gave low luminescence values across both the 2.5 μg and 

5 μg pDNA concentrations. The fold luminescence values peaked at approximately 5 in both 

cases, suggesting only a small amounts of met-luc was produced by any of the adhered cells. 

Based on these preliminary results, the method of CaP external nanoparticle application was 

ineffective in instigating the necessary 3D transfection profiles required. In fact, it performed 

worse to those identified in optimized 2D cell monolayer models where glycerol treatment was 

also excluded. Therefore, nanoparticle complexes were replaced with the more promising 

polyplex transfection strategy. 

 

Figure 5.17 (A & B) – Calcium phosphate mediated Y201 3D scaffold transfection using external 
application method (No glycerol shock treatment). A & B: 7 Day time course Met-Luc assay of CaP 
mediated Y201 scaffold transfection using either 2.5 μg or 5 μg pCAG-MetLuc2. Cell media was exchanged 
24 hours prior to Met-Luc assay measurements performed on days 1, 2, 3, 4 & 7. Data was expressed as 
Fold Luminescence over negative control (Mean ±SD). 

A B 

Figure 5.16 (A & B) – Calcium phosphate mediated C2C12 3D scaffold transfection using external 
application method (No glycerol shock treatment). A & B: 7 Day time course Met-Luc assay of CaP 
mediated C2C12 scaffold transfection using either 2.5 μg or 5 μg pCAG-MetLuc2. Cell media was 
exchanged 24 hours prior to Met-Luc assay measurements performed on days 1, 2, 3, 4 & 7. Data was 
expressed as Fold Luminescence over negative control (Mean ±SD). 
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5.3.4.2 Quantitative assessment of 3D PEI transfection  

The external application PEI optimisation results were once again divided into two sections, 

initially in terms of the optimisation of pDNA concentration (using the original N/P ratio - 24), 

and then by the optimisation in terms of the N/P ratio (using the best performing pDNA 

concentrations for each cell line). 

5.3.4.2.1 Optimisation of pDNA concentration 

Immediate observations from Figure 5.18 and Figure 5.19 importantly corroborated previous 

results which indicated cellular Met-Luc was secreted by both cell types whilst adhered to or 

within a 3D agarose scaffold environment. Furthermore, it was shown that the previously 

validated Met-Luc assay system could also continue to detect the secreted gene product when in 

the presence of a PDA coated scaffold material and that the final luminescence values produced 

were left unaffected as a result.  

Subsequent analysis of the 7 day time-course transfection data for C2C12 seeded cells (Figure 

5.18 A) revealed that external application of polyplexes onto cell-laden scaffolds resulted in 

substantial amounts of 3D cell transfection. Specifically, this presented as a classical burst release 

expression pattern whereby peak expression occurred during the 48 hour time-window before 

rapidly declining to marginal levels at 96 hours. In terms of pDNA optimisation, both polyplex 

formulations produced similar expression profiles, with 5 μg appearing marginally more effective 

than the equivalent 2.5 μg group. 

Upon calculation of C2C12 AUC values (Figure 5.18 B), it was confirmed that the 5 μg polyplex 

formulation induced the greatest scaffold based cumulative gene expression over the 7 days of 

culture and measurement. Despite this, such increases were not large enough to produce 

statistically significant differences when compared to the 2.5 μg group.  

Figure 5.18 (A & B) – Evaluation of the effect of pDNA concentration on the 3D transfection 
capability of PEI polyplexes when applied, using the external application method, to C2C12 
seeded scaffolds. A: 7 Day time course Met-Luc assay of PEI mediated cell monolayer transfection using 
2.5 or 5 μg pCAG-MetLuc2. B: Effect of pDNA concentration on cumulative polyplex mediated Met-
Luc expression, calculated using area under the curve measurements. Data was expressed as Fold 
Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean +SD). One-Way 
ANOVA with Tukey’s multiple comparisons test was used to compare between groups. ns = no significant 
difference, * = P < 0.05, ** = P < 0.01. 
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Interestingly, analysis of the 7 day time-course transfection data for Y201 seeded cells (Figure 

5.19 A) revealed good overall 3D transfection in this cell line after external application of 

polyplexes. Specifically, these samples presented with more prolonged transfection expression 

profiles, albeit over a lower overall expression range, in comparison to C2C12. Furthermore, it 

was also identified that a lower polyplex pDNA concentration was considered more optimal for 

cellular transfection, with the 2.5 μg group displaying higher fold luminescence at every timepoint 

measured.  

This was substantiated by Y201 AUC values (Figure 5.19 B), which confirmed total Met-Luc 

expression was higher in the 2.5 μg polyplex group in comparison to the 5 μg group. Crucially 

however, it was identified once more that when the specific polyplex groups were compared (2.5 

μg versus 5 μg), a lack of statistical significance was found.  

 

5.3.4.2.2 Optimisation of N/P ratio 

The following results subsequently displayed the effect of modifications to N/P ratio on 3D 

scaffold transfection, specifically in the context of the best performing pDNA concentrations 

(C2C12 – 5 μg, Y201 – 2.5 μg).  

Evaluations of the subsequent 7 day timecourse data for C2C12 seeded cells (Figure 5.20 A) 

revealed identical burst release expression profiles were present across each N/P ratio range 

tested. Interestingly, in terms of Met-Luc expression, when N/P ratio was either increased or 

decreased, a negative effect was observed, thus confirming therefore that N/P24 was likely the 

optimal ratio in this scenario for this cell line.  

Figure 5.19 (A & B) – Evaluation of the effect of pDNA concentration on the 3D transfection 
capability of PEI polyplexes when applied, using the external application method, to Y201 seeded 
scaffolds. A: 7 Day time course Met-Luc assay of PEI mediated cell monolayer transfection using 2.5 or 
5 μg pCAG-MetLuc2. B: Effect of pDNA concentration on cumulative polyplex mediated Met-Luc 
expression, calculated using area under the curve measurements. Data was expressed as Fold 
Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean +SD). One-Way 
ANOVA with Tukey’s multiple comparisons test was used to compare between groups. ns = no significant 
difference, * = P < 0.05, ** = P < 0.01. 
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C2C12 AUC values (Figure 5.20 B) further substantiated this assertion, illustrating the N/P24 

polyplex group produced the greatest cumulative 3D Met-Luc expression over the 7 day 

timecourse. Such increases in expression were not deemed statistically significant when compared 

to any other polyplex group.  

 

Similarly, in the equivalent Y201 7 day time course (Figure 5.21 A), the expression patterns of 

each N/P ratio group remained largely the same, upon either an increase or decrease in the 

amount of PEI, with peak daily Met-Luc expression displayed consistently at the 48 hour time-

window before preceding to decline at 7 days. However, in terms of Met-Luc expression, it was 

found that a dose-dependent relationship was present over the range of N/P ratios tested, 

explicitly illustrating as N/P ratio was increased, the amount of Met-Luc produced per day also 

increased.  

The resulting quantitative Y201 AUC data (Figure 5.21 B) further substantiated this hypothesis 

and furthermore illustrated that the difference in cumulative Met-Luc expression produced was 

in fact statistically significant, when compared to all N/P ratio groups. As such, it was assumed 

in the case of pre-seeded Y201 transfection, N/P ratio appeared to induce a greater overall effect 

on 3D cellular transfection.  

 

Figure 5.20 (A & B) – Evaluation of the effect of N/P ratio on the 3D transfection capability of 
PEI polyplexes when applied, using the external application method, to C2C12 seeded scaffolds. 
A: 7 Day time course Met-Luc assay of PEI mediated cell monolayer transfection using polyplexes 
formulated with N/P ratios ranging from 8-40. B: Effect of N/P ratio on cumulative PEI mediated Met-
Luc expression, calculated using area under the curve measurements. Data was expressed as Fold 
Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean +SD). Kruskal-
Wallis with Dunns multiple comparisons test was used to compare between groups. ns = no significant 
difference, * = P < 0.05, ** = P < 0.01. 
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Table 5.11 – Final optimised conditions for PEI mediated external application method in C2C12 
and Y201 seeded scaffolds. 

 

Based on the two main outcomes of the optimisation steps, within the PEI polyplex mediated 

external application method (3D transfection control), it was reaffirmed that in 3D scaffold 

transfection contexts, pDNA concentration and N/P ratio are key factors which influence 

cellular transfection. It was also shown that, much like the 2D cell monolayer transfection models, 

the PEI polyplex external application 3D method was much superior in both scaffold seeded cell 

lines for the payload delivery and cellular transfection, over the equivalent nanoparticle external 

application method. Interestingly however, unlike the considerable difference in total cumulative 

Met-Luc expression seen between C2C12 and Y201 cell lines in the 2D transfection models, the 

3D transfection control illustrated only a small difference in performance and expression, upon 

seeding and transfection within agarose scaffolds.  

Transfection Method 
Cell 

Line 

Optimal N/P Ratio 

Concentration 

Optimal pDNA 

Concentration 

PEI Mediated External Application 

Transfection Method 
C2C12 N/P24 5 μg 

PEI Mediated External Application 

Transfection Method 
Y201 N/P40 2.5 μg 

Figure 5.21 (A & B) – Evaluation of the effect of N/P ratio on the 3D transfection capability of 
PEI polyplexes when applied, using the external application method, to Y201 seeded scaffolds. A: 
7 Day time course Met-Luc assay of PEI mediated cell monolayer transfection using polyplexes formulated 
with N/P ratios ranging from 8-40. B: Effect of N/P ratio on cumulative PEI mediated Met-Luc 
expression, calculated using area under the curve measurements. Data was expressed as Fold 
Luminescence over negative control (Mean ±SD) or Area under Curve (AUC) (Mean +SD). One-Way 
ANOVA with Tukey’s multiple comparisons test was used to compare between groups. ns = no significant 
difference, * = P < 0.05, *** = P < 0.001, **** = P < 0.0001. 
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In conclusion, the PEI external application method was successfully validated as a possible 3D 

scaffold transfection method, crucially acting as a viable control or reference for future agarose 

GAM studies such as the F-AGE-1, F-AGE polyplex electrophoretic GAM scaffolds.  

5.3.4.3 Qualitative assessment of 3D PEI transfection 

In a final validation experiment, the experimental procedures for the PEI-mediated external 

application transfection method were replicated, utilising in this case the GFP fluorescence 

reporter system. Fluorescent images were generated illustrating localised intracellular GFP 

production from successfully transfected cell laden scaffolds (Figure 5.22). 

Based on the generated images, it was verified initially through DAPI nuclear staining that both 

cell types remained adhered to the surface of the PDA-coated agarose scaffolds in both the 

control groups and after the application of polyplex transfection payloads.  

Much like the C2C12 2D cell monolayer transfection model, negative control and pDNA only 

scaffold groups here failed to produce any detectable cellular GFP in regions which contained 

DAPI positive cells, thus indicating a lack of 3D transfection. Conversely, considerable GFP 

expression was detected across the N/P24 polyplex scaffold group surface, with green GFP 

signal appearing regularly across the scaffold and largely in direct association with blue DAPI 

positive regions. Furthermore, much like the Met-Luc results outlined in Figure 5.20, the higher 

N/P ratio (N/P40) exhibited sub-optimal levels of 3D transfection, characterised by fewer 

discernible DAPI-stained cells and notably diminished detectable GFP expression among the 

seeded C2C12 cells.  

Concerning the Y201-seeded cells subjected to externally applied polyplexes, a parallel trend was 

identified in the control groups, with no detectable GFP fluorescence in any captured image. 

Interestingly, within both scaffold groups exposed to polyplex payloads (N/P24 and N/P40), 

DAPI-positive regions were more frequently observed as larger cell clusters. Nevertheless, 

effective 3D transfection persisted, as these clusters - particularly prominent in the N/P40 group 

- contained multiple GFP positive cells. This observation significantly aligns with the conclusions 

drawn from the quantitative datasets of both C2C12 and Y201 cells. 
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5.3.5 Analysis of 3D GAM transfection capabilities 

Upon successful validation of the external application method (sections 5.3.4.2 and 5.3.4.3 

specifically), agarose GAMs generated using the F-AGE-1 and F-AGE polyplex electrophoretic 

loading methods (chapter 3), were subsequently tested for their ability to induce 3D scaffold 

transfection. As described in section 5.2.5, 3D transfection was assessed using quantitative 

methods of assessment, over a 7 day culture period, with Met-Luc assay measurements 

performed over the 48 hour, 72 hour and 7 day time-windows, providing a gauge of early 

transfection performance. To substantiate the Met-Luc assay results, agarose GAM scaffolds 

were also imaged at an early timepoint via LIVE-DEAD stain, thus providing an indication of 

3D cell viability at the first point of transfection assay performance. 

5.3.5.1 F-AGE-1 agarose GAMs  

Prior to transfection assessment, it was noted based on 48 hour LIVE-DEAD staining of a 

selection of cell seeded F-AGE-1 GAM scaffolds, that  3D cell attachment and 3D cell viability 

was generally consistent with results previously illustrated in chapter 4. Crucially, in both datasets 

Figure 5.22 – Fluorescent images of PEI mediated 3D scaffold transfection using the external 
application method. C2C12 or Y201 Cells were seeded using static seeding techniques with a density of 
5x105 Cells/Scaffold. After 24hrs, seeded scaffolds were transfected with N/P24 or N/P40 polyplexes 
containing either 2.5 μg (C2C12) or 5 μg (Y201) pCAG-eGFP. At 48hrs post-transfection, scaffolds were 
then stained with 0.5 μg/mL DAPI nuclear dye and imaged under the GFP excitation filter. A & B: Media 
only/negative control scaffolds, seeded with C2C12 and Y201 respectively. Scale bars = 750 μm. 
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(Figure 5.23 and Figure 5.25), C2C12 and Y201 cells appeared successfully adhered to the F-

AGE-1 GAM scaffolds with no obvious visual differences observed between scaffolds 

containing transfection payloads versus the 3%-PDA8.2 negative controls. Furthermore, no 

visual differences in viability were identified when the calcium concentration within the 

transfection payloads increased (112.5-225 mM). Importantly, in terms of cellular morphology, 

both cell types also possessed elongated conformations whilst on the GAM surface with evidence 

of cell-cell contacts and interconnectivity. 

Yet, despite this fact, the subsequent C2C12 and Y201 transfection data acquired from F-AGE-

1 GAMs (Figure 5.24 and Figure 5.26) revealed no tangible increases in fold luminescence 

occurring during each of the three time-windows, when scaffolds contained an electrophoretically 

loaded nanoparticle complex (2.5 or 5 μg pDNA concentration). Statistical analysis further 

substantiated this with outputs revealing any small increases in gene expression identified in the 

AGE-1 GAM groups possessed virtually no statistically significant difference when compared to 

the blank negative control groups, with the exception of AGE-1-2.5-162.5mM (Figure 5.26 A – 

72hrs P = 0.0234) and AGE-1-5-162.5mM (Figure 5.26 B – 7 days P = 0.0374). This exception 

was however discounted due to its peak value remaining far below acceptable 3D transfection 

levels previously identified in the PEI external application method.  

Such assumptions were also consistent when the pDNA concentration per nanoparticle complex 

was increased from 2.5 μg to 5 μg, illustrating alterations to pDNA concentration also had no 

significant effect on the transfection capability of the GAM systems.  Based on these findings 

alone, the PDA coated F-AGE-1 nanoparticle GAMs appeared unable to induce even small levels 

scaffold mediated reporter gene expression within the testing parameters set.  

Figure 5.23 – Images of LIVE-DEAD stained C2C12 cells following 48 hours 3D culture on 
selected F-AGE-1 GAMs. Cells were seeded using static seeding techniques with a density of 5x105 
Cells/Scaffold. Live cells are stained green and dead cells stained red. Images were captured specifically at 
CaP precipitate regions. Scale bars = 250 μm 
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Figure 5.25 (A & B) – Quantitative assessment of the transfection capability of F-AGE-1 
Nanoparticle GAM scaffolds after seeding with C2C12 cells. A: F-AGE-1 agarose GAMs containing 
2.5 μg pCAG-MetLuc2 vector. B: F-AGE-1 agarose GAMs containing 5 μg pCAG-MetLuc2 vector. Data 
was expressed as Fold Luminescence over negative control (Mean +SD). One-Way ANOVA with Tukey’s 
multiple comparisons test was used to compare between groups. 

Figure 5.24 – Images of LIVE-DEAD stained Y201 cells following 48 hours 3D culture on selected 
F-AGE-1 GAMs. Cells were seeded using static seeding techniques with a density of 5x105 Cells/Scaffold. 
Live cells are stained green and dead cells stained red. Images were captured specifically at CaP precipitate 
regions. Scale bars = 250 μm 
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5.3.5.2 F-AGE polyplex GAMs 

Much like the F-AGE-1 GAM scaffolds at 48 hours post cell seeding, the selected F-AGE 

polyplex GAMs similarly induced very small levels of observable cytotoxicity, with large numbers 

of viable adherent cells present on the scaffold surfaces (Figure 5.27 and Figure 5.29). 

Interestingly, observable viability also remained high even upon substantial increases in 

transfection payload N/P ratio, as shown by the large amount of live cells identified in the N/P40 

F-AGE polyplex GAM formulations. Furthermore, both cell types presented with elongated 

fibroblast-like morphologies with good interconnectivity and cell-cell contacts.  

However, when transfection behaviour was analysed for both cell lines (Figure 5.28 and Figure 

5.30), it was again revealed that there was little to no discernable statistically significant increases 

in fold luminescence that occurs in any of the tested F-AGE polyplex GAM scaffolds, when 

compared against the negative control, over the course of the 7 day experiment.  

Furthermore, this apparent absence of gene expression was consistent across the GAM groups 

regardless of pDNA concentration or N/P ratio, suggesting all electrophoretically loaded 

Figure 5.26 (A & B) – Quantitative assessment of the transfection capability of F-AGE-1 
Nanoparticle GAM scaffolds after seeding with Y201 cells. A: F-AGE-1 agarose GAMs containing 
2.5 μg pCAG-MetLuc2 vector. B: F-AGE-1 agarose GAMs containing 5 μg pCAG-MetLuc2 vector. Data 
was expressed as Fold Luminescence over negative control (Mean +SD). One-Way ANOVA with Tukey’s 
multiple comparisons test or Kruskal-Wallis test with Dunns multiple comparisons test (Bar chart A - 7 
day timepoint) was used to compare between groups. * = P < 0.05. 
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polyplex payloads were, in the early period after cell seeding, incapable of inducing scaffold based 

cellular transfection. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.27 – Images of LIVE-DEAD stained C2C12 cells following 48 hours 3D culture on 
selected F-AGE polyplex GAMs. Cells were seeded using static seeding techniques with a density of 
5x105 Cells/Scaffold. Live cells are stained green and dead cells stained red. Images were captured 
specifically at PEI precipitate regions. Scale bars = 250 μm. 

Figure 5.28 (A & B) – Quantitative assessment of the transfection capability of F-AGE Polyplex 
GAM scaffolds after seeding with C2C12 cells. A: AGE-2 polyplex GAMs containing 2.5 μg pCAG-
MetLuc2 vector. B: F-AGE polyplex GAMs containing 5 μg pCAG-MetLuc2 vector. Data was expressed 
as Fold Luminescence over negative control (Mean +SD). One-Way ANOVA with Tukey’s multiple 
comparisons test or Kruskal-Wallis test with Dunns multiple comparisons test was used to compare 
between groups. * = P < 0.05, ** = P < 0.01. 
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Figure 5.30 – Images of LIVE-DEAD stained Y201 cells following 48 hours 3D culture on selected 
F-AGE polyplex GAMs. Cells were seeded using static seeding techniques with a density of 5x105 
Cells/Scaffold. Live cells are stained green and dead cells stained red. Images were captured specifically at 
PEI precipitate regions. Scale bars = 250 μm. 

Figure 5.29 (A & B) – Quantitative assessment of the transfection capability of F-AGE Polyplex 
GAM scaffolds after seeding with Y201 cells. A: F-AGE polyplex GAMs containing 2.5 μg pCAG-
MetLuc2 vector. B: AGE polyplex GAMs containing 5 μg pCAG-MetLuc2 vector. Data was expressed as 
Fold Luminescence over negative control (Mean +SD). One-Way ANOVA with Tukey’s multiple 
comparisons test or Kruskal-Wallis test with Dunns multiple comparisons test (Bar chart A 7 days and bar 
chart B 48 hrs) was used to compare between groups. * = P < 0.05, ** = P < 0.01 
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5.4 Discussion 

5.4.1 Selection of a suitable gene expression plasmid vector system 

Prior to optimisation of CaP and PEI payloads used in this chapter, it was firstly deemed vital to 

select an appropriate plasmid expression system which, no matter the transfection vehicle, would 

be capable of inducing the expression of the encoding gene of interest at high levels over a 

prolonged period of culture.  

In the field of gene therapy, a multitude of plasmid expression systems exist, with each consisting 

of different promoter elements. Significantly, variations in the inherent chemistry of said 

promoter elements play vital roles in not only the efficiency of gene transcription but also the 

strength and time at which the process occurs (Estes et al., 2015). As such, when designing a 

GAM system, careful consideration should be undertaken when selecting the vector of choice, 

with particular plasmid systems likely possessing functional characteristics which align more or 

less favourably with the objectives stated forthwith in this chapter.  

Commonly, the most used vector system in the field is the pCMV system, specifically for its 

ability to instigate very intense gene expression in a variety of mammalian cells (Mark et al., 2022). 

Although effective, it is widely accepted that the duration of said expression is extremely short, 

with yields often diminishing within 48 hours, a fact hypothesised to be as a result of its specific 

in-built promoter element as well as downstream transcriptional silencing and elevated DNA 

methylation (Y. Y. Dou et al., 2021; Yang et al., 2017). As prolonged expression is paramount in 

the context of scaffold mediated gene expression, an alternative vector system was sought 

specifically for this study.  

Based on the outcomes of previous unpublished works by the Feichtinger research group, as well 

as a recent report by Dou et al, it was found that the alternative plasmid expression system, known 

as the pCAG vector, possessed several improved expression characteristics which supplant CMV 

vectors for use specifically in the context of GAM gene delivery (Y. Y. Dou et al., 2021). Such 

characteristics include the capability of the pCAG vector to exhibit significantly higher reporter 

gene expression (MFI - Mean Fluorescence intensity) and more effective transfection efficiency 

in comparison to equivalent vectors like CMV, in certain cell lines (HEK293F – 48 hours - 

2.73x105 versus 2.19x105 MFI, 81.3% versus 59.1%) (Y. Y. Dou et al., 2021). Inherently, this 

finding can be attributed to the unique CAG promoter element which the pCAG vector carries 

(a CMV early enhancer coupled with chicken beta-actin promoter and rabbit beta-globin splice 

acceptor) and through its action allows more favourable interactions between transcriptional 

processes, leading to the aforementioned boost in gene expression and stability (Miyazaki et al., 

1989).  

With considerably greater alignment between the characteristics of the pCAG system and the 

specific aims and objectives stated in this chapter, the pCAG-d2-eGFP plasmid vector, developed 
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and generously provided by Dr G Feichtinger, was selected for use as the base expression vector 

platform from which all future gene expression was driven. 

5.4.2 Development of effective reporter gene expression systems as tools for 

transfection assessment  

At the start of this chapter, the Feichtinger expression vector library for evaluation of the 2D and 

3D transfection processes consisted initially of just the pCAG-d2-eGFP plasmid, which naturally 

encodes for the expression of the fluorescent GFP protein. Although highly advantageous in 

terms of visualising the location of successful transfection within a system, it, in most cases, solely 

functions as a qualitative measurement tool, crucially without the ability to quantify how much 

protein is being expressed by cells at a specific point in time. In contrast, the application of 

luciferase reporter systems are able to mitigate such limitations, specifically by means of the 

luciferin-luciferase (or coelenterazine-luciferase) reaction, which produces quantifiable light-

emitting reaction products. Such products not only indicate evidence of successful transfection 

but do so over a large quantifiable dynamic range, specifically allowing the disclosure of sensitive 

changes occurring at the transcriptional level. Significantly, such characteristics were deemed 

fundamental when aiming to specifically evaluate a variety of different 2D transfection payload 

formulations or unique 3D GAM delivery systems.  

As such, an additional reporter plasmid was purchased which specifically encoded for the secreted 

luciferase enzyme known as metridia luciferase (pMetLuc2). As this plasmid vector lacked the 

pCAG promoter expression system, it simply acted as a gene insert donor, allowing the eventual 

synthesis of the new plasmid system: pCAG-MetLuc2, via restriction enzyme mediated ligation 

and cloning processes (Figure 2.2).  

The pCAG-MetLuc2 vector enabled qualitative and quantitative analyses of 2D and 3D 

transfection vehicles and therefore robust optimisation of transfection methods.  

5.4.3 Validation of reporter library and quantitative / qualitative methods of 

transfection assessment 

Each of the developed expression vectors (pCAG-d2-eGFP and pCAG-MetLuc2) were applied 

to basic CaP or PEI 2D cell monolayer transfection systems, with the aim of achieving three 

specific objectives (Guo et al., 2017; Roberts et al., 2015). Firstly, ensuring that each vector 

possessed the ability to drive cellular reporter gene expression in two different cell lines. Secondly; 

to validate that both qualitative and quantitative assessment methods proposed for use in this 

study were physically capable of detecting said expression (CLSM and in-house developed Met-

Luc assay). Thirdly, validation of qualitative and quantitative data against one another. 

Through the application of basic calcium phosphate (original co-precipitation method) and PEI 

mediated transfection protocols, each objective was determined. In both cases, assessment of 
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transfection took place at 48 hours post-exposure, a duration considered optimal by Guo et al for 

the capture of cellular reporter protein maturation/secretion (Guo et al., 2017). Furthermore, 

given the nature of the tested cell lines utilised, as well as the potential cytotoxic effects of the 

PEI polymer, a midpoint N/P ratio of 24 was selected for polyplex transfection (Tong et al., 

2013; Yang et al., 2016). 

Evaluations of both calcium phosphate and PEI transfection datasets quickly confirmed that the 

pCAG-d2-eGFP and pCAG-MetLuc2 vectors were sufficiently capable of inducing the 

production of functional GFP fluorescence proteins and luciferase enzymes in C2C12 and Y201 

cells respectively. This demonstrates not only the effectiveness of the pCAG promoter elements 

for transcriptional induction, but also that the enclosed gene inserts are likely devoid of any lack 

of function base mutations that could for example cause downstream reporter protein dis-

function.  

These same results also similarly proved that alongside CLSM techniques, the newly formulated 

and largely untested in-house Met-Luc assay was also compatible in 2D cell monolayer 

transfection contexts, with detectable and consistent luminescence values generated from 

luciferase containing supernatant media extracts. To the best of the author’s knowledge, the 

quantitative Met-Luc assessment method illustrated here remains one of very few examples of a 

cheap non-commercial alternative for the fast non-destructive measurement of 2D cellular 

transfection within supernatant extract samples (Tie & Stafford, 2017), significantly illustrating 

comparable data as to those produced by the commercial Ready-to-Glow assay kit 

(Clontech/TaKaRa). 

Finally, from comparisons between qualitative and quantitative datasets for each cell line, high 

levels of symmetry existed across equivalent samples, with the visual effectiveness of each 

transfection vehicle, as shown in the GFP results, importantly reflected in subtle quantitative 

changes when expressed according to fold luminescence (over negative control).  

5.4.4 Selection of the ideal 2D transfection vehicle 

In general, there is a lack of consensus with regards to the ideal transfection vehicle for BM-

MSC’s and similar cell lines such as C2C12 and Y201, with a multitude of different inorganic, 

lipid and polymer based systems all reported to have varying degrees of success, specifically in 

terms of their transfection efficiency (Lo et al., 2019; Tierney et al., 2012). This study therefore 

sought to identify and optimise two specific transfection vehicles for their use initially in 2D cell 

monolayer transfection systems, with those being; CaP nanoparticle complexes and PEI 

polyplexes. Such experiments were considered a vital early building block in this chapter not only 

with regards to the full exploitation and maximisation of the transfection vehicles performance 

themselves, but also furthering the understanding of their methods of action such that smooth 

translation into 3D GAM contexts can then be achieved with minimal disruption.  
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In terms of CaP mediated transfection, the well-established co-precipitation synthesis method 

was applied once more in this optimisation study, crucially without additional glycerol shock 

treatments, with the aim of modifying DNA concentration and CaCl2 parameters so as to 

synthesise more effective transfection capable precipitates. Based on the accumulated datasets as 

a whole, it could be concluded that optimisation of the stated parameters resulted in only marginal 

improvements in the transfection capabilities of the pDNA-CaP co-precipitates, within C2C12 

and Y201 cell monolayers. Specifically, even in the cases of the best performing formulations 

(C2C12: 2 μg, 56.25 mM - Y201: 1 μg, 56.25 mM), transfection efficacy failed to match those 

illustrated in the pre-optimised glycerol shock groups.  

Compared to similar reports involving the use of the co-precipitation transfection method, this 

overall lack of high level transfection efficacy was often substantiated, with several limiting factors 

being repeatedly identified in the above synthesis and application method. Such factors included 

the unrestricted agglomeration of CaP precipitates within the PO4
2--CaCl2 complexation system, 

both at the initial point of nucleation and synthesis, as well as post application to cells within 

growth media, leading in many cases to unwanted micro-crystal formation and thus poorer 

transfection (Jordan et al., 1996; Orrantia & Chang, 1990). Similarly, it could also be suggested 

that lower Ca:P ratio’s (similar in magnitude to that of normal calcium phosphate compounds) 

appear to result in a larger overall particle size distributions specifically within the precipitates 

synthesised, further impacting transfection efficacy (Olton et al., 2007). In this study, the fact that 

CaP formulations synthesised from lower CaCl2 concentrations induced lower cumulative 

reporter gene expression, it could be assumed similar limitations were present, thus lending 

credence to the above theory.  

That said, due to obvious limitations in the range of data collected (2D transfection data only 

presented here), inferences relating to the actual CaP co-precipitate synthesis and behaviour in 

this study were therefore somewhat restricted, with further information such as particle size 

measurements and zeta potential (via dynamic light scattering and zetasizer testing) likely required 

to aid the discussion further. Nevertheless, the outcomes of this CaP study, in terms of the most 

optimal pDNA concentration and CaCl2 concentration remained highly beneficial and informed 

the choices made with regards to future 3D transfection methodologies and GAM mediated 

scaffolds. 

In contrast, through optimisation of equivalent parameters for PEI mediated 2D transfection, it 

could be concluded that the polyplexes formulated in this study were highly effective in terms of 

inducing strong transfection, crucially in both C2C12 and Y201 culture systems. Clear expression 

profile patterns were also presented, indicating cellular expression was most often highest over 

the first 48-96 hours of culture, post vehicle exposure, before eventually declining at the 7 day 

time-window. By comparing the cumulative Met-Luc expression, the optimum PEI conditions 

were subsequently found, in this case; 1 μg N/P24, for both cell types. Interestingly, in the 
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context of pCAG expression vector performance, this appeared to contrast findings by Dou et al 

which showed sustained expression at 3-4 weeks post exposure, although this was in a different 

cell line (HEK293 cells - an extremely proliferative and robust cell line), having been transfected 

with the optimised commercial Lipofectamine 2000 reagent (Y. Y. Dou et al., 2021).  

A secondary outcome from these experiments was the illustration that gene expression was 

magnitudes higher in C2C12 cells in comparison to Y201 cells, a finding also tentatively displayed 

in CaP transfection data. As this occurred in both transfection systems, it was hypothesised to 

mainly be as a result of cell line specific behaviour instead of transfection system-cell line 

incompatibilities. Although not wholly unexpected given the primary stem-cell like nature of 

Y201 cells (being an immortalised cell line derived from a bone marrow MSC source), it remained 

an interesting finding with regards to the therapeutic magnitude required of a transfection payload 

for BM-MSC induced differentiation and repair (James et al., 2015).  

5.4.5 3D transfection control study (external application method) 

The successful outputs relayed from the 2D cell monolayer studies led to the subsequent 

investigation of the capability of PDA coated agarose scaffolds to support similar levels of gene 

expression, upon transfection payload delivery. As a proof-of-concept study, external application 

methodologies were therefore employed, whereby CaP or PEI polyplex payloads were delivered 

onto cell-laden agarose scaffolds and the resulting gene expression measured. Two main 

objectives were sought, which included; firstly the confirmation that the previously validated 

qualitative and quantitative transfection assessment methods could be used in a 3D scaffold 

transfection context, and secondly whether cells seeded within a PDA coated agarose scaffold 

could successfully be transfected with a particular transfection payload (CaP or PEI polyplexes). 

In terms of the first objective, based on the initial C2C12 and Y201 luminescence data collected 

after cell laden scaffolds were exposed to CaP and PEI payloads, it was determined with a 

reasonable degree of confidence that Met-Luc assays could reliably detect secreted Met-Luc 

reporter from transfected cells adhered to PDA functionalised agarose scaffolds, importantly 

producing reliable expression distribution patterns, which matched in most cases to those 

illustrated in 2D transfection models. This was particularly significant given the problematic 

finding discovered during method development which suggested excess PDA leaching into cell 

culture media caused luminescence quenching upon Met-Luc assay performance. As a result of 

this, additional washing steps (overnight deionised water wash) were implemented within the 

PDA functionalisation procedure prior to scaffold seeding, crucially leading to the subsidence of 

this phenomenon and thus the successful detection of 3D Met-Luc activity.  

In this case of qualitative assessment via CSLM methods however, no such issues were identified 

upon translation into a 3D assessment platform, with visual determination of GFP expression 
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clearly identified, as shown in Figure 5.22. The inclusion of DAPI nuclear staining was however 

considered instrumental to enable the deduction of successful transfection. 

5.4.5.1 Transfection potential of externally applied CaP nanoparticles 

With the assessment methods successfully verified, transfection behaviours could then effectively 

be evaluated. Overall, upon exposure of cell laden agarose scaffolds to pDNA-nanoparticle 

payloads, it was found that very small levels of successful gene expression could be detected 

across the majority of formulations tested. By and large, this small scale gene expression only 

occurred in C2C12 pre-seeded scaffolds, which were exposed to nanoparticle formulations 

synthesised from the 56.25 mM CaCl2 groups. Even in these optimal groups however, expression 

patterns appeared lower than hoped, with peak fold luminescence values of approximately 5 

being displayed in both the 2.5 μg and 5 μg formulations.  

Conversely, in the case of Y201 seeded scaffolds, nanoparticle complex exposure led to 

considerably worse 3D expression profiles in all cases, with the additional and surprising finding 

that the pDNA only group was most effective in comparison to pDNA-nanoparticle complexes. 

This particular increase was however negligible considering the magnitude of fold change in 

luminescence versus the negative control.   

Although there is a consensus in the field that the majority of 3D mediated transfection/gene 

delivery systems produce on average less transfection than equivalent 2D methodologies it was 

particularly noticeable the lack of any tangible reporter gene expression produced by the 

nanoparticle external application method, across both seeded scaffold constructs (Truong et al., 

2019). As the same co-precipitation method was applied here, it was therefore assumed many of 

the limitations discussed in section 5.2.3.1 were again present, resulting in the generally poor 

outcomes displayed.  

Furthermore, it was also hypothesised that the mechanism of action of the external application 

method likely compounded these limitations further. For instance, despite suspensions being 

applied directly to the cell laden scaffolds, it was hypothesised that due to colloidal pDNA-CaP 

suspension kinetics and Brownian motion, the complexes likely dispersed quickly away from the 

scaffolds, perhaps settling at the bottom of the well plates under gravity, and thus restricting the 

in-contact duration time prior to its eventual removal and media exchange (after the 4 hour 

incubation) (Khan et al., 2016). Alternatively, due to the suggestion that sedimentation may be an 

essential characteristic of CaP mediated gene delivery (concentrating pDNA on the cell surface), 

the method of external application of pDNA-CaP nanoparticles to a high surface area scaffold 

system may be restrictive, conceivably leading to the poor transfection profiles described (Luo & 

Saltzman, 2000).  
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5.4.5.2 Transfection potential of externally applied polyplexes 

Crucially however, upon exposure of cell laden agarose scaffolds to polyplex payloads, it was 

found much higher levels of reporter gene expression were observed, over the majority of 

polyplex formulations, and also across both cell lines. In the case of both C2C12 and Y201 laden 

scaffolds, classical burst release gene expression profiles were displayed specifically peaking 

during the 48 hour time-window prior to a rapid decline towards 7 days.  

Furthermore, in contrast to 2D cell monolayer transfection, optimal pDNA concentrations and 

N/P ratios for 3D transfection via external application appeared cell line specific in this study 

(C2C12: 2.5 μg – N/P24, Y201: 5 μg – N/P40), thus signifying the impact changes to the culture 

environment has on cellular transfection mechanisms, particularly with regards to the suitability 

of the 3D scaffold for cell line specific metabolism and uptake (Luo et al., 2015). Interestingly, as 

optimal gene expression from the Y201 laden scaffolds now appeared equivalent to C2C12 values 

(Figure 5.20 and Figure 5.21) (a finding not displayed in 2D transfection systems), it could 

therefore be surmised Y201 cells may, in this scenario, display more preferential characteristics 

for transfection, specifically within a PDA agarose scaffold environment. Unfortunately, as this 

is the only known study in which Y201 cells were added to PDA functionalised scaffolds, this 

finding could not be substantiated.  

As the mechanism of action was mostly the same as the external application of nanoparticle 

complexes, the enhancement in gene expression identified in this study was likely therefore a 

culmination of two factors. Firstly, it was hypothesised that due to their apparent smaller 

hydrodynamic diameters, polyplexes may have remained more effectively diffuse within the cell 

media solution post application, in turn resulting in lower sedimentation rates and thus a greater 

in-contact duration time with the cell-laden scaffolds (Pedraza et al., 2008; Pezzoli et al., 2017). 

Secondly, as a result of the potentially high cationic charge densities presented by the formulated 

polyplexes, faster and more stable electrostatic interactions could consequently be formed with 

negatively charged cell membranes of scaffold adhered cells, thus improving the 3D transfection 

processes further (Amin et al., 2013).  

Overall, based on quantitative and qualitative transfection data, particularly from the PEI external 

application method, PDA agarose scaffolds were sufficiently validated as a platform from which 

3D gene delivery should be possible, crucially acting as a reference or positive control for which 

future GAM studies may be compared against whilst also informing GAM formulation 

conditions such as plasmid loading concentration, CaP ratio or N/P ratio. Such foundations 

paved the way for the effective evaluation of the transfection capabilities of the F-AGE-1 and F-

AGE polyplex GAM scaffolds.  
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5.4.6 Transfection capabilities of F-AGE GAM systems 

As stated, for surface mediated GAM delivery to be successful, three underlying pillars must be 

present within the 3D scaffold system. Firstly, an effective method of transfection payload 

incorporation within or on the biomaterial, secondly the provision of a biocompatible, bioactive 

3D support structure or surface and thirdly the effective release and uptake of said payloads to 

locally adhered cells (El-Sherbiny & Yacoub, 2013). Significantly, with the first and second pillars 

having previously been characterised and successfully optimised in chapters 3 and 4 respectively, 

it was now deemed necessary to test, validate and optimise the final pillar within 3D GAM culture 

contexts. As such, PDA functionalised F-AGE-1 and F-AGE polyplex GAMs were formulated 

in their entirety, containing either DNA-CaP or polyplex payloads. Pillar three was then 

tentatively evaluated via a proof of concept 3D transfection experiment, specifically over a 7 day 

culture period. 

Based on the transfection studies outlined in section 5.3.5, it was illustrated that F-AGE-1 and 

F-AGE polyplex GAM scaffolds containing either electrophoretically loaded pDNA-CaP 

nanoparticle complexes or electrophoretically loaded PEI polyplexes were completely ineffective 

at inducing any tangible gene expression in GAM adhered cells. This finding was consistent in 

both cell lines (C2C12 and Y201) over a 7 day 3D culture period, in which Met-Luc assays were 

performed on three separate days (48, 72 and 7 day time-windows). Furthermore, no significant 

increases in expression occurred upon modifications to pDNA loading concentration (2.5 or 5 

μg), calcium chloride concentration (0-225 mM) or PEI concentration (N/P 8-40).  

As 3D cell viability and cell morphology on the F-AGE-1 and F-AGE polyplex GAMs appeared 

consistent with unloaded negative controls, it was theorised that the lack the transfection 

capability likely centred around the successful synthesis, patterning, manufacture and condition 

of the transfection payloads themselves rather than scaffold cytotoxicity, adherence, scaffold 

penetration, or due to any cell line specific issues. Three main working theories have since been 

generated which propose possible reasons for this phenomenon and generally fall under the 

following categories; limitations regarding vector encapsulation, limitations regarding release 

kinetics, and/or lyophilisation/freeze-drying mediated damage. Detailed considerations of each 

of the proposed challenges is presented in the general discussion in chapter 7. 

5.5 Conclusions 

This study aimed to characterise transfection capabilities in electrophoretically loaded PDA-

functionalised agarose GAM scaffolds. However to achieve this goal, transfection vehicle 

performance (CaP and PEI) in 2D monolayer cultures first needed to be validated. Reporter 

vectors (pCAG-d2-eGFP and pCAG-Met-Luc2) were therefore successfully formulated and 

tested for expression in C2C12 and Y201 cells, confirming both the functionality of the vectors 

and the successful use of qualitative (fluorescence microscopy) and quantitative assessment (Met-
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Luc assay) methods. Through further optimisation investigations within the 2D cell monolayer 

context, optimum transfection parameters including CaCl2, pDNA concentration, and N/P ratio 

were then established. 

Upon translation into 3D scaffold culture settings (external application control method), it was 

found polydopamine coated agarose scaffolds acted as effective platforms for externally applied 

surface mediated transfection, with PEI polyplexes being particularly effective. Moreover, in 

these cases reporter gene expression remained higher in C2C12 cells in comparison to Y201, an 

indication that phenotypic differences in 2D were also present in 3D scaffold contexts. 

Unfortunately, when all formulations of the PDA coated F-AGE agarose GAMs were applied 

for similar 3D transfection testing, gene expression was found to be negligible, likely highlighting 

fundamental incompatibilities with the previously established F-AGE approaches, which requires 

greater investigation to understand the intricacies of failure and thus application of appropriate 

solutions.  

Despite the results illustrated, parallel work remained ongoing regarding the use of alternative 

DNA vector systems for incorporation within the F-AGE agarose GAM patterning platforms. 

This particularly focused on the development of dumbbell hairpin vectors (also known as 

covalently closed hairpin loop vectors (CCHLV)) which possess uniquely favourable 

conformations for said electrophoretic incorporation. The final experimental chapter in this 

thesis (chapter 6) will illustrate the progress made regarding their synthesis and initial testing.  
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 CHAPTER 6: DESIGN, SYNTHESIS AND TESTING OF 

MINIMALISTIC DUMBBELL DNA EXPRESSION 

VECTORS FOR AGAROSE GAM INCORPORATION  

6.1 Introduction  

The capacity for successful gene delivery performance of a GAM loaded therapeutic nucleic acid 

payload is dependent not only on the chemical transfection vehicle which the DNA vector is 

coupled to, but is also dependent on the structure and inherent properties of the DNA vector 

itself. As previously discussed, artificial plasmid vectors are considered the current gold standard 

expression system for such non-viral GAMs, and through its action it is possible to introduce 

any feasible transgene into a eukaryotic cell population for the specific purpose of inducing a 

transient gene expression response (Hassan et al., 2016). However, despite its success and wide 

use, such vector systems are not without limitations, particularly in terms of their size, possession 

of several potentially detrimental bacterial elements and latent immunogenicity, all of which 

prohibit either gene delivery performance or downstream safe clinical translation (Mairhofer & 

Grabherr, 2008).  

Conventional plasmids consist of three major components: 1) prokaryotic bacterial backbone 

region (ori, antibiotic resistance genes, selectable markers), 2) spacer sequences and 3) the 

eukaryotic transcriptional unit (transgene, promoter, intron, termination/poly(A) signals) 

(Jechlinger, 2006). Packaging this substantial amount of genetic material unfortunately makes 

plasmids very large molecules (0.8 – 120 kb with an average diameter of approximately 100-200 

nm), particularly in comparison to viruses and RNA (De La Vega et al., 2013). In gene therapy 

contexts, such a large size can negatively modulate gene transfer efficiency, whereby larger 

plasmids are less effective at nuclear entry (via NPC) in comparison to smaller iterations (Kreiss 

et al., 1999). Furthermore, size related instability can also cause highly detrimental DNA 

integration events (Ertl & Thomsen, 2003). Alongside size related issues, the presence of 

prokaryotic elements is itself considered problematic. Although required for plasmid production 

in bacteria, the presence of antibiotic resistance genes raises substantial safety concerns when 

applied in humans, with the potential for horizontal gene transfer into pathogenic bacteria not 

wholly out of the realms of possibility (Vandermeulen et al., 2011). Besides, these prokaryotic 

sequences are also heavily rich in unmethylated CpG dinucleotides (or CpG motifs), which are 

capable of binding to Toll-like receptors and inducing detrimental immune responses during the 

gene delivery process (Klinman, 2004). Ultimately, as the bacterial backbone does not possess 

any therapeutic benefits for the gene therapy process, it is commonly suggested wholesale 

elimination of these elements would bring a multitude of benefits. This desire has therefore led 

to the exploration of alternative nucleic vector designs, among which minimalistic dumbbell 

DNA vectors have gained significant recent attention.  
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Minimalistic dumbbell DNA vectors or covalently closed hairpin loop vectors (CCHLV) are a 

novel, alternative class of non-viral DNA vectors which have been developed and tentatively 

utilised in fields such as immunisation/vaccine development and tumour gene therapies (Schmidt 

et al., 2005).  These vectors were first postulated in 2001 by Wittig & Schakowski et al, and were 

deemed the smallest, most consolidated vector system capable of controlled effective protein 

encoding expression. The system is characterised as a plasmid derived, double stranded, linear, 

end-sealed (dumbbell) DNA molecule consisting solely of a gene expression cassette (promoter 

sequence, therapeutic transgene, polyA signal), significantly omitting unnecessary plasmid 

material not utilised in transgene transfection (such as bacterial backbone, spacers, CpG 

sequences) (Figure 6.1) (Schakowski et al., 2001). 

 

In terms of CCHLV synthesis, it is generally observed that these vectors can be generated via 

three distinct in-vitro enzymatic mechanisms; 1) the enzymatic ligation assisted by nucleases 

(ELAN) strategy, 2) the PCR amplification strategy and 3) the protelomerase, or prokaryotic 

telomerase strategy. Each mechanism is illustrated in Figure 6.2.  

The ELAN approach was the first synthesis method to be established and has since become the 

most frequently utilised of all the stated strategies (Yu et al., 2015). This strategy utilises a 

conventional artificial plasmid as the starting vector, specifically containing a gene expression 

cassette (GEC), a prokaryotic backbone, and two specific type II restriction endonuclease 

recognition sites (upstream and downstream of the GEC region). In the first ELAN step, two 

equivalent restriction endonucleases are applied, inducing the digestion of the plasmid vector in 

two specific locations. As a result, a linearised GEC DNA product forms with terminal 5’ and 3’ 

cohesive end sequences specific to the enzyme utilised. After the digestion and purification, 10-

20 bp oligonucleotide hairpin loops (containing complementary overhang sequences to the GEC 

product) are applied into the reaction alongside a ligase enzyme. At this stage, a CCHLV product 

is tentatively formed. To ensure a stable and effective hairpin ligation has taken place, as well as 

to remove unbound hairpin oligonucleotides, the system is subjected to T7 DNA polymerase 

treatment, which exhibits strong 3’-5’ exonuclease activity (Engler et al., 1983). As T7 DNA 

Figure 6.1 – Diagrammatic representation of a conventional CCHLV. Hairpin oligodeoxynucleotides 
are used to covalently close the linear double stranded gene expression cassette, of which consists solely 
of a enhancer-promoter region (e.g. CMV), a transgenes, and a poly(A) signal. Taken from (Schmidt et al., 
2015) with permission from Springer Nature under licence number 5670840528372. 
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polymerase primarily acts on single-stranded DNA regions (i.e. exposed cohesive ends), a 

successfully synthesised CCHLV product would remain undigested after such an exposure. In 

the final ELAN step, the CCHLV is purified using standard DNA purification methods, such as 

phenol extraction, column-based purification, or high-performance liquid chromatography. 

 

In comparison to the current established plasmid vectors, these alternative CCHLV systems 

possess several characteristics which are highly advantageous within the realm of gene therapy 

and in the context of the F-AGE electrophoretic platforms developed in this thesis. As 

highlighted in the CCHLV structure diagram (Figure 6.1), these vectors are importantly devoid 

of all bacterial plasmid regions, only containing sequences that are necessary for transgene 

Figure 6.2 (A-C) – The different synthesis strategies employed for the production of CCHLVs. A:  
The ELAN synthesis strategy. Includes the targeted restriction endonuclease mediated (multiple) digestion 
of a plasmid vector followed by hairpin oligonucleotide ligation. Exonuclease digestion is used in a second 
step to simultaneously remove the bacterial backbone region whilst leaving the CCHLV unaffected. B: 
PCR synthesis strategy. Includes PCR mediated amplification and subsequent ligation with hairpin 
oligonucleotides. C: TelN protelomerase mediated CCHLV synthesis strategy. Includes the utilisation of 
the TelN protelomerase from bacteriophage N15 (FN15 TelN), of which performs double strand cleavage 
on a plasmid at specific target sequences (telL, telR). Post cleavage, 3’ complementary overhangs are 
present which enables TelN mediated ligation and the formation of a hairpin end-sealed CCHLV. Adapted 
from (Rodríguez, 2004). 
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expression. The downstream effect of this is three-fold; firstly the overall size of the vector is 

reduced, secondly the potentially harmful prokaryotic genes (such as the antibiotic resistance 

genes, the selective markers and the ori) are removed, and thirdly the vector no longer possesses 

large quantities of CpG motifs (Hodges et al., 2004). Regarding the reduction in size, it can 

therefore be hypothesised that the CCHLVs are likely to be more compatible for size-dependent 

diffusion into the nucleus via the NPC. Furthermore, being smaller they are also considered more 

stable than pDNA vectors and thus possess a lower probability of inducing a random DNA 

integration event (Jiang et al., 2016). Additionally, the absence of prokaryotic sequences crucially 

imbues CCHLVs with enhanced safety profiles and lower overall immunogenicity (Schnödt et al., 

2016).  

Significantly, in early pre-clinical trials involving the use of purified CCHLVs, the above claims 

were tentatively verified with increased gene delivery efficiencies (3-17 fold improvement) 

observed in comparison to equivalent plasmid controls (Schakowski et al., 2007; Schakowski et 

al., 2001). In light of this improved transfection capability, it was considered highly pertinent to 

initiate exploration regarding the use of novel CCHLVs as the primary DNA vector within GAM 

systems – a tantalising combination that has not yet, to this authors knowledge, been investigated 

in any regard. This would include optimisation of CCHLV synthesis and basic 2D and 3D 

CCHLV transfection testing. Furthermore, as CCHLVs are linear DNA vectors, it was 

hypothesised that CCHLVs might be remarkably suited for F-AGE mediated electrophoretic 

patterning, where unlike plasmid vectors, they would always migrate through agarose hydrogels 

in a single linear conformation. As a result, in-situ co-localisation and co-complexation with CaP 

or PEI payloads could be more effectively controlled, leading to high encapsulation efficiencies 

of final transfection payloads.  

The methodologies for CCHLV synthesis used in this chapter were based on the ELAN strategy 

first reported by Schakowski and colleagues (Schakowski et al., 2007). In these reports, a dual RE 

ELAN strategy was employed in a two-tube reaction process, enabling the downstream 

formation of CCHLV vectors which were capable of enhanced gene expression. Although 

reported as a reliable and successful strategy, upon method specific scrutiny, several potentially 

solvable limitations could be identified, which restricted its potential use in large scale CCHLV 

production. This included the number of RE enzymes used (2 – EcoRI and BamHI), the number 

of and amount of hairpin oligonucleotides required (2 – 200-fold molar excess per hairpin) and 

the cost of specialist CCHLV and GEC isolation equipment (two rounds of purification via anion 

exchange chromatography). As such, this author sought to formulate a new method to solve 

several of the stated limitations mentioned previously, using a cheaper, more effective and 

streamlined ELAN CCHLV synthesis method. Once achieved, its potential use as an enhanced 

DNA vector system would be investigated. 
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6.2 Specific materials & methods 

6.2.1 Custom oligonucleotides & primers 

Table 6.1 – DNA base sequences and associated characteristics of hairpin oligonucleotides used 
in this study. (*P indicates the presence of a 5’ terminal phosphate modification on end base). 

Hairpin 

Oligonucleotides 
 

Name / ID Base Sequence (5’-3’) Ta Purpose 

EcoRI_Hairpin (*±P) 
AAT-TCG-GCC-GGC-CGT-

TTT-CGG-CCG-GCC-G 
62°C 

Complimentary MunI overhang for GEC 

attachment  

5’_Esp3I_Hairpin (*P) 
ATC-GCG-GCC-GGC-CGT-

TTT-CGG-CCG-GCC-G 
53°C 

Complimentary 5’ Esp3I overhang for 

GEC attachment 

3’_Esp3I_Hairpin (*P) 
TTG-CCG-GCC-GGC-CGT-

TTT-CGG-CCG-GCC-G 
58°C 

Complimentary 3’ Esp3I overhang for 

GEC attachment 

5’_Esp3I_Hairpin_EdU 

(*P) 

ATC-GCG-GCC-GGC-CGT-

5TT-CGG-CCG-GCC-G 
53°C 

Complimentary 5’ Esp3I overhang for 

GEC attachment  

Linear alkyne modification (Thymidine 

base) for biomolecule conjugation  

(5) = Ethynyl-2'-deoxyuridine (EdU) 

modified Thymidine 

3’_Esp3I_Hairpin_EdU 

(*P) 

TTG-CCG-GCC-GGC-CGT-

5TT-CGG-CCG-GCC-G 
58°C 

Complimentary 3’ Esp3I overhang for 

GEC attachment 

Linear alkyne modification (Thymidine 

base) for biomolecule conjugation  

(5) = Ethynyl-2'-deoxyuridine (EdU) 

modified Thymidine 

 

 

 

Figure 6.3 – Structural conformation of the hairpin DNA oligonucleotide from the F-ELAN-II 
approach. EcoRI_Hairpin. DNA folding at 95°C for 5 minutes using a PCR thermocycler machine 
(Techne Prime, England). 
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Table 6.2 – Name (ID), base sequence, and annealing temperatures (Ta) of synthesis primers 
used in this study. 

 

6.2.2 Covalently closed hairpin loop vector (CCHLV) synthesis 

6.2.2.1 F-ELAN-II synthesis method 

This study utilised a modified version of the ELAN type II strategy to produce a functioning 

reporter CCHLV expression system. This approach was termed Feichtinger or F-ELAN-II and 

significantly utilised a single restriction enzyme and two-tube synthesis approach. The pCAG-

Synthesis 

Primers 
 

Name / 

ID 
Base Sequence (5’-3’) Ta Purpose 

NEBf_GEC 
GCT-GCG-TCT-CCC-GAT-TCC-

CCG-AAA-AGT-GCC-ACC-TG 
62°C 

PCR mediated amplification of GEC region 

within pCAG-MetLuc2(forward sequence) 

Insertion of specific Esp3I recognition site 

NEBr_GEC 
ATC-GTC-TCG-GCA-AGA-TTT-

GCC-CAA-TTG-CTC-CCA-TA 
59°C 

PCR mediated amplification of GEC region 

within pCAG-MetLuc2(forward sequence) 

(reverse sequence) 

Insertion of specific Esp3I recognition site 

NEBf_pCAG 

GCA-AAT-CTT-GCC-GAG-ACG-

ATC-TCG-GAA-GGA-CAT-ATG-

GG 

53°C 

PCR mediated amplification of pCAG-

MetLuc2 backbone region (forward sequence) 

Insertion of specific Esp3I recognition site 

NEBr_pCAG 

GGG-GAA-TCG-GGA-GAC-

GCA-GCG-ACC-AGG-TGG-

CAC-TTT-TC 

58°C 

PCR mediated amplification of  pCAG-

MetLuc2 backbone region (reverse sequence) 

Insertion of specific Esp3I recognition site 

Figure 6.4 (A & B) – Structural conformation of the hairpin DNA oligonucleotides from the F-
ELAN-IIS approach. A: 5’_Esp3I_Hairpin. B: 3’_Esp3I_Hairpin. DNA folding at 95°C for 5 minutes 
using a PCR thermocycler machine (Techne Prime, England). 
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MetLuc2 plasmid was selected as the base expression vector due to its strong synthetic promoter 

sequences which have been proven to drive high level transgene expression in mammalian cells 

(Y. Y. Dou et al., 2021). Crucially, two synonymous MunI restriction sites were located upstream 

and downstream of the pCAG-MetLuc2 gene expression cassette, thus enabling quick and 

effective linearization of the plasmid vector, specifically exposing the gene expression cassette 

(GEC) region. 

Based on the knowledge that MunI cuts double stranded plasmid DNA at unique C^AATTG 

sites, a complimentary EcoRI/MunI hairpin oligonucleotide was subsequently purchased 

(EcoRI_Hairpin – 28bp (Eurogentec, Belgium)), enabling covalent attachment and dumbbell 

vector formation upon ligation (Table 6.1 and Figure 6.3). Although both iterations were 

ultimately purchased, the EcoRI_Hairpin oligonucleotide was initially synthesised in the absence 

of a 5’ terminal phosphate, a decision taken to avoid hairpin-hairpin multimerisation. Basic 

ligation and exonuclease digestion processes were then performed in order to generate and 

confirm the formation of a covalently closed hairpin loop vector system, as shown in the Figure 

6.5 workflow.  

 

The detailed experimental procedure used in this study is illustrated below in Table 6.3, whereby 

eleven major steps were performed in a sequential fashion. This included initial pCAG-MetLuc2 

digestion (10 μg), followed by GEC isolation, GEC-EcoRI_Hairpin ligation, exonuclease 

Figure 6.5 – Simplified workflow for synthesis of CCHLV using the F-ELAN-II approach. 
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digestion and final CCHLV purification. In order to confirm the success of each of the stated 

procedures (those specifically highlighted in grey), a 2 μL aliquot was removed from the main 

reaction mixture and loaded within a 1 wt% agarose gel (stained previously with SYBR SAFE gel 

stain). Each gel was then analysed via UV illumination with specific emphasis on the presence, 

size and location of the various DNA bands generated. 

Table 6.3 – Detailed MunI F-ELAN-II approach for the synthesis of a CCHLV vector. 

 
Brief method 

description 

Specific materials 

required 

Product of 

each step 

Detailed 

Protocol 

Location 

Step 1 

10 μg double restriction 

digest of pCAG-MetLuc2 

(overnight digest) 

MunI and PscI restriction 

enzymes (5 units per enzyme 

required – 40 μL system) 

1X Tango Buffer 

Unique 

recognition and 

double stranded 

excision of pCAG-

MetLuc2 vector 

2.2.9.1 

Step 2 

Separation of digested 

pCAG-MetLuc2 linear 

fragments using agarose gel 

electrophoresis 

1 wt% agarose gel 

DNA ladder 

Confirmation of 

plasmid excision, 

presence of GEC 

in digest sample 

2.2.9.2 

 

Step 3 Isolation of GEC 
Wizard SV Gel & PCR 

Clean-Up System  

High quality linear 

DNA fragment. 20 

μL elution volume 

(ddH20) 

2.2.9.3 

2.2.9.4 

Step 4 
Calculate GEC sample 

concentration and yield 

Nanodrop 

spectrophotometer 
N/A 2.2.9.10 

Step 5 

Beer-Lambert law calculation 

for concentrations of EcoRI 

hairpin required (80X, 200X, 

1000X excess versus 2.5μg 

GEC) 

Nanodrop 

spectrophotometer 

2.5 μg GEC (2684 

bp) = 1.433pmol 

80X Excess = 

114.64pmol  

200X Excess = 

286.6pmol 

1000X Excess = 

1433pmol 

N/A 

Step 6 

EcoRI Hairpin folding 

procedure (95°C for 5 

minutes) 

PCR thermocycler  

Correctly folded 

oligonucleotide 

hairpin 

6.2.1 

Step 7 
Overnight GEC-EcoRI 

hairpin ligation 

T4 DNA ligase (40 μL 

system, 7.5 units used) 

1X T4 DNA ligase buffer 

Ligation products 

including CCHLV 
2.2.9.5 

Step 8 
Inactivation of T4 DNA 

ligase (65°C, 20mins) 
PCR thermocycler 

Post ligation 

inactivation to 

avoid downstream 

activity 

2.2.9.5 
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Step 9 
T7 DNA Polymerase Digest 

(37°C, 60mins) 

T7 DNA Polymerase (40 μL 

system, 10 units used) 

Removal of 

unligated DNA 

products 

CCHLV product 

remains unaffected 

2.2.9.10 

Step 10 
Inactivation of T7 DNA 

Polymerase (75°C, 30mins) 
PCR thermocycler 

Post digest 

inactivation to 

avoid downstream 

activity 

2.2.9.10 

Step 11 

CCHLV purification via  

Chloroform extraction and 

ethanol precipitation (250μL 

ddH2O reconstitution final 

volume) 

Chloroform, 100% ethanol, 

Sodium acetate 

CCHLV vector & 

Excess EcoRI 

hairpin products 

2.2.9.4 

 

6.2.2.2 F-ELAN-IIS synthesis method 

Based on the outcomes of CCHLV synthesis via F-ELAN-II (MunI) methodologies, several 

method specific limitations were present which restricted the efficiency and yield of final CCHLV 

products. As a result, the alternate F-ELAN-IIS method was created with the intention that such 

limitations could be avoided. The new synthesis strategy utilised the concept of smart cohesive 

end base sequence design to produce unique GEC and hairpin oligonucleotide fragments, which 

crucially were resistant to self-ligation, thus promoting CCHLV formation when in the presence 

of complimentary hairpins. This was achieved mainly through the novel use of a type IIS 

restriction enzyme termed Esp3I.  

Type IIS restriction enzymes differ widely from standard type II enzymes in terms of protein 

structure and overall functionality. Structurally, type IIS restriction enzymes, such as Esp3I or 

FokI, are larger proteins partitioned into two domains; the recognition domain and catalytic 

domain (linked by a polypeptide connector) as opposed to the single domain observed in type II 

enzymes such as HindIII or MunI. Upon DNA sequence recognition, the protein conformation 

is such that the catalytic domain resides spatially distinct (several base pairs) from the recognition 

site, leading to upstream or downstream shifts in overall cleavage site locations (Szybalski et al., 

1991). As a result, type IIS has the capability of asymmetric sequence recognition and also 

fundamentally possesses the capacity to produce DNA fragments with terminal non-palindromic, 

self-incompatible cohesive ends (Figure 6.6). 

Figure 6.6 – Recognition sequence and downstream cleavage site of Esp3I Type IIS restriction 
enzyme. 
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It was therefore theorised that dual insertion of separate Esp3I recognition and cleavage 

sequences upstream and downstream of the pCAG-MetLuc2 gene expression cassette, would 

allow for the formation of a GEC, uniquely resistant to self-ligation and concatamerisation. 

Furthermore, simultaneous synthesis of 5’ and 3’ hairpins which shared such complementarity 

with the aforementioned GEC would also convey such properties.  

Crucially, due to the lack of any 5’ and 3’ Esp3I recognition sites within the original pCAG-

MetLuc2 plasmid, several methods were therefore employed which allowed for its correct 

insertion, specifically in two locations upstream and downstream of the gene expression cassette. 

6.2.2.2.1 Design and modelling of Esp3I GEC and Esp3I hairpin oligonucleotides  

To ensure that successful CCHLV synthesis could be achieved whilst simultaneously restricting 

any unwanted DNA ligation conformations, unique base sequences had to be developed for both 

the 5’ and 3’ cohesive ends for the hypothesised GEC and hairpin oligonucleotides respectively. 

Within these unique base sequences (4 bp), it was imperative that they possessed a non-

palindromic sequence structure as well as a complete resistance to self-compatibility. As a result, 

the following sequences shown in Table 6.4 were designed. 

Using standard DNA base pairing models, it was then possible to demonstrate each viable DNA 

ligation product, and how such sequences can avoid their synthesis (Figure 6.7).  

Table 6.4 – Hypothesised cohesive end base sequences designed specifically to avoid unwanted 
ligation products upon exposure of GEC and hairpin oligonucleotides to T4 DNA Ligase. 

Linear DNA fragment 
5’ Cohesive End Base 

Sequence 

3’ Cohesive End Base 

Sequence 

GEC 5’ – CGAT – 3’ 5’ – AACG – 3’ 

5’_Esp3I_Hairpin 5’ – ATCG – 3’ N/A 

3’_Esp3I_Hairpin N/A 5’ – TTGC – 3’ 

 

6.2.2.2.2 Insertion of Esp3I recognition sequences into pCAG-MetLuc2 

Precise 5’ and 3’ Esp3I recognition sites flanking the GEC region were inserted into the source 

plasmid pCAG-MetLuc2 using ligation independent cloning (LIC) strategies outlined in section 

2.2.8.12. Initially, four synthesis primers (NEBf_GEC, NEBr_GEC, NEBf_pCAG, 

NEBr_pCAG) were designed, as per Table 6.2. These were firstly capable of amplifying both the 

GEC and pCAG backbone regions of the pCAG-MetLuc2 plasmid, and secondly able to insert 

of specific designed Esp3I recognition and cleavage sites flanking the expression cassette region. 

Furthermore, both resulting blunt ended PCR fragments (GEC-MetLuc_PCR, pCAG_PCR) 

were modelled such that they contained a shared 5’ and 3’ 20 bp homology region, allowing 

downstream fragment annealing for plasmid vector reconstruction (NEB HiFi DNA fragment 

assembly) (Figure 6.8). The online NEBuilder tool was used to aid in primer design.  
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Figure 6.8 – Modelled pCAG-MetLuc mediated PCR products using the synthesis primers 
NEBf_GEC, NEBr_GEC, NEBf_pCAG, NEBr_pCAG. Predicted GEC-PCR product size: 2716 bp, 
Predicted pCAG Backbone PCR product size: 2911 bp. 

Figure 6.7 – Hypothesised ligation products resulting from pre-designed 5’ and 3’ Esp3I GEC or 
pre-designed 5’ and 3’ Esp3I_Hairpin (P) upon exposure to T4 DNA ligase. Red X indicates 
incompatible base pairing.  
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To achieve this, the KOD Hot Start DNA Polymerase PCR protocol outlined in section 2.2.8.11 

was carried out, without any modifications. This included the performance of two separate 50 

μL PCR reactions, using 10 ng pCAG-MetLuc2 (acting as the template DNA) alongside either 

the NEBf_GEC and NEBr_GEC or the NEBf_CAG and NEBr_CAG primer pairs. Primer 

melting temperatures of 60.5°C and 63.7°C were used respectively.  

After amplification, 2 μL aliquots were removed for agarose gel electrophoresis and analysis. The 

remaining mixture (~50 μL) was then digested overnight with 1 μL DpnI (10U/μL) 

(Thermofisher), to remove surplus cell-derived plasmid template from PCR reaction, prior to 

final purification steps (2.2.8.4). The mass of each purified PCR fragment was then measured 

using a nanodrop spectrophotometer.  

To ensure the presence of the desired Esp3I sequences within each PCR fragment, an additional 

double digest was performed at this stage. This included Esp3I (+ dithiothreitol (DTT)) and 

PscI/XbaI digestion in the presence of 500 ng PCR products, followed by analysis via agarose 

gel electrophoresis (1 wt%). 

To then assemble the two PCR fragments into a circularised plasmid vector, the NEBuilder HiFi 

DNA Assembly reaction protocol (section 2.2.9.12) was followed, using a 1:2 pCAG_PCR:GEC-

MetLuc_PCR molar ratio (0.01 pmol total DNA). Ampicillin antibiotic (80 μg/μL) was used for 

overnight cultures and within LB-agar plates. Figure 6.9 represents a diagrammatic illustration of 

the PCR-plasmid assembly process. 

In the final stage, standard minipreparation protocols were performed to isolate and purify the 

final pCAG-MetLuc2 (Esp3I) plasmid. Two clones were purified and subsequently tested for the 

existence of correct Esp3I insertion sites, as well as the presence of correct backbone sequence 

structure. This included a single Esp3I (+DTT) digest (500 ng) and a double Esp3I (+DTT) and 

PscI digest (500 ng each), followed by analytical agarose gel electrophoresis (1 wt%).  
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6.2.2.2.3 CCHLV synthesis 

As a result of hypothesised incompatible non-palindromic cohesive ends being present on both 

the GEC and hairpin oligonucleotides, CCHLV synthesis using the Esp3I restriction enzyme 

crucially allowed for the production of hairpin vectors within a single-tube method approach, 

avoiding the inefficient DNA isolation steps previously used in the MunI approach. This was 

possible only if the Esp3I restriction enzyme remained active during the ligation reaction, such 

that reformation of the pCAG-MetLuc2 (Esp3I) plasmid (in the presence of DNA ligase) would 

result in secondary Esp3I site recognition and re-cleavage back into the linear products.                  

Figure 6.9 – Modelled PCR product DNA assembly and pCAG-MetLuc2 (Esp3I) plasmid 
formation using the NEB HiFi DNA Assembly Reaction kit. 
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A single restriction endonuclease digest (Esp3I (+DTT)) of pCAG-MetLuc2 (Esp3I) was 

therefore performed, generating linear DNA products including the GEC (containing pre-

designed 5’ and 3’ cohesive ends). 5’_Esp3I_Hairpin & 3’_Esp3I_Hairpin oligonucleotides (with 

5’ terminal phosphate modification) were then applied to GEC in a variety of excesses (10X, 

20X, 80X), in presence of T4 DNA ligase (5U/μL). Successfully ligated CCHLV were validated 

upon T7 DNA polymerase (10U/μL) treatment whilst unligated linear DNA products were 

digested completely. Final synthesis products were then purified as previously stated. This 

process was summarised in the Figure 6.10 workflow and the full step-wise approach is given in 

Table 6.5. Each major synthesis step (highlighted in grey) was ratified via 2 μL aliquot loading 

within analytical agarose gels. 

 

Table 6.5 – Detailed Esp3I mediated F-ELAN-IIS approach for the synthesis of a CCHLV vector. 

 
Brief method 

description 

Specific materials 

required 
Product of each step 

Detailed 

Protocol 

Location 

Figure 6.10 – Simplified workflow for synthesis of CCHLV using the single tube F-ELAN-IIS 
approach. 
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6.2.3 2D Transfection capability of CCHLV 

Successfully purified Met-Luc encoding CCHLVs were then assessed for their transfection 

capability, in comparison to standard plasmid vectors. Transfection was evaluated in a basic 2D 

cell monolayer format (C2C12 and Y201) using three different transfection reagents; Calcium 

phosphate (no glycerol shock), lipofectamine and PEI. Met-Luc expression was measured over a 

72 hour duration, with assays performed daily. As the DNA vectors used in this experiment were 

Step 

1 

10μg single restriction digest 

of pCAG-MetLuc2 

(overnight digest) 

Esp3I (+DTT) 

restriction enzyme (5 

units required - 40μL 

system) 

1X Tango Buffer 

Unique recognition and 

double stranded excision of 

pCAG-MetLuc2 vector 

2.2.9.1 

Step 

2 

Calculate hypothesised GEC 

sample concentration/yield if 

100% digestion occurred  

N/A N/A N/A 

Step 

3 

Beer-Lambert law calculation 

for concentrations of 

5’_Esp3I_Hairpin and 

3’_Esp3I_Hairpin required 

(10X, 20X, 80X excess versus 

4.8μg GEC) 

Nanodrop 

spectrophotometer 

4.8μg GEC (2692bp) = 

2.754pmol 

10X Excess = 27.54pmol  

20X Excess = 55.07pmol 

80X Excess = 220.29pmol 

N/A 

Step 

4 

5’_Esp3I_Hairpin and 

3’_Esp3I_Hairpin folding 

procedure (95°C for 5 

minutes) 

PCR thermocycler  
Correctly folded 

oligonucleotide hairpins 
6.2.1 

Step 

5 

Overnight 5’_Esp3I_Hairpin-

GEC-3’_Esp3I_Hairpin 

ligation 

T4 DNA ligase (40 μL 

system, 7.5 units used) 

1X T4 DNA ligase 

buffer 

Ligation products including 

CCHLV 
2.2.9.5 

Step 

6 

Inactivation of T4 DNA 

ligase (65°C, 20mins) 
PCR thermocycler 

Post ligation inactivation to 

avoid downstream activity 
2.2.9.5 

Step 

7 

T7 DNA Polymerase Digest 

(37°C, 60mins) 

T7 DNA Polymerase 

(40 μL system, 10 units 

used) 

Removal of unligated DNA 

products 

CCHLV product remains 

unaffected 

2.2.9.10 

Step 

8 

Inactivation of T7 DNA 

Polymerase (75°C, 30mins) 
PCR thermocycler 

Post digest inactivation to 

avoid downstream activity 
2.2.9.10 

Step 

9 

CCHLV purification via  

Chloroform extraction and 

ethanol precipitation (250μL 

ddH2O reconstitution final 

volume) 

Chloroform, 100% 

ethanol, Sodium acetate 

Fully purified CCHLV 

vector 
2.2.9.4 
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of different sizes (pCAG-MetLuc2: 5587 bp, CCHLV-MetLuc: 2752 bp), direct comparisons 

were made using equimolar ratios (picomoles DNA per well) instead of actual DNA 

concentration added.  

Experimentally, C2C12 and Y201 cells were separately passaged and re-suspended to a 

concentration of 0.4x105 cells/well before seeding into 24 well culture plates (n=4 per 

transfection group). Upon approximately 80% confluency (~24 hours post seeding), a range of 

pDNA or CCHLV transfection payloads were then formulated, as per Table 6.6, Table 6.7 and 

Table 6.8. Under such parameters, the basic transfection protocols outlined in chapter 2 section 

2.2.10 were then followed for each method, until completion.  

For each transfection payload method, controls were included such as media only (negative 

control) and plasmid only (n=4). 

Transfection was assessed daily using quantitative assessment methods, as outlined in section 

2.2.10.2.1.  

Table 6.6 – 2D CaP transfection parameters for the transfection of C2C12 and Y201 cells with 
pDNA-CaP complexes or CCHLV-CaP complexes. 

Vector 

 

CaP:DNA 

/CCHLV 

Incubation 

Solution 

Volume (per 

well) 

Initial 

CaCl2 

Conc 

(2.5M 

stock) 

(per 

well) 

pDNA 

Conc 

(per 

well) 

Number of 

moles 

DNA/CCHLV 

(per well) 

Final 

CaCl2 

Conc  

Culture 

Volume 

pDNA 

(5587bp) 
50 μL 500 mM 1 μg 0.275 pmol 25 mM 500 μL 

CCHLV 

(2752bp) 
50 μL 500 mM 500 ng 0.275 pmol 25 mM 500 μL 
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Table 6.7 – 2D PEI transfection parameters for the transfection of C2C12 and Y201 cells with 
pDNA-PEI polyplexes or CCHLV-CaP polyplexes. 

 

Table 6.8 – 2D Lipofectamine transfection parameters for the transfection of C2C12 and Y201 
cells with pDNA-lipoplexes or CCHLV-lipoplexes. 

 

 

 

 

 

Vector 

PEI:DNA 

Incubation 

Solution 

Volume 

(per well) 

PEI Conc 

(1μg/μL 

stock)  

(per well) 

N/P 

Ratio 

pDNA 

Conc 

(per well) 

Number of 

moles 

DNA/CCHLV 

(per well) 

Culture 

Volume 

pDNA 

(5587bp) 
50 μL SFM 3.10 24 1 μg 0.275 pmol 500 μL 

CCHLV 

(2752bp) 
50 μL SFM 1.55 24 500 ng 0.275 pmol 500 μL 

Vector 

Lipofectamine

:DNA 

Incubation 

Solution 

Volume (per 

well) 

Volume 

Lipofectamine 

added 

pDNA 

Conc (per 

well) 

Number of 

moles 

DNA/CCHLV 

(per well) 

Culture 

Volume 

pDNA 

(5587bp) 
100 μL SFM 2 μL 1 μg 0.275 pmol 500 μL 

CCHLV 

(2752bp) 
100 μL SFM 2 μL 500 ng 0.275 pmol 500 μL 
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6.3 Results 

6.3.1 CCHLV Synthesis (F-ELAN-II MunI Strategy) 

6.3.1.1 Confirmation of source plasmid MunI recognition sites & GEC isolation 

Figure 6.11 illustrates the outcome of a double restriction digest of two clones of the plasmid 

pCAG-MetLuc2, using the MunI and PscI enzymes. A further restriction enzyme (PscI) was 

added to effectively differentiate the GEC fragment (circled in red) from the pCAG bacterial 

backbone (a single MunI digest generating two fragments of correlative size; 2818 bp and 2684bp 

respectively) allowing downstream purification via gel excision and silica-based columns. The 

double digest was successful in both cases, with MunI and PscI splicing the plasmid at four 

separate recognition sequences. As such, four linear fragments were produced; 2684 bp, 1788 bp, 

798 bp, 232 bp, the largest of which, represented the expression cassette region.  

 

Post digest, the GEC fragment was then excised from the agarose gel and purified using the 

Wizard SV Gel & PCR Clean-Up System (Promega). Upon protocol optimisation, a maximum 

GEC recovery efficiency of 60% was achieved from a 10 μg pCAG-MetLuc2 double digest 

(100% recovery of GEC = 4.9 μg). 

Figure 6.11 – Example of GEC DNA fragment purification from agarose gels using Wizard® SV 
Gel and PCR Clean-Up System (Promega). 1 wt% agarose gel (with SYBR SAFE), run at 90V for 30 
minutes. Size ladder = Hyperladder 1 kb. Red highlighted band = GEC fragment. 
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6.3.1.2 Synthesis of CCHLV 

CCHLV production steps described in section 6.2.2.1 were followed to completion. 2 μL aliquots 

were taken at three different stages of the synthesis process for analytical gel electrophoresis (pre- 

T4 DNA ligase, post-T4 DNA ligase, post-T7 DNA polymerase). Figure 6.12 A & B illustrates 

the DNA products formed using 5’ terminal phosphate deficient EcoRI_Hairpin 

oligonucleotides whilst Figure 6.12 C & D illustrates DNA products formed using 5’ terminal 

phosphate containing oligonucleotide hairpins. 

In lane 2 of Figure 6.12 A, upon T4 DNA ligase addition to GEC alone, the appearance of DNA 

bands showed significant change. As opposed to a single DNA fragment at 2684 bp, multiple 

intense thinner bands were now present, located at approximately 1700 bp (single band), 2800 

bp and 4000 bp (double band), and approximately 6000 bp and 8000 bp (feint double band). 

Upon addition of EcoRI_Hairpin (80X excess) into the system (lane 4), observable changes were 

only displayed on the 2800 bp band whereby its intensity appeared to have marginally increased. 

As no further changes occurred in the other bands, it could be assumed the 80X excess 

concentration had minimal impact on the many ligation products generated. 

Interestingly, upon further increases in EcoRI_hairpin concentration (200X, 1000X excess) (lane 

5 and 6), the previously illustrated banding pattern began to alter. Specifically, a dose-dependent 

decrease in intensity occurred in the various bands above and below the GEC/CCHLV region 

(1700 bp single band and 6000 bp and 8000bp double bands, respectively). Moreover, the double 

banding pattern located in the GEC region (2700 - 4000 bp) also changed upon increases in 

EcoRI_Hairpin, forming a solid single band at the highest EcoRI hairpin concentration, 

illustrating tentative GEC-EcoRI_Hairpin attachment within these conditions.  

However, upon exposure to T7 DNA polymerase (Figure 6.12 B), all DNA bands originally 

present within the GEC/CCHLV region were promptly degraded, suggesting the DNA products 

produced by ligation were not in fact true CCHLV (due to the absence of exonuclease resistance). 

Yet, the survival of two single DNA bands at 1700 bp and 6000 bp (in GEC + ligase – 80X, 

200X excess lanes) implied production of alternative exonuclease resistant constructs; likely 

reformed plasmid vectors and/or mini-circles. 

Figure 6.12 (C & D) illustrates the DNA products formed using 5’ terminal phosphate modified 

EcoRI_Hairpin oligonucleotides. The band pattern associated with GEC + ligase remains similar 

in these gels, with single and double bands appearing at 1700 bp and 2800-4000 bp respectively. 

The extra double band at 6000-8000 bp was present although faint in some cases. In the post-

ligation gel (Gel C), the band pattern matches that previously identified in Gel A, with dose-

dependent decreases in intensity seen in upper and lower band patterns as EcoRI_Hairpin 

concentration increases.  
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Gel D however, illustrates several marked differences in DNA patterning as a result of the 5’ 

terminal phosphate modification, namely the presence of an exonuclease resistant product in the 

expected CCHLV region (2750 bp) in all lanes containing EcoRI_Hairpin (P). This attribute, in 

conjunction with a correct approximation of molecular weight, implies successful CCHLV 

synthesis under these conditions. Moreover, as the system becomes ultra-saturated with 

increasing levels of hairpin, dose-dependent decreases occur in unwanted exonuclease resistant 

bands, improving CCHLV yields further. This culminates in 1000X excess EcoRI_Hairpin lane 

(Gel D – lane 6), where only two DNA bi-products are produced, the CCHLV and dimerized 

hairpin.  

 

 

Figure 6.12 (A, B, C, D) – Synthesis of CCHLV using the MunI mediated F-ELAN-II strategy. A: 
Unphosphorylated EcoRI_Hairpin mediated CCHLV formation, after T4 DNA ligase treatment only, B: 
Unphosphorylated EcoRI_Hairpin mediated CCHLV formation, after T4 DNA ligase & T7 DNA 
Polymerase treatment, C: Phosphorylated EcoRI_Hairpin (P) mediated CCHLV formation, after T4 DNA 
ligase treatment, D: Phosphorylated EcoRI_Hairpin (P) mediated CCHLV formation, after T4 DNA ligase 
& T7 DNA polymerase treatment. 1 wt% agarose gel (with SYBR SAFE), run at 90V for 20 minutes. Size 
ladder = Hyperladder 1 kb.  
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6.3.2 CCHLV Synthesis (F-ELAN-IIS Esp3I Strategy) 

6.3.2.1 Insertion of Esp3I recognition sequences 

In order to generate a GEC with non-palindromic cohesive ends, specifically designed 

recognition sites were inserted into the source plasmid pCAG-MetLuc2 using PCR based DNA 

fragment assembly. The synthesis primers NEBf_GEC, NEBr_GEC, NEBf_pCAG, 

NEBr_pCAG were used to generate two blunt ended PCR products, which possessed the desired 

and hypothesised Esp3I cohesive ends, whilst also sharing a 20 bp homology region – crucial for 

ligation independent cloning and plasmid formation.  

Figure 6.13 A illustrates the first stage of this process, whereby blunt ended PCR products were 

initially generated, containing the aforementioned Esp3I recognition sites. GEC and pCAG PCR 

products were analysed using agarose gel electrophoresis, pre and post DpnI exposure, as per 

section 0. 

The GEC-MetLuc_PCR and pCAG_PCR products generated using the pre-designed primers 

resulted in the production of two linear DNA products each represented as a single intense DNA 

band in the region of 2700 bp and 2900 bp respectively (lane 3 and 4). Crucially, little difference 

was observed in the band patterns pre and post DpnI treatment (lane 5 and 6), signifying the sole 

presence of PCR mediated DNA products, which lacked adeno-methylated GATC sites (unlike 

plasmid material – lane 2). Multiple faint DNA bands did however appear below the PCR bands 

in both cases, implying a small degree of non-specific primer attachment and amplification may 

have occurred, potentially as a result of imperfect annealing time and/or temperature.  

Figure 6.13 (A & B) – Confirmation of successful PCR amplification of pCAG-MetLuc2 using 
NEBf_GEC, NEBr_GEC, NEBf_pCAG, NEBr_pCAG synthesis primers. Gel A illustrates the PCR 
products produced before and after DpnI digestion. Gel B illustrates various confirmatory restriction 
digests on the generated PCR products. 1 wt% agarose gel (with SYBR SAFE), run at 90V for 30 minutes. 
Size ladder = Hyperladder 1 kb.  
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Figure 6.13 B on the other hand, illustrates the restriction digests of the purified PCR fragments 

with specific restriction enzymes only present in the GEC or pCAG PCR regions (Esp3I, XbaI, 

PscI), thus allowing the confirmation of successful Esp3I sequence insertion for each PCR 

product.  

Due to the close proximity of Esp3I sites to the 5’ and 3’ terminal ends, only marginal differences 

can be identified between the Esp3I digested PCR products and their respective blunt ended 

fragments (lanes 1 & 2 – 2696 bp versus 2716 bp, lanes 4 & 5 – 2891 bp versus 2911 bp). 

However, in lane 3, two intense bands were identified after GEC-MetLuc_PCR digestion with 

Esp3I and XbaI, at approximately 1000 bp and 1600 bp. As XbaI was modelled to be a single 

cutter for this DNA region, the creation of two bands of this size categorically demonstrates the 

presence of Esp3I sites within this PCR product, with the 5’ Esp3I acting as a left cutter to XbaI 

and 3’ Esp3I acting as a right cutter to XbaI.  

Similarly, in lane 6, three bands were identified after Esp3I and PscI digestion of pCAG_PCR at 

approximately 1800 bp, 800 bp and 250 bp. As PscI was modelled to be a dual sequence cutter, 

failure of Esp3I insertion would lead to two bands as opposed to the three identified, again 

confirming the presence of functioning restriction sites at the desired location.  

Based on these findings, it can therefore be assumed GEC-MetLuc_PCR and pCAG_PCR 

fragments suitably matched the modelled size and characteristics expected from successful PCR 

amplification enabling subsequent downstream DNA assembly and plasmid production. 

In the second stage of this Esp3I insertion process, the two GEC-MetLuc_PCR and pCAG_PCR 

fragments generated were subsequently assembled back into a circularised plasmid vector, a 

process made possible through the employment of the NEBuilder HiFi DNA Assembly reaction 

kit, which was described in section 2.2.9.12.  

Figure 6.14 illustrates the result of successful PCR fragment assembly, transformation, outgrowth 

and purification of the final pCAG-MetLuc2 (Esp3I) plasmid. Specifically, the presence of a host 

of NEB 5-alpha Competent E. coli colonies on an ampicillin LB-agar plate (Figure 6.14 A) 

suggests the existence of an active ampicillin resistance gene present within the plasmid 

backbone, i.e successful incorporation of the pCAG bacterial elements donated via pCAG_PCR 

fragment. Figure 6.14 B illustrates minipreparation of four plasmid clones, characteristically 

presenting as a double band pattern whereby an intense supercoiled band is coupled below a 

band of nicked pDNA.  
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6.3.2.2 Confirmation of pCAG-MetLuc2 (Esp3I) Esp3I recognition Sites & GEC 
Isolation 

To sanction pCAG-MetLuc2 (Esp3I) as the new source plasmid for CCHLV synthesis, a 

confirmatory single and double restriction digest was first performed on two pCAG-MetLuc2 

(Esp3I) clones, using Esp3I (+DTT) and PscI restriction enzymes.  

A single Esp3I digest (as shown in Figure 6.15 A - lane 1 and 2) generates a single dense DNA 

band at approximately 2800 bp. As a projected dual cutter, two DNA bands were modelled pre-

digest, however due to size similarities between each fragment as well as a short electrophoresis 

duration, it can be assumed that the single band seen was simply an amalgamation of both.  

This assumption was subsequently confirmed by analysis of the band patterns generated by Esp3I 

and PscI digestion in lanes 3 and 4. Three clear linear DNA fragments can be identified at 

approximately 2700 bp, 1800 bp, 800 bp, which matched pre-digest models for digestion with 

Esp3I and PscI. As both are dual cutters, a fourth band at 262 bp was expected, however as a 

result of its small size, the band intensity fell below detectable levels. The largest band at 

approximately 2700 bp was therefore the GEC of interest (circled in red), containing the 

specifically designed non-palindromic non-complimentary 5’ and 3’ cohesive ends (Figure 6.15 

B).   

Due to successful Esp3I mediated restriction digestion, the single Esp3I restriction digest shown 

in Figure 6.15 A - lane 1 was subsequently up-scaled for CCHLV synthesis, whereby 10 μg 

pCAG-MetLuc2 (Esp3I) was linearised in a single 40 μL reaction system. It was also deemed 

DNA purification steps post Esp3I digest were unnecessary as long as Esp3I remained active 

Figure 6.14 (A & B) – Transformation and Minipreparation of pCAG-MetLuc2 (Esp3I) after HiFi 
DNA Fragment Assembly. A: NEB 5-alpha Competent E. coli transformed with pCAG-MetLuc2 
(Esp3I). Ampicillin LB-agar plates used. B: Analytical agarose gel of four isolated pCAG-MetLuc2 (Esp3I) 
plasmids. 1 wt% agarose gel (with SYBR SAFE), run at 90V for 15 minutes. Size ladder = Hyperladder 
1kb.  
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throughout the ligation procedure, thus re-cleaving pCAG-MetLuc2 (Esp3I) plasmids upon their 

potential re-ligation. Furthermore, based on modelling, no other DNA products were 

hypothesised to be possible, according to standard base complementarity.  

6.3.2.3 Synthesis of CCHLV 

CCHLV production steps described in section 6.2.2.2.3 were followed to completion. 2 μL 

aliquots were taken at the three different stages of the synthesis process for analytical gel 

electrophoresis (pre- T4 DNA ligase, post-T4 DNA ligase, post-T7 DNA polymerase). 

Figure 6.16 (A & B) illustrates the DNA products formed upon mixing the GEC in the presence 

of excess 5’_Esp3I_Hairpin (P) and 3’_Esp3I_Hairpin (P) oligonucleotides and DNA ligase. It 

was firstly noted in gel A, the apparent lack of impact of T4 DNA ligase on the Esp3I generated 

GEC, with no unwanted DNA products produced alongside the expected linear GEC, as 

represented by a single band at approximately 2700 bp. 

This band pattern continued in lanes 6, 7 and 8 containing excess hairpin oligonucleotides, 

whereby only a single DNA band is generated (of marginally larger molecular weight). No further 

contaminating DNA products were identified above or below this band. Interestingly, previously 

identified hairpin DNA bands (at < 200 bp) disappeared after mixing with the GEC in the 

presence of DNA ligase, with them now only faintly appearing at the highest 80X excess level. 

Such increases in size, as well as the disappearance of hairpin only bands, suggests successful 

attachment of all 5’_Esp3I_Hairpin (P) and 3’_Esp3I_Hairpin oligonucleotides to their 

corresponding GEC cohesive ends. 

Figure 6.15 (A & B) – Confirmation of 5’ and 3’ Esp3I recognition sites flanking the gene 
expression cassette region of pCAG-MetLuc2 (Esp3I). 1 wt% agarose gel (with SYBR SAFE), run at 
90V for 30 minutes. Size ladder = Hyperladder 1 kb. Red highlighted band = Esp3I GEC fragment (B). 
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Figure 6.16 B illustrates the DNA products synthesised after exposure to a 3’-5’ exonuclease 

enzyme. Lanes 1-5 illustrate widespread DNA removal by T7 DNA polymerase, with a complete 

lack of DNA products present in any lane, proving all lane specific products formed post ligation 

were not covalently closed/exonuclease-resistant or had any capacity for recircularization (i.e. no 

pCAG-MetLuc2 (Esp3I) plasmid was present).  

Significantly, in lanes 6 - 8, in which hairpin oligonucleotides were present in the system in excess 

(10X, 20X, 80X), a single marginally fainter DNA band was identified in the GEC/CCHLV 

region in each well, after exposure to T7 DNA polymerase. Such resistance to exonuclease 

digestion, alongside correct approximate molecular weight, proved that CCHLV vectors were 

successfully synthesised, crucially with no other DNA constructs present whilst also at very low 

Esp3I hairpin-GEC ratios/excesses.  

CCHLV was then purified using phenol-chloroform based extraction methods and reconstituted 

in volumes suitable for downstream transfection (approximately 10-20 μL ddH2O). Importantly, 

after purification procedures, no excess 5’_Esp3I_Hairpin (P) and 3’_Esp3I_Hairpin (P) 

oligonucleotide carryover occurred (Figure 6.17). In terms of the overall CCHLV yields using the 

ELAN Type IIS protocol (initial 10 μg pCAG-MetLuc2 (Esp3I) digest – with 20X excess 

hairpins), it was found that a maximum of 3 μg final purified DNA product could be synthesised, 

per run, with no major contamination.  

Figure 6.16 (A & B) – Synthesis of CCHLV using the Esp3I ELAN strategy. A: Phosphorylated 
5’_Esp3I_Hairpin (P) & 3’_Esp3I_Hairpin mediated CCHLV formation, after T4 DNA ligase treatment 
only, B: Phosphorylated 5’_Esp3I_Hairpin (P) & 3’_Esp3I_Hairpin mediated CCHLV formation, after T4 
DNA ligase & T7 DNA polymerase treatment. 1 wt% agarose gel (with SYBR SAFE), run at 90V for 30 
minutes. Size ladder = Hyperladder 1 kb. 



236 
 

 

6.3.3 2D transfection potential of CCHLV 

CCHLV and plasmid transfection payloads were formulated as described in section 6.2.3 before 

subsequent application to C2C12 and Y201 cell monolayers. Upon in-vitro cell culture, the 

resulting Met-Luc gene expression was then captured daily, over a three day transfection study, 

as seen in Figure 6.18 and Figure 6.19. 

Luciferase activity was unanimously detected in both cell lines upon application of CCHLV 

transfection payloads, thus indicating vectors were expression capable. By far the highest levels 

of reporter transgene expression was detected when the lipofectamine and PEI transfection 

payload methodologies were utilised, with CaP generally performing sub-optimally, in most cases.  

Transfection efficiencies of C2C12 applied CCHLV vectors (Figure 6.18), as measured 

quantitatively by luciferase protein production, were found to be significantly higher only in the 

PEI format when compared to the corresponding plasmid vector (24 hours: P = 0.0148, 48 hours: 

P = 0.0169, 72 hours: P = 0.0001). However, in the cases of CaP and lipofectamine payloads 

applied to C2C12, mean transfection efficiencies were not significantly different between 

CCHLV and pDNA vectors (CaP - 24 hours: P = 0.4515, 48 hours: P = 0.8035, 72 hours: P = 

0.1394) (Lipofectamine - 24 hours: P = 0.3605, 48 hours: P = 0.5571, 72 hours: P = 0.0503). 

In contrast, transfection efficiencies of Y201 applied CCHLV vectors (Figure 6.19), were found 

to be significantly lower in the PEI and lipofectamine formats when compared to the 

corresponding plasmid vector (PEI – All timepoints: P < 0.0001) (Lipofectamine - 24 hours: P 

= 0.0105, 48 hours: P = 0.0081). Alternatively, in the case of CaP payloads applied to Y201 cells, 

mean transfection efficiencies were not significantly different between the two specific vector 

formulations (CaP - 24 hours: P = 0.1259, 48 hours: P = 0.5659, 72 hours: P = 0.9943). 

Figure 6.17 – Purified GEC and CCHLV (250ng) after Esp3I mediated synthesis and downstream 
DNA purification methods. 1 wt% agarose gel (with SYBR SAFE), run at 90V for 30 minutes. Size 
ladder = Hyperladder 1 kb. 
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Figure 6.19 (A-C) – Comparison of the 2D transfection capabilities of CCHLV versus pDNA 
vectors, upon transfection of C2C12 with a variety of transfection payloads. Fold luminescence 
detected from C2C12 cells after transfection with pDNA or CCHLV payloads formulated with (A) CaP, 
(B) Lipofectamine, and (C) PEI. Data was expressed as Fold Luminescence over negative control (Mean 
+ SD). Unpaired T-test was used to compare between the two vector groups. * = P < 0.05, *** = P < 
0.001. 

Figure 6.18 (A-C) – Comparison of the 2D transfection capabilities of CCHLV versus pDNA 
vectors, upon transfection of Y201 with a variety of transfection payloads. Fold luminescence 
detected from C2C12 cells after transfection with pDNA or CCHLV payloads formulated with (A) CaP, 
(B) Lipofectamine, and (C) PEI. Data was expressed as Fold Luminescence over negative control (Mean 
+ SD). Unpaired T-test was used to compare between the two vector groups. * = P < 0.05, *** = P < 
0.001. 
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6.4 Discussion 

6.4.1 CCHLV synthesis using the modified F-ELAN-II method 

The methodologies for CCHLV synthesis used in this chapter were based on the ELAN strategy 

first reported by Schakowski and colleagues (Schakowski et al., 2007). In this report, a dual RE 

ELAN strategy was employed, in a two-tube reaction process, enabling the downstream 

formation of CCHLV vectors which were capable of gene expression. Although reported as a 

reliable and successful strategy, upon method specific scrutiny, several potentially solvable 

limitations could be identified, which restricted its potential use in large scale CCHLV 

production. This included the number of RE enzymes used (2 – EcoRI and BamHI), the number 

of and amount of hairpin oligonucleotides required (2 – 200-fold molar excess per hairpin) and 

the cost of specialist CCHLV and GEC isolation equipment (two rounds of purification via anion 

exchange chromatography). As such the F-ELAN-II method was initially formulated with the 

aim of solving several of the stated limitations in a more effective, cheaper and streamlined 

CCHLV synthesis method.  

The underlying concept for the F-ELAN-II synthesis approach illustrated in this chapter initially 

utilised a single RE, single unphosphorylated hairpin oligonucleotide approach for the production 

of CCHLV vectors. The objective being that successful CCHLV synthesis could be achieved 

with the same speed and better efficiency whilst using a streamlined cost reduced methodology. 

Such streamlining was achieved by reducing the number of RE and hairpin oligonucleotides 

required (from two to one, in both cases), as well as utilising an alternate low cost commercial 

DNA purification kit – in the form of agarose gel DNA purification columns. The latter of which 

was considered superior to anion exchange chromatography (AEC) in terms of speed, reliability 

and cost (e.g. expensive diethylaminoethyl resins used in AEC).  

Due to the fact that a single dual cutter restriction enzyme (MunI) was utilised in the F-ELAN-

II approach, the downstream linear GEC product formed was predicted to contain 5’ overhang 

complementarity, with strong potential for circularisation or concatamerisation, upon exposure 

to DNA ligase enzymes. To avoid such products, the ligation system here was saturated with the 

complimentary hairpin oligonucleotides with molar excesses in the region of 80 or 200-fold. 

Furthermore, as a single complimentary hairpin oligonucleotide was also used (EcoRI_Hairpin), 

this too possessed dimerization potential. To prevent this phenomenon, and encourage CCHLV 

assembly, oligonucleotide synthesis was completed in the absence of a terminal phosphate, thus 

restricting phosphodiester bond formation between hairpin dimers. As restriction enzyme 

mediated digestion of plasmids perpetually produces linear fragments with 5’ phosphate terminal 

overhangs, the ligation process between the MunI digested GEC and the hairpin was expected 

to proceed as desired.  
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In order to formulate large quantities of CCHLV for 2D and 3D GAM transfection studies, 

substantial amounts of GEC must first be isolated after RE digestion. In the F-ELAN-II method 

described in this chapter, the Wizard SV Gel & PCR Clean-Up System was selected for such 

GEC purifications, whereby specific DNA fragments are excised and subsequently bound to 

silica membrane columns in the presence of chaotropic salts. According to evidence supplied by 

the manufacturer, percentage recovery of 1000-3000 bp DNA fragments was stated to be in the 

region of 92-95%. However, upon experimental execution of said procedures (including 

optimisation steps), GEC yields post MunI and PscI digestion were actually considerably lower, 

with maximum yields of approximately 60% (or 2.94 μg) reported from a 10 μg pCAG-MetLuc2 

restriction digest. An alternative purification approach, utilising a large scale continuous elution 

electrophoresis system (MiniPrep Cell (BioRad) system) was therefore explored as a solution, 

specifically using methods reported by Rodriguez et al, however the GEC yields conveyed were 

generally poorer than the silica column method, whilst also being dramatically more time-

consuming (Rodriguez & Akman, 1998). As such, the semi-superior commercial silica membrane 

kit continued for all subsequent GEC isolation procedures despite lower yields than anticipated. 

In terms of CCHLV synthesis using the F-ELAN-II method, initial findings suggested that its 

successful construction was not possible with oligonucleotide hairpins lacking terminal 5’ 

phosphate modifications. In these cases, explicitly in the large excess groups (1000X), the 

apparent CCHLV product was completely degraded by the exonuclease actions of the T7 DNA 

polymerase, thus signifying constructs crucially lacked a fully covalently closed structure 

representative of CCHLVs. The author theorises that the absence of terminal phosphates on the 

hairpins resulted in incomplete phosphodiester bond formation between the two sets of 

oligonucleotides (GEC and EcoRI_Hairpin), with the resulting construct instead held weakly via 

hydrogen bonding between complementary bases. It was therefore likely T7 DNA polymerase 

could then recognise these regions as “single stranded nicks” leading to activation of its 

exonuclease functionality and the overall digestion of the CCHLV product. Such behaviour also 

corroborates an additional theory proposed by Wuite et al which suggests incorrectly or 

unfavourably bound DNA results in changes to the tension within the backbone, leading to DNA 

polymerase recognition and removal (Wuite et al., 2000). 

To rectify this, the F-ELAN-II synthesis strategy was modified and re-tested with phosphorylated 

EcoRI_Hairpins, with clear improvements subsequently observed. Significantly, upon T7 

polymerase exposure, exonuclease resistant DNA constructs were now synthesised within the 

expected CCHLV region (i.e. successful CCHLV formation).  Unfortunately, despite substantial 

saturation of the reaction with hairpin oligonucleotides (at acceptable molar excesses such as 80X 

and 200X), CCHLV synthesis remained inefficient with various exonuclease resistant ligation 

products also present. As previously stated, this outcome was not wholly unexpected and was 

likely due to the complimentary base overhangs present within MunI digested GEC. Subsequent 
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modelling suggests that at least four ligation products could feasibly be synthesised from the 

GEC, in the presence of T4 DNA ligase. This includes the formation of both forward-forward 

and forward-reverse linear GEC concatamers and re-circularised GEC and mini-circle GEC, the 

latter of which conveyed conformational exonuclease resistance (Figure 6.12 C and D – 1700 bp, 

6000 bp DNA bands).  

It was therefore concluded that such products were the direct consequence of firstly; the 

complimentary nature of dual MunI cohesive ends, and secondly the palindromic sequence 

pattern. Furthermore, as a result of the terminal phosphate modification, TTAA self-dimerisation 

of the EcoRI_Hairpin now also presented within the final reaction system, producing an 

additional exonuclease resistant product, whilst further blocking the desired CCHLV synthesis 

pathway (Figure 6.20).  

 

Based on these findings, it could therefore be said that the single RE F-ELAN-II method (MunI) 

performed poorly in comparison to the original Schakowski synthesis protocol, with this iteration 

proving considerably more detrimental for CCHLV production efficiency (Schakowski et al., 

2007; Schakowski et al., 2001). This was especially highlighted by the need for ultra-saturation of 

the ligation system with EcoRI hairpins (1000X excess) in order to compel CCHLV formation 

over the more thermodynamically favourable self-ligation products. Additionally, as 

Figure 6.20 (A-D) – Hypothesised ligation products resulting from a MunI digested GEC or 

complimentary EcoRI_Hairpin (P) upon exposure to T4 DNA ligase. Green ✓ indicates compatible 
base pairing.  
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contaminating exonuclease resistant hairpin dimers remained in the system post exonuclease 

exposure, further purification steps were required to isolate the final pure CCHLV product – of 

which substantial vector loss would have likely occurred.  

As a result, the F-ELAN-II strategy was abandoned in favour of the newly devised F-ELAN-IIS 

method, with the aim that the various shortcomings stated previously could be overcome. 

6.4.2 CCHLV synthesis using the modified F-ELAN-IIS method 

The F-ELAN-IIS CCHLV synthesis method was subsequently designed to overcome the 

efficiency barriers demonstrated by F-ELAN-II MunI mediated synthesis, with a particular 

emphasis on prevention of unwanted self-compatible, palindromic ligation products. The unique 

downstream splicing mechanism of Type IIS RE, such as Esp3I, gave the author complete 

control over GEC cohesive end design (and by-definition hairpin oligonucleotide design) to 

create a deft CCHLV-promoting synthesis mechanism. The proposed strategic design therefore 

generated four 4 bp length sequences (5’ and 3’ GEC overhang, 5’ Esp3I Hairpin and 3’ Esp3I 

hairpin) which displayed non-palindromicity as well as unanimous resistance to self-compatibility. 

Subsequent modelling of said sequences within the pCAG-MetLuc2 expression system, after 

Esp3I digestion and T4 DNA ligase exposure (Figure 6.7), confirmed their applicability to the 

above hypothesis. 

Experimental results using this strategy conclusively substantiated this rationale for CCHLV 

production with categorical and highly efficient results identified. In particular, this included the 

formation of a completely pure exonuclease resistant CCHLV product from a GEC fragment 

exposed to excess hairpin oligonucleotide, molar quantities as low as 10-20 fold. Significantly, in 

these cases, gel analysis revealed that the pre-designed 5’ and 3’ GEC cohesive ends prevented 

the formation of all types of self-ligation products, whilst dimerization of equivalent 

5’_Esp3I_Hairpins and 5’_Esp3I_Hairpins were also restricted. As a result, CCHLV synthesis 

progressed unburdened with remarkable efficiency. Crucially, in comparison to methods 

presented by Schakowski et al, as well as a multitude of other more recent ELAN based reports, 

the F-ELAN-IIS strategy appears to surpass these, specifically in terms of its production 

efficiency and the molar ratios of hairpin oligonucleotide required for effective CCHLV synthesis 

(current gold standard: 80X excess) (Schakowski et al., 2007; Schakowski et al., 2001; Schmidt, 

2005).  

As discussed previously, most reports utilising the ELAN method for CCHLV synthesis rely on 

Anion Exchange Chromatography or silica based columns for GEC purification (as part of the 

two-tube reaction process), practices which can be expensive and time-consuming. In contrast, 

the F-ELAN-IIS method achieved effective CCHLV synthesis without this step entirely, 

proceeding as a single tube step-wise reaction system. This was only possible because ligation was 
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performed in the presence of an active Esp3I restriction enzyme (i.e - it was not inactivated post 

plasmid-RE digestion), thus ensuring any reformed plasmids (formed between the GEC and the 

pCAG backbone) were effectively re-cleaved over the course of the ligation reaction. It was 

therefore assumed that in the F-ELAN-IIS strategy, most of the available GEC was in fact 

covalently capped by the hairpin oligonucleotides, leaving only the linearised/re-cleaved pCAG 

backbone as a waste bi-product –which was effectively degraded by T7 DNA polymerase.  

Crucially, the removal of this purification step allowed the F-ELAN-IIS method to circumvent 

all previously stated purification mediated limitations, ensuring that the greatest proportion of 

GEC was available for downstream hairpin ligation, unlike the F-ELAN-II method. This was 

considered vital upon scaled-up manufacture of CCHLVs, whereby costly DNA wastage could 

be minimised, whilst simultaneously shortening production duration and reducing overall 

operating overheads.  

As such, the F-ELAN-IIS strategy was considered a completely novel, highly effective and 

efficient method for the production of CCHLV, with characteristics considered uniquely 

compatible with cGMP standards and its use in clinical settings. Crucially, as of the time of 

writing, this was the first known example by which CCHLV synthesis was achieved whilst 

utilising a single type IIS restriction enzyme strategy. Moreover, with several advantageous 

features with regards to the efficiency and cost of CCHLV synthesis, it has remarkable potential 

to displace the current gold standard ELAN strategies for production of this particular type of 

linear DNA vector. 

6.4.3 CCHLV transgene expression versus plasmid vectors 

The success observed with the F-ELAN-IIS synthesis strategy in Figure 6.16 led to the 

investigation into the capabilities of the synthesised CCHLVs, to induce encoded transgene 

expression in two different cell lines (C2C12 and Y201), with a specific emphasis on their 

performance in comparison to equivalent pDNA vectors. In this study, three different 2D in-vitro 

transfection strategies including; inorganic CaP, cationic polymers (linear PEI) and cationic 

lipoplexes (Lipofectamine 2000), were used – a decision made since these methods had been 

optimised previously for 2D cell monolayer transfection (chapter 6 or by other Feichtinger 

colleagues) and also because of strong reported evidence of their application within successful in-

vivo transfection models (Lungwitz et al., 2005). The Met-Luc reporter gene insert was used for 

all tested DNA vectors, thus allowing reliable quantitative assessment of vector mediated gene 

expression and direct statistical analysis between each vector construct. 

Upon performance of said study, it was revealed that the synthesised CCHLV constructs were 

explicitly expression capable, with substantial Met-Luc expression detected in both of the tested 

cell types over a 72 hour transfection timecourse. Such data provided strong evidence that the 
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dumbbell vector constructs produced were 1) capable of co-complexation and condensation with 

a variety of cationic transfection characters thus allowing DNA delivery and cellular uptake and 

2) that upon nuclear delivery the CCHLVs could be effectively transcribed and translated in order 

for reporter gene expression and secretion. Furthermore, it was also broadly observed that 

regardless of the cell line, lipofectamine and PEI mediated transfection appeared superior over 

CaP mediated strategies, whilst in all cases peak transgene expression was usually displayed during 

the 72 hour time-window.  

Interestingly, in terms of vector performance, the detected Met-Luc expression induced by 

CCHLVs was considered highly variable, with fluctuating gene expression profiles observed 

depending on the cell type to which the construct was applied and also the transfection vehicle 

utilised.  

In the case of C2C12 cells, it was found that formulated CCHLVs were generally as effective, or 

under certain conditions more effective at inducing reporter gene expression than equivalent 

pDNA vectors, when using the stated methods of transfection (inorganic nanoparticles, cationic 

lipids, cationic polymers). This culminated in the major finding that upon PEI transfection 

(Figure 6.18 C), statistically significant enhancements in gene expression were identified in all 

CCHLV groups versus equivalent plasmid DNA (24, 48 and 72 hours post-transfection).  

In contrast, upon CCHLV exposure in Y201 cells, the opposite effect was displayed in terms of 

quantity of reporter gene expressed, such that the formulated CCHLVs were, in a substantial 

amount of payload formulations, less effective at inducing reporter gene expression than 

equivalent pDNA vectors. This decrease in transfection performance was illustrated most clearly 

across the PEI and lipofectamine datasets (Figure 6.19 B and C) whereby statistically significant 

differences in reporter gene expression were identified (with the exception of Figure 6.19 B 

Lipofectamine - 72hrs).  

Overall, such results accurately reflect the current state-of-play with regards to the gene 

expression performance of other similarly reported CCHLV vector systems currently under 

investigation, with transfection capabilities differing widely upon their application with alternate 

cell types and transfection vehicles. This was particularly highlighted by the conflicting reports 

by both Schakowski et al and Zanta et al (Schakowski et al., 2001; Zanta et al., 1999). In the 

extensive study by the former, CCHLV vectors were developed (via ELAN type II synthesis 

methodologies) before complexation with PEI or Lipofectamine and their subsequent 

application upon two different human colon adenocarcinoma cell lines (SW480 and HT-29). 

Transfection was then quantified according to GFP reporter gene expression, as measured by 

flow cytometry. Based on the published datasets, it was reported thereafter that hairpin mediated 

gene expression was significantly enhanced (two to four-fold higher in comparison to plasmid 

equivalent) upon complexation with Lipofectamine transfection vehicles (both cell lines) whilst 
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was equivalent when complexed with PEI (Schakowski et al., 2001). Based on this evidence, the 

authors stipulated considerable benefits were present upon applying vectors of reduced size, in a 

dumbbell-like conformation. 

As similar findings (albeit with C2C12 favouring cationic PEI complexes) were illustrated in 

Figure 6.18, tentative support could be provided regarding its theorized methods of action, 

specifically for the enhancement of vector gene expression. Such notions stated by Schakowski 

et al include the idea that successful transfection is obstructed specifically on the account of the 

nuclear envelope, which preferentially favours smaller DNA constructs for nucleolar uptake and 

entry, over larger equivalent payloads, such as pDNA (Li & Huang, 2000; Ohno et al., 1998). In 

the case of the CCHLVs developed in this study, as they are markedly smaller in size compared 

to the corresponding plasmid vectors (e.g. a 2-fold size reduction), the identified enhancement 

of gene expression within transfected C2C12s thus holds substantial credibility. This was further 

supported by both Huang et al and Chang et al, in which researchers exposed cationic lipid or 

cationic polymer mini-circle payloads to C2C12 cell monolayers, illustrating significantly higher 

expression in the smaller sized mini-circle vectors in comparison to the larger equivalent plasmids 

(Chang et al., 2008; Huang et al., 2009).  

Despite the substantial positive evidence regarding minimally sized DNA vectors as discussed 

above, the opposing report by Zanta et al provides an interesting alternative argument regarding 

their gene expression potential. This included the observations that upon CCHLV-PEI payload 

exposure to murine fibroblasts (NIH 3T3), reported transgene expression (24 hours later) was in 

fact 1-2 logs less efficient in comparison to plasmid equivalent (Zanta et al., 1999). Unfortunately, 

with only one timepoint utilised (24 hours post transfection) and no reasoning supplied by Zanta 

et al regarding these less favourable findings, it was this author’s opinion that in their results (and 

possibly in the case of the Y201 dataset in Figure 6.19) such expression profiles could be 

explained simply by the different cell type specific vector trafficking machinery present – which 

may have been less efficient at recognising and subsequently transporting the linear vector 

constructs towards the nucleolar compartments of NIH 3T3 and Y201 cells (Durymanov & 

Reineke, 2018). Unfortunately, as our study was the first known report for CCHLV transfection 

of an MSC-like cell type, it remains up for debate whether such hypotheses are legitimate for our 

context, with more in-depth investigations naturally required over a range of cell types including 

primary cells. 

Interestingly, in comparison to Schakowski et al, this report did ensure direct vector comparisons 

according to equi-molar or mass corrected DNA amounts (a practice also used in this chapter) 

and as such may present a more comparable point of reference, with the latter likely presenting 

elevated data especially given the amount of CCHLV used versus plasmid.  
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Possibly of even greater interest, however, was a further finding within the Zanta report; in which 

CCHLV mediated transgene expression could be significantly enhanced upon conjugation of 

nuclear localisation sequence (NLS) peptides to the hairpin loop structures. Such was the impact 

of these sequences, that the NLS modified CCHLVs now outperformed the equivalent plasmid 

vector constructs (1-2 logs more efficient), after 24 hours post transfection (Zanta et al., 1999). 

Mechanistically, this enhancement was theorised to be as a result of elevated cytosolic importin 

receptor recognition of the NLS containing CCHLV constructs (SV40 T large antigen NLS-

sequence (or NLST)), which facilitated more efficient vector translocation to the nucleolar 

compartments and uptake through the nuclear pore complex (NPC) (Hebert, 2003).  

Importantly, findings such as these open up further avenues for the F-ELAN-IIS CCHLVs 

designed in this chapter, presenting the realistic prospect of a bioconjugated vector iteration 

whereby the construct can be uniquely tailored for optimal DNA delivery and gene expression, 

especially in cell types potentially considered sub-optimal for linear DNA vector delivery (such 

as Y201s). Tentative investigations regarding this area of research were subsequently initiated 

with Esp3I hairpin oligonucleotides containing a linear alkyne modification (Ethynyl-2'-

deoxyuridine (EdU)) being synthesised. Through the inclusion of this functional moiety, stable 

CCHLV modifications such as NLS peptides or cell receptor-specific aptamers could therefore 

be achieved - specifically utilising simple click chemistry concepts such as the Copper-catalysed 

azide–alkyne cycloaddition (CuAAC) reaction system (appendix section 8.6) (Fantoni et al., 2021).  

Overall, the conflicting findings presented both in this preliminary study and in the studies by 

Schakowski et al and Zanta et al exemplify the shear complexities involved in the process of non-

viral DNA vector delivery, importantly illustrating that the stated modifications to the structure, 

size and conformation of the DNA vectors do not always correlate with improvements to the 

expression characteristics, especially when experimental conditions such as cell type are altered. 

Furthermore, it must also be mentioned that direct comparisons between different sized vector 

constructs is generally an extremely difficult task given the selected use of associated chemical 

transfection vehicles, such as cationic polymers, lipids and inorganic nanoparticles, for DNA 

vector uptake and internalisation. Within these cases, specific limitations exist with regards to 

simply reporting transgene expression as a function of the DNA vector utilised, even if equimolar 

amounts are applied. This is because reported transgene expression is also synonymous and 

highly dependent on the transfection vehicle applied, with performance outcomes differing as a 

result of varied concentrations and its unique interactions with the DNA, thus achieving optimal 

vector expression whilst attempting to maintain both an equivalent DNA molar ratio and 

transfection vehicle concentration, which is rarely accomplished. This is exemplified in the PEI 

datasets presented, which despite sharing the same N/P ratio (N/P24), the formulated 

transfection complexes actually contain different amounts of PEI (pDNA: 3.10 μg, CCHLV: 1.55 

μg).  



246 
 

It is therefore this author’s opinion, that unanimous agreement regarding the effectiveness of 

CCHLV vectors can only be achieved through further study, with a particular emphasis on use 

of a standardised protocol for comparing DNA vectors of different sizes. Such standardisation 

should look to limit the compounding factors regarding chemical transfection reagent use either 

through its complete removal (in favour of naked DNA transfection techniques such as 

electroporation) or through the use of a single consistent experimental methodology (i.e. the   

maximal gene expression produced by DNA vector-transfection complexes irrespective of DNA 

mass). Once achieved, potential downstream use of these vectors within scaffold-based GAM 

systems may become a reality.  

6.5 Conclusion 

Taken as a whole, this chapter serves as an interesting proof-of-concept study for the potential 

use of CCHLV constructs within 3D GAM systems, particularly in the case of the F-AGE 

agarose GAMs previously developed in this thesis. Significantly, in terms of the production 

mechanism, it initially revealed that the most commonly used CCHLV synthesis strategy (ELAN 

mechanism) can be substantially improved both in terms of DNA vector production efficiency 

and cost through the completely novel use of type IIS restriction enzymes – such as Esp3I. With 

this restriction enzyme and alongside smartly designed non-palindromic, self-incompatible four 

base overhang sequences, a CCHLV production pathway could be obtained, which utilises as 

little as 10-20-fold excess oligonucleotide hairpin per run. As the current best performing 

literature report (ELAN) utilises a minimum of 80-fold excess hairpin, this represented a highly 

significant finding which could drastically benefit this field of research. 

In the second part of the chapter, it was then demonstrated in a small transfection study, that 

CCHLVs can, under certain circumstances, more effectively induce a greater degree of 2D 

transgene expression in comparison to corresponding plasmid vectors. Although not wholly 

unanimous, these findings point towards the use of CCHLVs as a potential next generation 

DNA vector, with this thesis ultimately recommending substantial future work is needed before 

its application within biomaterial GAM contexts, clinical investigations and beyond. Such 

recommendations explicitly refer to cell type specific optimisation of CCHLV constructs either 

through large scale transfection reagent studies or via bioconjugation of synthetic targeting 

molecules (NLS peptides or aptamers). 
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 CHAPTER 7: GENERAL DISCUSSION  

7.1 Summary of thesis aim and main outcomes 

The aim of this research thesis was to characterise the cellular responses and gene delivery 

capabilities of a range of porous agarose GAM scaffolds developed using the novel F-AGE 

spatial patterning platform. The ultimate goal is to produce a gradiented agarose GAM device to 

support osteochondral tissue repair.  

This thesis first sought in chapter 3 to optimise agarose hydrogel properties (i.e agarose polymer 

percentage), to create a final porous agarose scaffold product which possesses suitable 

osteochondral-like physical and structural properties yet remained impervious to the detrimental 

side-effects of freeze-drying. Based on the side-by-side characterisation of 1 wt% and 3 wt% 

freeze-dried formulations, it was found that increases in polymer concentration had an overall 

positive effect on the end stage scaffold products produced. In this regard, 3 wt% agarose 

scaffolds were observed to possess high porosity and interconnectivity with good resistance to 

lyophilisation damage. Furthermore, despite a significant reduction in mean pore size, 3 wt% 

scaffolds remained within acceptable limits for cellular seeding and culture investigations (Lee et 

al., 2018). The F-AGE-1 method was then translated and revalidated in 3 wt% agarose scaffolds. 

Through such translation, the F-AGE-1 biomineralisation/co-localisation platforms exhibited 

largely similar electrophoretic synthesis behaviours to that observed in the previous 1 wt% proof-

of-concept work. This was achieved through agarose polymer concentration mediated 

modifications to the nucleic loading schemes, whereby higher and longer voltage potentials were 

applied to enforce the necessary proximal deposition within specific inorganic precipitate regions. 

Within this same chapter, it was further illustrated that F-AGE platforms have applicability for 

the synthesis and patterning of transfection payloads, namely cationic polymer species. As a 

result, a new F-AGE polyplex method was developed for the in-situ confined synthesis of PEI-

pDNA polyplexes, explicitly utilising novel electrophoretic concepts in combination with 

biomaterial confinement principles. It was qualitatively illustrated a reaction took place between 

pDNA and PEI (hypothesised to be co-complexation), resulting in the potential in-situ formation 

of polyplexes.  

The porous 3 wt% F-AGE-1 and F-AGE polyplex scaffolds were then assessed according to 

standard cytotoxicity guidelines as well as an extensive scaffold-cellular adhesion testing 

specification (chapter 4), with the aim of investigating characteristics such as sterility, cytotoxicity, 

cell adhesion, viability, morphology, proliferation, infiltration and differentiation using two 

relevant cell lines (C2C12 and Y201). Through testing, it was found that GAMs could be made 

sterile (only when freeze-dried and washed with ethanol) and also possessed low cytotoxicity 

profiles. Unfortunately, in terms of cellular adhesion, the porous agarose GAMs were deficient, 

with poor outcomes represented across all stage-1 testing metrics, especially in terms of surface 
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attachment, long term viability (7 days 3D culture) and morphology (spheroidal/globular 

morphologies). Upon Polydopamine surface functionalisation however, scaffold bioactivities 

became unanimously enhanced, with cell viabilities, attachment and morphology all improved for 

both C2C12 and Y201 cell lines. Through the testing of additional parameters such as cell 

metabolism, scaffold infiltration and 3D cell differentiation (adhesion testing stages 2, 3, and 4), 

further supporting evidence of was accumulated. As a result, a final PDA coating condition of 8 

hours in 2 mg/mL PDA solution (or 3%-PDA8.2) was selected and utilised for future 

investigations concerning GAM scaffold transfection (chapter 5).  

Various PDA functionalised F-AGE agarose GAM scaffolds were then developed and evaluated 

for their 3D transfection capability. Such agarose GAMs ranged from F-AGE-1 pDNA-CaP 

containing scaffolds and F-AGE pDNA-PEI containing scaffolds. Furthermore, GAMs were 

tested across both C2C12 and Y201 cell lines using two different pDNA concentrations (2.5 μg 

and 5 μg). Despite adequate 3D cell viability across the different agarose GAM scaffolds, it was 

found all groups (F-AGE-1, F-AGE polyplex GAMs) appeared transfection deficient, with no 

significant scaffold mediated reporter gene expression identified over a 7 day culture period, 

when compared to blank scaffold controls. With such poor transfection behaviours, it was 

therefore proposed that inherent faults were present at one or multiple points across the 

Feichtinger GAM synthesis and production routes, likely leading to payload loss of function or 

inactivation.   

Finally, a pilot study run in parallel to the main Feichtinger AGE research was performed, 

investigating the synthesis of alternative nucleic acid vector systems known as covalently closed 

hairpin loop vectors (CCHLV). These systems are of significant interest due to their potential for 

effective gene delivery when utilised in GAM scaffolds. This was based on the pool of evidence 

in the literature, purporting such vectors exhibit superior gene delivery and safety over current 

plasmid systems. (Schakowski et al., 2007; Schakowski et al., 2001). In this final chapter it was the 

objective to initially improve the efficiency of the current established CCHLV synthesis route; 

commonly known as the enzymatic ligation assisted by nucleases (ELAN) based strategy. The 

second objective was to compare CCHLV transfection performance to equivalent plasmid 

vectors in 2D cell monolayer systems. Of the two synthesis methods developed in this thesis, the 

F-ELAN-IIS was considered to have potential, with our preliminary study suggesting CCHLV 

production efficiency was improved 4-8 fold when the adapted approach was applied, specifically 

in terms of amount of oligonucleotide hairpin utilised per synthesis run. This has the potential 

for considerable improvements on scale-up manufacture and cost savings. Interestingly, when 

such vectors were isolated and applied in 2D transfection contexts, it was found the CCHLVs 

were capable of significantly greater gene expression in comparison to equivalent plasmids, under 

certain conditions.   
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7.2 Porous electrophoretically loaded agarose scaffolds for osteochondral GAM 

tissue engineering 

7.2.1 Porous agarose scaffold development 

In order to produce a monophasic scaffold biomaterial which is more suitable for the repair of 

osteochondral defects, compositional changes were made to the starting agarose hydrogel 

formulation. In place of the 1 wt% hydrogels previously utilised and tested in the Feichtinger 

proof-of-concept investigations, a 3 wt% agarose hydrogel was in this case developed. This was 

specifically selected on account of previous work illustrating that 1 wt% formulations were 

incompatible with a conventional freeze-drying process and further from supporting evidence by 

works from Guastaferro and colleagues (Guastaferro et al., 2021). Basic qualitative assessment of 

this new formulation, upon exposure to the same freeze-drying process, demonstrated a 

comparable hydrogel-scaffold conversion process was initiated, resulting in the generation of a 

macroporous 3 wt% agarose scaffold. More importantly however, in contrast to the 1 wt% 

hydrogels, the 3 wt% formulation produced a scaffold which maintained dimensional stability 

and illustrated no visual sign of agarose fibre collapse or shrinkage. This was deemed vital as this 

was considered the major issue identified in early F-AGE approach testing. Furthermore, the 

findings tallied with the in-depth study performed by Guastaferro et al, whereby detrimental 

freeze-drying mediated shrinkage was substantially reduced upon similar agarose compositional 

changes (Guastaferro et al., 2021).  

Despite these benefits, it was however shown that the effect of increasing agarose percentage 

was paradoxical with regards to eventual scaffold pore size. This was evident when 1 wt% and 3 

wt% scaffold cross-sections were analysed (SEM and histology), with the 3 wt% possessing 

significantly smaller mean pore diameters (215 μm ± 132) in comparison to the 1 wt% equivalent 

(388 μm ± 276). Ultimately, although hypothesised to be marginally more restrictive for cellular 

ingrowth, this final 3 wt% pore size, determined in this characterisation study, remained in line 

with current non-agarose based osteochondral GAM systems such as the collagen type II/I-nHA 

scaffold by Lee et al  and thus was considered acceptable for all future work concerning this thesis 

(Lee et al., 2017).  

Interestingly, in other studies in which 3 wt% agarose hydrogels were freeze-dried, a large 

variation in final scaffold pore size distribution can be found. This is specifically exemplified in 

reports by Stokols et al, Li et al and Guastaferro et al, who each generated 3 wt% agarose scaffolds 

illustrating specific pore sizes of 100-150 μm, 50-100 μm and 300-400 μm (or > 400 μm when 

using a ultra-slow cooling rate), respectively (Guastaferro et al., 2021; Li et al., 2022; Stokols et al., 

2006). Upon protocol analysis, it was found that each report possessed markedly different freeze-

drying protocols, crucially with highly variable freezing temperature conditions/steps. In the case 

of Stokols et al, a uniaxial temperature freezing system was utilised whereby liquid nitrogen cooled 
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dry ice was placed underneath a 3 wt% agarose hydrogel to induce freezing (45 minute 

incubation) (Stokols et al., 2006). Although the freezing rate was not explicitly stated, due to the 

presence of liquid nitrogen it was assumed to be rapid and thus resulted in smaller apparent 

scaffold pores. In contrast, Guastaferro produced 3 wt% porous scaffolds using a cryostat 

controlled freezing device set to -50°C (specific freezing rates of 2.5 or 0.1 °C/min stated). At 

both rates, agarose scaffolds were formed with much larger pores than those identified in Stokols 

study and in this thesis (difference of approximately 200 μm) (Guastaferro et al., 2021). These 

contrasting findings indicate that alongside agarose percentage, a faster freezing temperature 

and/or freezing rate may act as an additional contributing factor for agarose scaffold pore 

formation. The reason for this, centred around the idea that hydrogels subjected to lower 

temperatures induced the rapid formation of a higher number of ice cystal nuclei, which prevent 

the excessive growth of very large individual ice crystals. These smaller ice crystals subequently 

lead to finer structures during sublimation, contributing to the formation of smaller final pores 

(Guastaferro et al., 2021). Although not considered within the remit of this project, further studies 

involving the use of temperature/freezing rate as a pore size mediator (above or below -80 °C in 

the University of Leeds freeze-drying method) would therefore hold huge potential within the 

context of scaffold based tissue engineering, allowing even greater control of scaffold properties 

depending on the desired tissue repair type. This would be significant, given that scaffold pore 

size characteristics contribute to several fundamental processes which mediate successful GAM 

medaited tissue repair. This includes regulating cellular infiltration, attachment and proliferation, 

nutrient and oxygen diffusion, waste removal, cellular communication, transfection payload 

release and mechanical support (Abbasi et al., 2020; Loh & Choong, 2013; Lu et al., 2001).  

It can therefore be expected that the above factors would be altered (either positively or 

negatively), as a result of the smaller pore size characteristics presented by the fabricated 3 wt% 

agarose scaffolds. Although explicit comparisons were not performed in this thesis, it is 

evidenced in similar reports that a decrease in pore size is marginally prohibitive for cellular 

migration, adhesion and proliferation, a result attributed to larger 3D surface areas and reduced 

permeability (Murphy et al., 2010; O'Brien et al., 2007). As GAMs rely on these factors for nucleic 

acid payload delivery, it was deemed essential that validatory investigations were performed with 

this new scaffold formulation (chapter 4) (Oyane et al., 2012). In contrast, such pore size decreases 

have shown highly beneficial utility with regards to DNA payload release from GAM scaffold 

systems and overall mechanical properties. In terms of the DNA payload release, this stems from 

the previously mentioned increase in scaffold surface area (and decrease in permeability), which 

in this case can enforce greater constraints on internal payload diffusion away from the GAM or 

drug loaded system (Zhang et al., 2021). By slowing transfection payload release (via a decrease 

in pore size), the window for cellular uptake is extended, thus ensuring therapeutic reponses can 

be sustained over a period of weeks rather than days or hours. How this specifically relates to the 

agarose F-AGE GAMs developed in this thesis project will be discussed further in section 7.2.4.2. 
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Additionally, it is commonly accepted that smaller pore sizes exponentially improve mechanical 

properties of scaffold systems (Hollister, 2005). Although not within the experimental remit of 

this PhD project, the decrease in the agarose scaffold pore size observed was therefore 

hypothesised to induce a positive effect on scaffold characteristics such as compressive modulus, 

creep resistance, fracture toughness. Interestingly, in reports testing similar freeze-dried hydrogel 

formulations (agarose and hyaluronan), it was shown that the mechanical characteristics of these 

scaffolds are at least one order below that observed in natural cartilage (0.2–6.44 MPa) whilst 

several orders below that in sub-chondral bone (0.1–0.9 GPa) (Tatman et al., 2015; Zhang et al., 

2020). An example of this was the porous 2 wt% agarose scaffolds produced and tested by 

Mancino and colleagues. They reported under different cooling conditions (-12°C, -19°C, -25°C) 

the macroporous systems possessed a maximum compressive moduli of only 3.7 KPa (Mancino 

et al., 2023). Moreover, a similar 1 wt% hyaluronan scaffold when tested produced a meagre 0.2-

2KPa. As the mechanical properties of the 3 wt% scaffolds were not assessed in this study, they 

may also possess mechanically inferior characteristics and thus result in sub-optimal load 

transmission to infiltrating cells post-surgical GAM implantation (Stella et al., 2010). Herein, lies 

one of the key remaining unresolved factors surrounding the use of hydrogel systems for the 

regeneration of osteochondral defects. With mechanical strength and appropriate cellular 

infiltration presenting as vital yet opposing component factors for biomaterials, a compromise 

remains the most optimal solution. 

Novel methods for improving biomechanical properties without detrimentally affecting cell 

infiltration should therefore be of particular significance in any future works which concern this 

system. This may include agarose gel solutions being incorporated with proven mechanical 

enhancers (such as halloysite nanotubes) or with other beneficial composites such as chitosan 

(Bhat et al., 2011; Suner et al., 2019), although extra care must be taken to not disrupt the key 

underlying electrophoretic properties needed for gradient payload production. Alternatively, the 

method of surgical scaffold implantation below the host tissue surface line may ultimately be 

necessary to allow sufficient protection from high joint stresses experienced within the 

osteochondral articulating joint space, if sufficient inherent mechanical properties of the agarose 

scaffolds cannot be achieved (Kosik-Koziol et al., 2020). 

Although enforced due to inconclusive SEM scaffold imaging, a limitation of our presented pore 

size data remains the rudimentary 2D pore size measurement method utilised. Despite largely 

consistent results across repeat sample sets, the method possessed a limited analytical range 

across only a 2D cross-sectional plain, thus providing only a partial representative picture of pore 

size, morphology and distribution within 1 wt% and 3 wt% agarose scaffolds. Additionally, this 

also meant characteristics such as pore continuity remained unidentified. Furthermore, the 

process of data collection was also highly time-consuming and subject to interpretational bias 

whilst the sample preparation procedure may potentially have resulted in the exposure to 
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structurally detrimental histological processing solutions and conditions (NBF, xylene, 50°C). In 

light of these factors, it was deemed useful to seek a supplementary assessment method that 

encompassed the complete 3D architecture, ensuring total bulk analysis whilst maintaining 

experimental congruity with previous results (Mancino et al., 2023). Tentative investigations were 

therefore attempted regarding the use of Low Field NMR for pore size, volume and 3D porosity 

analysis of biomaterial scaffolds – a novel method translated from the field of geological 

petrophysics for the study of pore formation within rock samples (Halib et al., 2014; Hossain et 

al., 2011). Unfortunately, due to the small size of the 1 wt% and 3 wt% scaffolds (6mm by 

4.6mm), data collection (in the form of T2 relaxation curves) was found to be extremely 

challenging when testing the individual agarose scaffolds with inadequate measurable volumes of 

liquid isopropanol present within the testing chamber. An alternative stacked scaffold approach 

(6 agarose scaffolds placed on top of each other) was subsequently attempted to combat this 

issue but results remained largely inconclusive (appendix section 8.4). 

7.2.2 Electrophoresis mediated transfection payload co-localisation and 

complexation 

The objective of the second part of chapter 3, was to effectively translate the previously 

established F-AGE-1 pDNA-CaP spatial patterning approach from 1 wt% to 3 wt% agarose 

hydrogel formulations. The translation process was largely successful and required only minimal 

modifications, with pDNA migration behaviour being specifically identified as the characteristic 

most affected by the agarose formulation change (pDNA payloads migrate 7X slower in 3 wt% 

agarose gels versus 1 wt% - according to work produced by Dr Feichtinger). Crucially, through 

a substantial elevation in electrophoretic voltage conditions (300V for 5 minutes), it was found 

proximal deposition of pDNA payloads within desired CaP precipitation regions (as performed 

in the Feichtinger proof-of-concept studies) could be once again achieved. This was further 

confirmed upon full performance of the updated 3 wt% F-AGE-1 methodology, whereby SYBR 

SAFE DNA imaging revealed that DNA bands were co-located directly within the region in 

which a CaP precipitate had formed. Interestingly, this was accompanied with a loss of precipitate 

intensity (duller white precipitates), a possible further indicator of co-complexation alongside said 

co-localisation. Unfortunately, with no observable changes found in SYBR SAFE DNA band 

thickness, shape or location, this element could not be further verified. Although this qualitative 

analysis strategy can largely be considered a non-specific method of co-localisation and co-

complexation confirmation, it was deemed acceptable if coupled with downstream 3D 

transfection data, with successful transfection providing the required supplementary evidence for 

the possible in-situ pDNA-CaP interactions stated above. 

A straightforward confirmatory method for large scale particle characterisation and confirmation 

of co-complexation, would be to extract the in-situ electrophoretically synthesised co-complexes 
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from the 3 wt% agarose hydrogels. With a purified sample of pDNA-CaP complexes, it would 

then be possible to perform comprehensive structural analysis (such as X-Ray diffraction analysis 

and dynamic light scattering) as well as a confirmatory 2D cell monolayer transfection study. This 

work was the focus of an ongoing aligned Feichtinger lab group PhD project (Daniel White, 

University of Leeds), with two specific isolation methods being electrophoretic transport with 

membrane fractionation and agarose enzymatic degradation both being utilised and tested. In the 

case if the former approach, it has been surmised that through pH changes, synthesised pDNA-

CaP particles could possess a negative zeta potential and thus be electrophoretically transported 

out of the agarose gels and collected via a membrane diffusion layer (Zhu et al., 2007). In 

preliminary findings from the aforementioned PhD project, it was found that particle containing 

solutions could be transported out of the agarose gels, but upon ultracentrifugation (180,000 x g 

for 3 hours) resulted in a hardened CaP containing pellet which could not be disrupted or re-

solubilised with any feasible method. The enzymatic degradation approach (beta agarase) was 

shown to have been complicated by the high melting and gelation points of the SeaKem LE 

agarose powder utilised to form the original electrophoresis hydrogels. By applying beta agarase 

to melted agarose it was possible to form an agarose based slurry which could in part allowed 

CaP nanoparticle extraction (although reformation of the gel structure was shown to often 

occur). Unfortunately, a large proportion of undigested agarose remained present in the solution 

after gradient-based ultracentrifugation and thus remained unsuitable for the characterisation 

testing previously mentioned. With no feasible particle isolation method being produced 

throughout the length of this PhD project, the previously used qualitative agarose gel analysis 

method remained the quickest and most viable option available for assessment of payload co-

localisation/co-complexation and thus sufficed for achieving the aims set out in this chapter 

(Unpublished data, Daniel White, University of Leeds). 

The final part of chapter 3 illustrated one of the most interesting elements of this PhD project, 

where it was shown for the first time that alternative transfection payloads (such as pDNA-PEI) 

could be simultaneously synthesised and patterned in-situ within agarose hydrogels, via a F-AGE 

based approach. This was particularly significant given that in standard 2D cell monolayer 

transfection contexts (as illustrated in chapter 5), PEI mediated gene delivery has been shown to 

induce substantially higher transfection efficiency in comparison to established inorganic CaP 

transfection vehicles (Chernousova & Epple, 2017). Through the specific inclusion of the 

cationic polymer PEI (linear 25KDa) within F-AGE agarose GAM scaffold systems, it was 

therefore hypothesised that gene delivery to local infiltrating cells would be dramatically enhanced 

in comparison to the current F-AGE-1 CaP containing agarose GAM equivalents.  

In terms of the adaptations required for the inclusion of PEI within an F-AGE platform, the 

most crucial finding was that PEI was indeed capable of electrophoretic migration, with 

Coomassie Blue staining revealing rapid wave-like polymer movement through the nanopore 
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structure of the 3 wt% agarose hydrogels, specifically towards the negative electrode. Following 

this, two different electrophoretic conditions were then tested, with 300V for 10 minutes proving 

the most optimal for PEI migration across a smaller distance of 7 mm. Ultimately, the full F-

AGE polyplex methodology was then developed and tested with a similar sequential two stage 

loading procedure as previously utilised in the F-AGE-1 approach. As shown, thin PEI polyplex 

precipitates were generated as a result of pDNA and PEI proximal co-localisation, thus 

fundamentally illustrating successful DNA-PEI interaction. Interestingly, as PEI concentration 

or N/P ratio increased it was further identified via SYBR SAFE images that DNA bands 

appeared more condensed, becoming thinner in comparison to the plasmid only control. This 

visual illustration of increasing pDNA-PEI condensation as a function of N/P ratio, matches in 

part with the literary consensus surrounding polyplex synthesis in solution, whereby the 

hydrodynamic diameter of particles decreases with increasing concentrations of PEI (Diaz et al., 

2021). Unfortunately, due to the previously described limitations in in-situ particle extraction 

methodologies, exact size and zeta potential comparisons between the polyplexes made in this 

study and those synthesised using a standard aqueous solution method could not be made.   

Taking all this data together, evidence was provided for the successful use of two separate agarose 

gel electrophoresis platforms (F-AGE-1 and F-AGE polyplex) for the simultaneous in-situ 

synthesis and patterning of either pDNA-CaP transfection payloads or pDNA-PEI payloads. 

The benefits of both approaches directly relate to the ability to spatially control the location of a 

transfection complex within a 3D hydrogel matrix, specifically through simple electrophoretic 

attractive forces. It was also hypothesised that due to the utilisation of a confined nanoporous 

hydrogel environment as the reaction system for payload co-localisation and complexation, the 

size, morphology and aggregative ability of the final transfection complexes was heavily 

controlled. Unfortunately, this could not be confirmed due to insufficient agarose-payload 

extraction protocols available. Future work should now focus on investigating this aspect fully, 

with transfection complex extraction from agarose hydrogels being the primary aim in order to 

confirm or reject the above hypothesis. If successful, a full characterisation study could then be 

performed on the formulated payloads, elucidating crucial information such as size, zeta 

potential, encapsulation efficiency and transfection capability.   

7.2.3 Agarose scaffold cytotoxicity and 3D adherence 

As the Feichtinger developed agarose GAMs were conceptualised as an acellular scaffold 

treatment system, it was therefore considered paramount that the structural 3D biomaterial 

framework was biocompatible and bioactive, such that endogenous infiltrating cell populations 

may successfully infiltrate, adhere, proliferate and differentiate on its surface over an extended 

length of time. Furthermore, given that process of 3D GAM surface mediated gene transfer has 

been shown to be largely reliant on highly effective cell-scaffold adhesion, the above 
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characteristics bear even greater importance for successful GAM transfection performance 

(Oyane et al., 2012). Such properties were validated for 3 wt% agarose scaffolds and agarose F-

AGE GAMs in chapter 4, via the execution of a large scale adhesion assessment study with a 

four stage criterium being defined.  

The choice of cells for these studies were two specific cell lines; C2C12 Mouse Muscle Myoblast 

cells and Y201 (hTERT) human BM-MSCs. In terms of the former, C2C12 cells possessed robust 

proliferative capacities which was advantageous for 3D cell seeding studies involving high seeding 

densities with multiple repeats (Katayama et al., 2023). Furthermore, C2C12 cells have also been 

shown to exhibit good attachment to various substrates, including natural and synthetic scaffold 

materials, as well as demonstrating long term viability under appropriate 3D cell culture 

conditions (Kumari & Kumar, 2017; Xu et al., 2014; Yeong et al., 2010). Regarding the latter 

(Y201), this cell line was specifically selected due to its strong phenotypic resemblance to primary 

BM-MSCs, making it a highly relevant in-vitro cell model which bears excellent translational 

applicability for future in-vivo and clinical studies (James et al., 2015). Significantly, due to its 

hTERT mediated immortalisation characteristic, the limitations of primary cells (such as cellular 

senescence, inter-donor variability and cell sourcing challenges) could also be avoided. 

Despite the good cytotoxicity characteristics afforded by agarose hydrogel/scaffold systems, both 

blank 3 wt% scaffolds and F-AGE-1 pDNA-CaP payload containing scaffolds illustrated low 

level adhesion behaviours upon static seeding with C2C12 and Y201 cells (high density cell 

solutions applied statically). The developed scaffolds failed to meet essential testing 

characteristics, with 1) low numbers of viable surface bound cells present after 48 hours 3D 

culture, 2) low numbers of viable surface bound cells present after 7 days 3D culture, and 3) cells 

appearing globular or spheroidal with no sign of elongation or interconnectivity. Although 

disappointing, this was not unexpected, as several potential limitations regarding the inherent 

incapacity of 3D agarose systems for cellular attachment and proliferation were identified in 

Chapter 1. This result was also in line with work by Li et al, who compared 3 wt% freeze-dried 

agarose scaffolds alongside decellularised rat spinal cord for their capacity to act as biomaterials 

for spinal cord injury. Through 3D static cell seeding of fluorescently labelled bone marrow 

stromal cells (1x106 cells/scaffold), they too illustrated very low cell numbers with no evidence 

of large scale attachment, proliferation and fibroblast-like morphologies. Furthermore, they also 

showed via cell counting, that decellularised spinal cords possessed significantly greater numbers 

of attached cells at four different timepoints over a 12 day culture period (Figure 7.1) (Li et al., 

2022). Although not explicitly stated in this report, it can be assumed that the overarching literary 

hypothesis regarding agarose biomaterials lacking the necessary cell adhesion motifs (such as cell 

attachment proteins, RGD binding sequences) required for stable cellular contact sites, likely 

holds true for our freeze-dried sample iterations (Tang et al., 2007; Valdoz et al., 2021).  
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In an attempt to overcome the limited scaffold-cell adhesion observed and to provide the 3D 

agarose system with a proven cell attachment molecule, a new iteration of the F-AGE-1 GAM 

scaffolds was developed specifically containing the recombinant protein bovine fibronectin (FN) 

within the pDNA-CaP payloads. Unfortunately, despite this inclusion, upon cell seeding of F-

AGE-1 FN GAMs it was generally found this also made very little difference to scaffold-cell 

adhesion capabilities. 

 

Following this result, the decision was made to begin testing three different downstream surface 

functionalisation methods (fibronectin coating, LAP-PEO coating, PDA coating), all of which 

have previously demonstrated cell attachment enhancement abilities (Franck et al., 2013; 

Gaharwar et al., 2012; Orafa et al., 2021; Su et al., 2021). Out of the three methods tested, agarose 

scaffolds coated in PDA showed the greatest improvement in 3D cell adhesion. In comparison 

to the agarose-PDA method protocol outlined in Su et al, in which PDA was incorporated into 

agarose gels during gelation, this investigation utilised a dip-diffusion soaking method for 

effective surface functionalisation onto pre-made porous scaffolds (Su et al., 2021). The reason 

for this selection was to ensure the electrophoretic capabilities of agarose gels remained 

unaffected at the point of F-AGE transfection payload spatial patterning. PDA functionalisation 

(1 mg/mL or 2 mg/mL, for 8-12 hours) induced substantial Y201 and C2C12 cell attachment 

Figure 7.1 (A & B) – Cell attachment and proliferation analysis of fluorescently labelled bone 
marrow stromal cells seeded onto decellularised rat spinal cord (ASCs) and freeze-dried agarose 
scaffold (FAS) A: Fluorescence microscopy analysis. B: Cell counting assay. ** = P < 0.01. Images taken 
from (Li et al., 2022). 
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onto the surfaces of the agarose scaffolds, with large numbers of viable cells present after 48 

hours and 7 days 3D culture. Furthermore, significant alterations in cell morphology were noted, 

with surface bound cells now appearing elongated and interconnected in comparison to the 

individual, spherical globular cell structures observed in the uncoated agarose control. As 

reported by Ku et al and Tsai et al, the ability of PDA to immobilise serum proteins as well as its 

overall super-hydrophilic environment, remain the primary candidates for why this positive effect 

was observed (Ku et al., 2010; Tsai et al., 2011). Upon proliferation studies (stage-2 cell adhesion 

testing), it was then quantitatively illustrated that metabolic activity of cells on all PDA coated 

agarose scaffolds increased over a 7 day culture period (48 hours versus 7 days), whereas cells 

seeded onto blank agarose scaffolds in fact decreased over the same time span. Crucially, through 

analysis of this data, specific selection of the most optimal conditions for enhanced scaffold 

adhesion capability could be made – i.e 8 hours 2mg/mL (3%-PDA8.2). The 3D cellular 

penetration and migration properties of these PDA functionalised scaffolds were also important, 

especially in terms of facilitating cellular interactions with in-situ electrophoretically loaded 

transfection payloads. Therefore, a 3D histological study was carried out, whereby various 

scaffold cross-sections were taken from different cell seeded scaffold regions before undergoing 

H&E staining. Importantly, utilising static seeding methodologies only, it was found that cell 

populations were present and in acceptable numbers throughout the entire scaffold bulk. 

Although this author co-developed and manufactured a dynamic seeding system specifically for 

the enhancement of scaffold penetration and migration, it was found based on these results that 

basic static seeding methods were generally sufficient for bulk scaffold coverage in this agarose 

formulation (dynamic seeding system illustrating in appendix section 8.7). At this stage, it was 

summarised that the results provided in our study were highly analogous to those reported by Su 

et al, with very similar improvements in agarose-cell adhesion being observed, albeit with two 

different cell lines being tested in 3D culture. Interestingly, through fluorescence imaging of cell 

attachment indicators such as intracellular filamentous-actin and integrin-β1, they were 

additionally able to correlate increased PDA concentration with more stable cell-scaffold 

interactions (Su et al., 2021). Although not performed in this study due to the high degree of 

symmetry between these reports, it was hypothesised that a similar behaviour was likely at play 

in our iteration. 

In summary, use of polydopamine coatings has shown considerable potential in improving cell 

adhesion, proliferation, and differentiation, crucial factors for successful tissue regeneration. 

Moreover, its simplicity of application and cost-effectiveness make it an attractive option for 

larger-scale biomedical manufacture and application. However, pre-clinical and clinical 

translation of polydopamine associated biomaterial systems remains in their preliminary or 

planning stages. One notable limitation is the potential for batch-to-batch variability in coating 

properties, which can arise from disparities in synthesis conditions (Cai et al., 2023), ensuring 

consistency in coating characteristics is therefore considered paramount for reproducibility and 
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reliability in clinical settings. Furthermore, the long-term in-vivo stability of polydopamine coatings 

and their potential degradation over time remains largely unknown and thus requires further 

evaluation, particularly in the context of implantable medical devices or long-lasting tissue 

engineering constructs. 

Upon concluding the 3D cell adhesion studies performed in chapter 4, a PDA coating was 

considered vital for the successful adhesion, proliferation and penetration of Y201 and C2C12 

cells into porous agarose scaffolds. Through this finding, it was hypothesised that conditions 

were now optimal for scaffold mediated gene delivery via the presence of in-situ 

electrophoretically loaded transfection payloads (F-AGE-1 and F-AGE polyplex GAM 

scaffolds).  

7.2.4 3D transfection capability of F-AGE agarose GAMs 

Up to this point, several essential components of a 3D GAM scaffold system were either tested 

and validated or optimised to an acceptable level in chapters 3, 4 and 5. Consequently, the initial 

aim of chapter 6 was then to combine these findings in order to generate two novel 

biocompatible, bioactive, transfection capable 3D agarose GAM systems (F-AGE-1 agarose 

GAMs and F-AGE polyplex agarose GAMs). Once fabricated, the aim was ultimately to test 

both systems specifically for their in-vitro 3D gene delivery capability. Crucially, prior to testing of 

agarose GAMs, transfection capabilities of CaP and PEI was validated in a 2D cell monolayer 

format and a 3D transfection control experiment.  

A range of F-AGE-1 pDNA-CaP and F-AGE polyplex scaffolds were produced. After successful 

spatial patterning and freeze-drying, scaffolds were subjected to the optimised PDA coating 

procedure, thus generating a PDA coated agarose GAM scaffold system. A 3D transfection study 

was undertaken in both C2C12 and Y201 cell lines, with transfection analysis occurring over a 7 

day culture period. Furthermore, a LIVE-DEAD fluorescence assay was used as a control 

experiment post agarose GAM cell seeding. Upon application of the LIVE-DEAD stain to F-

AGE-1 and F-AGE polyplex GAMs, it was re-affirmed that previously optimised cell seeding 

procedures were effective in this case, with large quantities of viable cells (C2C12 and Y201) 

present on the scaffold surfaces. Furthermore, this data showed highly consistent behaviours to 

that identified in the PDA optimisation work in chapter 4, with good initial adhesion (cell 

attachment, cell viability, and appropriate cell morphology). As the only modification made to 

these newer scaffold systems was the inclusion of electrophoretically deposited transfection 

payloads, it was confidently hypothesised that cell infiltration and penetration throughout the 

scaffold bulk was also achieved as previously shown. Unfortunately, in terms of the 3D GAM 

transfection study, it was found that no reporter gene expression was produced by any of the F-

AGE-1 agarose GAMs or the F-AGE polyplex scaffolds at any of the measured transfection 

assay timepoints (48 hours, 72 hours and 7 days). This unanimous result was consistent when 
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agarose GAMs were seeded with either C2C12 or Y201 and also remained the same upon 

increases in pDNA concentration (2.5 μg or 5 μg).  

Based on both the LIVE-DEAD agarose GAM images and 3D transfection results, it was 

apparent that one or multiple inherent issues were present within both scaffold systems which 

prevented even low levels of reporter gene transfer. Through extensive method scrutiny, several 

working theories have since been postulated which may have contributed. These are discussed 

further in the following sections.  

7.2.4.1 Potential issues with transfection payload encapsulation/co-complexation 
efficiency 

As illustrated in the early chapter 5 2D cell monolayer investigations, transfection payloads in the 

absence of a chemical transfection vehicle (such as CaP or PEI), were shown to not be capable 

of inducing tangible reporter gene expression in either C2C12 or Y201s. This was likely attributed 

to several extracellular and intracellular barriers such as resident serum nucleases, the negatively 

charged plasma membrane, endosomal and lysosomal vesicle enzymes which restrict plasmid 

vector delivery and expression (Pouton & Seymour, 1998; Varkouhi et al., 2011). As similarly low 

levels of transfection were illustrated in 3D agarose GAM transfection study, it was possible that 

F-AGE-1 and F-AGE polyplex approaches may not have resulted in effective encapsulation/co-

complexation, specifically between electrophoretically loaded pDNA and CaP/PEI. In this 

scenario the agarose GAMs would’ve likely contained in-situ but uncomplexed transfection 

payloads, which would possess very poor gene delivery capabilities (Nie et al., 2009). As the 

development of complex extraction methods in the simultaneous Dr Feichtinger supervised  

PhD project proved unsuccessful, a potential drawback in this study was the reliance of 

qualitative agarose gel imaging (digital photograph and SYBR SAFE Gel stain) for F-AGE-1 

method optimisation and co-localisation confirmation. This was generally found to be sub-

optimal, with non-specific and highly subjective visual data being produced. Furthermore, due to 

the restriction of image capture from a vertical viewpoint, this resulted in a potentially skewed 

analysis whereby apparent co-localisation may have actually been pDNA bands appearing within 

agarose hydrogels below or above the CaP precipitate region. As no visual changes in actual DNA 

band patterns could be ascertained, this notion may hold true to some extent within the F-AGE-

1 approach.  

However, in the case of the F-AGE polyplex method, co-complexation failure was deemed highly 

unlikely, specifically given the sole appearance of PEI precipitates only when pDNA and PEI 

loading solutions were proximally deposited within agarose hydrogels via electrophoresis. Given 

the stronger co-complexation evidence, the fact that F-AGE polyplex GAMs also failed to induce 

a gene response in 3D transfection studies, potentially indicates that encapsulation/co-

complexation may not be the issue. To fully confirm whether encapsulation/co-complexation 

did occur, a large scale 20-30 day DNA release and encapsulation study should be performed on 
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F-AGE-1 and F-AGE polyplex GAM scaffolds. Through short and long term scaffold 

incubation in both a stable buffer system (e.g PBS or TRIS buffer) and a complex dissociative 

buffer system (e.g. EDTA for CaP-pDNA, heparin for PEI-pDNA), the percentage of free and 

encapsulated pDNA molecules released from fabricated agarose GAMs could be indirectly 

calculated (measurements being performed using a Picogreen DNA assay) (Bisht et al., 2005; 

Nguyen et al., 2008). 

7.2.4.2 Potential issues with transfection payload release kinetics  

The developed F-AGE agarose GAM scaffolds were hypothesised to facilitate 3D scaffold 

transfection via surface mediated gene transfer mechanisms. Shen et al however states that for 

this to be achieved, the scaffold surface must not only enable cell adhesion and growth (without 

inducing cytotoxic effects), but also sufficiently release adhered or immobilised DNA 

molecules/transfection payloads into surrounding medium. With this release, regions of high 

local payload concentration are formed in solution at the scaffold surface, thus encouraging DNA 

uptake by surface attached cells (Shen et al., 2004). In the context of this thesis, a sub-optimal 

payload release mechanism from the agarose GAM surfaces may have attributed to the poor 

transfection data observed. This includes the possibilities that transfection payload release was 

either too fast, too slow or in fact did not take place at all. Based on the literature regarding 

agarose hydrogel based DNA release, evidence may indicate a slow release model might hold 

more relevance for the agarose GAMs produced in this project. Specifically, in a similar report 

by Meilander et al, a 0.75 wt% agarose hydrogel encapsulated with 125 μg pDNA (complexed 

with a cationic peptide vehicle) illustrated only 40% and 50% payload release when incubated in 

PBS solution for 10 days and 1 month, respectively (Meilander et al., 2003). This apparent release 

profile compares poorly with other established works by Tierney and colleagues, who 

demonstrated 100% polyplex release from a transfection capable collagen based GAM after 2-3 

weeks (Tierney et al., 2012). Within clinical contexts, this faster release profile was deemed 

substantially more optimal for GAM systems, given that an early and powerful gene delivery 

response is required within the first days and weeks to induce high quality tissue repair (Ji et al., 

2011).  However, it must be stated in contrast to Meilander, our agarose GAMs were subjected 

to a lyophilisation process, which converted agarose hydrogel nanopores to a larger micron size. 

Given it is well established that drug loaded biomaterials with larger pore diameters have 

enhanced drug/payload release rates, it remains probable that in-situ electrophoretically loaded 

transfection payloads formed in our study will have released within a faster timeframe (Zhang et 

al., 2021). Herein, lies a further complexity concerning GAM based systems, with transfection 

payload release profiles needing to be adapted and optimised specifically to match with cellular 

infiltration and migration behaviours.  
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One further variable which may have had an additional negative effect on agarose GAM 

transfection payload release is the presence of the additional PDA surface coating. As in-situ 

electrophoretic patterning was performed prior to scaffold functionalisation, it can therefore be 

reasoned that the highly adhesive coating may have entrapped or “masked” the transfection 

payloads, thus preventing effective release and exposure to scaffold infiltrating cells. Through 

largely the same encapsulation/release study as stated in the previous section (additional uncoated 

versus PDA coated groups also analysed), its effect on transfection payload release could also be 

answered.   

7.2.4.3 Potential issues with lyophilisation/freeze-drying 

As illustrated in chapter 3, lyophilisation was an essential process required for the conversion of 

agarose hydrogels into macroporous scaffolds, crucially imbuing the resulting biomaterial with 

various structural and biomechanical characteristics which more favourably enable its application 

within 3D cell culture contexts (i.e larger pore sizes of approximately 215 μm). Despite this 

beneficial conversion process, there is additional evidence that states its fundamental processes 

(e.g. the freezing and drying steps) can have a substantial destabilising or disruptive effect on the 

chemical transfection payloads (Anchordoquy & Koe, 2000; Kasper et al., 2011). To this end, 

various examples have since been reported which confirm an overall negative relationship 

between the lyophilisation process and downstream transfection capabilities of gene delivery 

payloads, specifically illustrating a multitude of separate freezing related and drying related 

limitations, as shown in (Trenkenschuh & Friess, 2021). Intriguingly, in such studies, prolonged 

exposure of aqueous polyplex formulations to the frozen state has been shown to induce 

significant aggregation. This has been shown to be attributed in part to the rapid freeze-

concentration occurring within the exposed solution (Armstrong & Anchordoquy, 2004). In this 

example, polyplex payloads appear to consolidate within residual unfrozen liquid fractions of the 

sample, facilitating the enhancement of unwanted particle-particle interactions due to their close-

proximity (Randolph, 1997). As a result, previous electrostatic repulsive forces between 

polyplexes are likely overcome by more attractive inter-particle forces, leading to the 

aforementioned uncontrolled aggregation of the system. A process which may be further 

exacerbated by synchronous freezing mediated increases in polyplex ionic strength, promoting 

charge shielding and further aggregation (Bhattacharjee, 2016). Other factors such as internal and 

external ice crystal formation can also play a role in destabilising transfection payloads simply due 

to the exposure to severe mechanical stresses. Furthermore, depending on the buffer system in 

which the payloads are dissolved (e.g. sodium phosphate buffer), it has been found that severe 

pH changes can occur as temperature is reduced, thus inducing surface charge alterations and 

eventual colloidal instability (Kolhe et al., 2010; Trenkenschuh & Friess, 2021).   

On top of freezing mediated damage, further evidence has also been reported that the 

sublimation process (primary and secondary drying) can also play a harmful role, particularly in 
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electrostatically stabilised nanoparticles such as lipids. The cause and effects of the freeze-drying 

process can be found summarised in Figure 7.2. As agarose GAM hydrogels were subjected to 

three sequential freeze-drying processes (1st – directly after F-AGE patterning procedure, 2nd – 

after PDA coating, 3rd – after ethanol sterilisation), a substantial lyophilisation mediated negative 

effect could have rendered the final electrophoretically loaded payloads severely damaged and 

thus resulted in the poor 3D gene delivery capabilities illustrated. 

 

One novel solution to this problem, as proposed by Kasper and colleagues, could be through the 

coupling of pDNA-PEI polyplex payloads with known cryoprotective and lyoprotective 

stabilisers, such as sucrose, trehalose, β-cyclodextrin. Significantly, in this stated report, it was 

shown that after lyophilisation (followed by reconstitution after 6 weeks storage), stabiliser 

modified polyplex solutions were highly resistant to the previously stated aggregative behaviour 

and as a result were able to maintain high transfection capabilities when applied in cell monolayer 

contexts (Kasper et al., 2011). The reason for this, they propose, was due to the vitrification 

mechanism associated with such stabilisers, whereby polyplex payloads are effectively 

immobilised or “caked” within a rigid, amorphous sugar matrix, thus restricting the diffusion, 

leakage and aggregation mediated damage associated when DNA-transfection vehicle solutions 

are freeze-dried (Mensink et al., 2017; Trenkenschuh & Friess, 2021). Using this study as a model, 

future work should be pursued which attempts to couple a cryoprotective and lyoprotective 

stabiliser within F-AGE fabricated agarose GAM scaffolds. If achieved, the effects surrounding 

freeze-drying mediated transfection payload deactivation could be hypothetically minimised and 

thus recapitulate 3D transfection capabilities.  

Figure 7.2 – Destabilisation factors and consequences on transfection payload stability during 
freeze-drying process. Adapted from (Trenkenschuh & Friess, 2021). 
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In conclusion, this section has highlighted three specific hypotheses which may have singularly 

or collectively contributed to the poor 3D transfection capabilities identified with the developed 

F-AGE-1 and F-AGE polyplex agarose GAM scaffolds. In-depth investigations should now be 

undertaken which test each individual hypothesis and the resulting outcomes (i.e whether the 

hypothesis is accepted or rejected) will greatly aid further progression of this device towards the 

clinic. 

7.3 Development of CCHLVs for use in agarose GAMs  

Despite the ever growing popularity of non-viral GAM systems as effective strategies for tissue 

repair, the reliance on plasmid vectors as the DNA vector of choice remains a limiting factor for 

its clinical application. Strangely however, only one example currently exists which has attempted 

to formulate a GAM system containing an alternate, more clinically relevant and safer DNA 

cargo, with this being the minicircle loaded PLGA scaffold developed by Keeney and colleagues 

(Keeney et al., 2016). As covalently closed hairpin loop vectors (CCHLV) have shown remarkable 

potential for enhanced gene delivery, as well as a similarly impressive safety profile, this thesis 

sought for the first time to generate a CCHLV loaded GAM, specifically within the AGE 

patterning platforms tested previously (Schakowski et al., 2001).  

In order to progress closer towards this larger overall goal, chapter 6 consisted of a proof-of-

concept study. The two aims of this study were to 1) produce an effective and efficient CCHLV 

synthesis strategy based on the ELAN concept, 2) assess the 2D gene delivery capabilities of the 

newly synthesised DNA vectors, with particular emphasis towards CCHLV performance in 

comparison to equivalent plasmids (Schakowski et al., 2001). Regarding the first aim, the reason 

an ELAN synthesis strategy was selected over the PCR mediated methodologies, was based on a 

combination of cost considerations, commercial scale-up potential and the risk of base sequence 

mutations. When considering the PCR method, it specifically relies on a bottom-up type 

approach, whereby final CCHLV yield is determined by the amount of GEC product produced 

from a standard Taq or KOD polymerase PCR amplification process. As standard PCR reactions 

generally produce yields of only 1 μg per run, this was considered a low return given experimental 

set up time, consumables costs and the amount of CCHLV vector required for future GAM 

incorporation (~2.5-10 μg per GAM) (Cha & Thilly, 1993; Tierney et al., 2013). Furthermore, as 

polymerase enzymes possess a mutation risk (Taq polymerase: 1.8x10-4 error rate), unintended 

loss of function mutations within GEC regions could occur (Potapov & Ong, 2017). In contrast, 

the ELAN approach utilises a top-down approach, whereby final CCHLV yield is determined 

primarily by the quantity of source plasmid applied within the primary restriction enzyme 

digestion step. As a result, large-scale batch E.coli fermentation can be utilised (maxi-

preparation/gigapreparation/industrial scale bioreactors), producing plasmid yields in the 

milligram to gram range without the high risk of sequence mutation. This was considered vital 

for downstream vector application in gene therapy contexts as well as for large scale commercial 
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manufacturing. Two ELAN synthesis approaches were produced, termed the Feichtinger-

enzymatic ligation assisted by nucleases type II (F-ELAN-II) and Feichtinger-enzymatic ligation 

assisted by nucleases type IIS (F-ELAN-IIS). Naturally, these approaches utilised singular type 

II or type IIS restriction enzymes respectively.  

One of the first findings when testing the F-ELAN-II CCHLV synthesis approach was the 

preferential production of unwanted exonuclease resistant ligation products (such as 

recircularised plasmids, mini-circles and hairpin dimers), when GEC and hairpin oligonucleotide 

material was combined in the presence of ligase. This was attributed specifically to the 

complementary overhang sequences present on the GEC and hairpins, which severely restricted 

the efficiency of CCHLV production. Raising the hairpin concentration up to X1000 excess was 

shown to rectify this, but predominantly this was considered a substantially inefficient and costly 

solution. 

This ultimately led to the creation of the F-ELAN-IIS method. To this author’s knowledge, this 

was the first time a type IIS restriction enzyme had been utilised within an ELAN strategy for 

the formation of a CCHLV. Through its unique downstream recognition site, it allowed the 

author complete control over 5’ and 3’ GEC overhang sequences and hairpin oligonucleotide 

sequences – the previous contributors to the inefficiency observed within the F-ELAN-II 

approach. By selecting two separate non-palindromic, non-complimentary four base sequences 

(representing the 5’ and 3’ GEC overhangs), a facile system was then created which facilitated 

the sole production of a CCHLV construct. Remarkably, it was found that a completely pure 

CCHLV product could be generated using a single tube method, with a hairpin excess as low as 

10-20 fold. This surpassed all currently used ELAN type II approaches, with the current best 

solution utilising 80 fold excess of oligonucleotide hairpins (Schakowski et al., 2007; Schakowski 

et al., 2001; Schmidt, 2005).  

Considering these data, the F-ELAN-IIS method has the potential to become the new accepted 

gold standard ELAN synthesis strategy and could feasibly revolutionise the CCHLV research 

field through its efficiency and cost-effectiveness. To substantiate these claims, a large-scale 

statistically powered yield efficiency investigation should be performed, with both the F-ELAN-

IIS and the current gold standard ELAN synthesis methods run in tandem (Schakowski et al., 

2007; Schakowski et al., 2001; Schmidt, 2005). By ensuring the same amount of starting DNA 

material is provided at the beginning of the synthesis pathway, downstream CCHLV yields can 

be collated and statistically analysed for each approach. Separately to this, a costs of goods analysis 

would also be recommended. This would be crucial for understanding the economic viability and 

competitiveness of a newly developed F-ELAN-IIS synthesis strategy compared to the existing 

gold standard. Elements of the synthesis process that would be compared include raw material 

procurement, labour costs, equipment costs, manufacturing time and final yield produced. By 

achieving a system wide lower cost and better yield method, patient access to gene therapies can 
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be enhanced. In combination, these two studies could effectively illustrate both the research and 

clinical potential of the F-ELAN-IIS strategy and thus recommend its wide-spread adoption 

within the non-viral gene therapy field. 

From a gene delivery and transfection perspective, the CCHLVs appeared to illustrate both cell 

dependent and transfection vehicle dependent behaviours. For C2C12 cells, CCHLVs were 

found to induce equivalent or in some cases (e.g. the PEI group) significantly greater amounts of 

gene expression, in comparison to plasmid controls. In contrast, when exposed to Y201 cells 

(Figure 7.19), the opposite effect was generally illustrated, with pDNA vectors outperforming 

CCHLVs when applied in equimolar quantities. The reason for this difference likely centres 

around different cell specific attributes, with tissue origin, cell cycle dependency, cell specific 

endocytosis pathways, cell specific promoter/enhancer sequences all playing roles in vector 

delivery to nucleolar components and thus the final gene expression observed (Yang et al., 2022). 

Future works should now look to expand on this study, with a particular emphasis on elevating 

transfection potential of CCHLV constructs within so called “hard to transfect” cell lines such 

as Y201s and primary BM-MSCs.  

Unfortunately, due to time constraints and the transfection issues of the F-AGE-1 and F-AGE 

polyplex agarose GAM scaffolds, the evaluation of CCHLV systems as gene delivery vehicles 

within agarose GAM scaffolds could not be undertaken in this PhD project. Despite this, the 

successful optimisation of the ELAN CCHLV synthesis (F-ELAN-IIS), is an extremely 

significant and exciting result. 

7.4 Clinical translation and feasibility of electrophoretically patterned agarose 

GAMs 

As highlighted in Chapter 1, osteochondral defects represent a significant clinical challenge 

imparted through the limited reparative capacities of local cartilage tissue systems as well as the 

underlying gradient-like architectures which are present within the natural osteochondral unit 

(Karuppal, 2017; Wang et al., 2022). While various current generation treatment modalities such 

as microfracture, mosaicplasty, ACI and cell-free tissue engineering scaffolds have been 

employed as reparative solutions, their efficacy in achieving durable, functional, and hierarchical 

neo-tissue remains largely sub-optimal for this context. Although the root cause of such neo-

tissue inferiorities varies for each modality, there is a common consensus in the field that they 

are all generally lacking in terms of the simultaneous provision of complex structural frameworks 

and supply of regulatory/directive bioactive stimuli to endogenous cellular populations (Madry 

et al., 2020). The clinical necessity therefore for gradient patterned gene loaded scaffolds in 

osteochondral repair arises from the pressing need to overcome these limitations and achieve the 

robust, long-lasting natural tissue regeneration that is desperately required. In terms of the novel 

agarose F-AGE GAM osteochondral system tested in this thesis, there are several advantageous 
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properties within its manufacture and overall design which aids in its downstream clinical and 

commercialisation potential.  

Firstly, due to agarose’s use as a gel electrophoresis filling material in molecular biology 

laboratories worldwide as well as being derived from a naturally occurring and abundant resource 

(Seaweed – Rhodophyceae species), it is considered to be a highly accessible and low cost base 

material (agarose powder unit costs per 100g at £276.00 (SeaKem® LE (Lonza, UK)), especially 

when compared to other commonly used biomaterials such as Collagen, Silk and Self-assembling 

Peptides (Jiang et al., 2023). Significantly, for many prospective tissue engineering/GAM scaffold 

based approaches aiming for eventual large scale manufacture, having such low raw material 

sourcing costs is considered a paramount pre-requisite and thus the utilisation of agarose 

polysaccharides in this approach can effectively negate such a clinical translational barrier 

(Gonçalves et al., 2021).  

Additionally, based on this research, the F-AGE patterning systems (F-AGE-1 and F-AGE 

polyplex) utilised for in-situ payload incorporation appear highly reliable and repeatable, whilst 

crucially producing very large quantities of GAM scaffolds from minimal production runs. When 

considering a single 3 wt% 15 x 15 cm gel slab utilises 3.9 g agarose powder, and 240 individual 

agarose GAMs can be manufactured per slab, this equates to as little as £0.042 per GAM 

(excluding buffers, DNA payload materials, PDA coating, freeze-drying, sterilisation and man-

power costs). This high throughput low cost characteristic particularly sets this projects F-AGE 

agarose GAMs apart from other current osteochondral GAM systems produced by Chen et al, 

Lee et al and Needham et al, who all utilise singular mold cross-linking/fibrin glue based strategies 

which are more difficult to manufacture in bulk at industrial scales (Chen et al., 2011; Lee et al., 

2017; Needham et al., 2014).  

Significantly, upon completion of all manufacturing and processing steps, the F-AGE agarose 

GAMs developed in this project are crucially in a lyophilised/dry state. This characteristic is 

extremely beneficial for implantable medicical devices for a number of reasons specifically related 

to improved commercialisation and clinical feasibility (Nwankwo et al., 2023). Firstly, through the 

act of removing all water from the biomaterial matrix, it is generated found that such systems can 

more effectively maintain their original/desired physical structural integrity, avoiding the risk of 

fibre damage and collapse from inherently entrapped moisture particles. This naturally results in 

a more commercially viable off-the-shelf product, crucially with longer term expiration dates 

(Sharma et al., 2021). Importantly, lyophilised systems also confer the requirement for inexpensive 

low energy storage facilities, whereby room temperature or refrigurated temperature systems can 

be utilised instead of costly ultra-low temperature storage such as liquid nitrogen. And finally, 

lyophilised biomaterials are well-suited for transportation and distribution, offering enhanced 

stability and resilience to environmental stressors during transit (Merivaara et al., 2021). The 

removal of water from the biomaterial matrix reduces the risk of physical degradation or 
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microbial contamination during shipping, thereby ensuring the integrity and efficacy of the 

material upon arrival at the clinical site (Dai et al., 2016; Markowicz et al., 2006). Additionally, the 

lightweight nature of a potentailly lyophilised GAM system facilitates cost-effective 

transportation and reduces logistical complexities associated with handling and storage. 

Unfortunately, despite the commercial advantages stated above, the F-AGE GAM approach does 

inherently possess various fundamental flaws which significantly lowers its overall feasibility and 

likelihood of commercial adoption. One example of this for instance is the poor cellular adhesion 

capabilities of unmodified agarose biomaterials and the necessity of PDA surface 

functionalisation (Bloch et al., 2005). Such modification steps, whilst acceptable in smaller 

academic studies, may become problematic in commercial settings whereby its presence can 

result in extended manufacturing timescales, batch-batch variabilities and additional cost outlays. 

As an implantable medical device, any PDA coated GAM system would also require unanimous 

compliance with UK, EU or US statutory regulations and ISO standards – a trait which as of 

2023 has not yet been granted to any PDA modified scaffold-like system (Witkowska et al., 2023).  

A further problem to consider was the necessity of physical biomaterial conversion techniques, 

such as freeze-drying, for the specific conversion of nanoporous agarose hydrogel GAMs into 

macroporous scaffolds (Guastaferro et al., 2021). By generating pore structures through this 

largely uncontrollable and temperamental method (ice formation-sublimation), there is an 

increased risk that significant batch-batch variabilities between individual GAM products can 

occur. This characteristic being once more unfavourable in terms of biomaterial reproducibility 

within clinical and commercial manufacturing contexts. In this regard, there has been a clear 

recent trend away from conventional biomaterial manufacturing and processing techniques in 

favour of more advanced controllable additive manufacturing methodologies (Suamte et al., 

2023). With methods such as stereolithography, fused deposition modelling and laser-assisted 3D 

bioprinting now offering ultra-precise and repeatable machinability and the flexibility for 

topologically optimised geometric structures, it is clear more commercially feasible 

manufacturing approaches exist which could supplant that used in this work (Chou et al., 2016; 

C. R. Dou et al., 2021; Schubert et al., 2014). 

Lastly, as a result of the incorporation of genetic material, such as plasmid DNA vectors, into a 

3D scaffold system, a further complexity is introduced to the already expansive and exhaustive 

regulatory and commercial landscape. This can be exemplified by the fact that under European 

Medicines Agency guidelines, a GAM system can be considered as both a GMTP (gene therapy 

medicinal product) and as a cATMP (combined Advanced Therapeutic Medicinal Product) under 

Article 2(1) of Regulation (EC) No. 1394/2007, and thus must adhere to additional time-

consuming testing specifications not previously required of scaffold only approaches. Moreover, 

the FDA in contrast considers such products to be classified under the “combination products” 

label which covers an entirely separate testing specification (Wilkinson et al., 2021). Such 
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differences across EU and US regulatory jurisdictions in terms of classifications and compliance 

therefore instigates the requirements for separate, independent pre-clinical and clinical trials, 

which naturally commands considerable monetary investment and time. Interestingly, the GAM 

commercialisation landscape within the Russian Federation however appears more conducive to 

clinical acceleration, as shown by the rapid approval and clinical trial testing of “Neovasculgen R 

” and “Neovasculgen R -Nucleostim GAM combination device” (HSCI, Russia) for the 

treatment of chronic lower limb ischemia (Deev et al., 2017). Through an apparent phased 

translational pathway in which a previously approved gene therapy can be combined and 

repurposed within a biomaterial GAM system, such dogmatic regulations may in fact be rapidly 

fast-tracked in some instances. In wider scientific contexts, the recent rapid FDA approval and 

successful roll out of RNA-based COVID-19 vaccines suggests RNA/DNA based therapeutics 

do in fact possess powerful clinical potential and its worldwide acceptance may now act as the 

doorway for more GAM biomaterial based devices entering clinical readiness in the future (Laird 

et al., 2021).  

7.5 Conclusion 

To conclude, this project describes the continued development of an early stage agarose GAM 

scaffold platform in which electrophoretic mechanisms are innovatively used to simultaneously 

synthesise and spatially pattern DNA transfection payloads in-situ. 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. This was ultimately 

achieved with two specific electrophoresis platforms (F-AGE-1 and F-AGE polyplex), which 

allowed for the downstream fabrication of agarose GAM scaffolds incorporated with pDNA-

CaP payloads and pDNA-PEI payloads, respectively. The outcomes of this work in relation to 

the six project objectives are shown below: 

1) To determine the structural and physical effect of freeze-drying on different 

agarose formulations. 

• 1 wt% and 3 wt% agarose hydrogels were subjected to a freeze-drying process 

with resulting porous scaffolds compared for their resistance to lyophilisation 

mediated damage and pore size. The 3 wt% hydrogel formulation was 

specifically found to be optimal and sufficient across both respective testing 

measures.  

 

2) To determine if the primary F-AGE-1 agarose gel electrophoresis approach can 

be successfully translated into higher percentage agarose gels. 

• Using qualitative gel image and SEM analysis it was shown that the F-AGE-1 

platform remained effective at synthesising in-situ CaP nanoparticle precipitates 
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within 3 wt% agarose hydrogels. Furthermore, through optimisation of pDNA 

migration conditions, it was possible to co-locate said payloads with CaP 

precipitates thus inducing a potential co-complexation reaction. 

 

3) To design and validate a new iteration of the agarose gel electrophoresis 

approach which could synthesise and spatially deposit pDNA-PEI transfection 

payloads in-situ. 

• Through modifications to the F-AGE-1 platform, it was illustrated for the first 

time that linear PEI polymers can also be electrophoretically deposited 

alongside pDNA payloads within agarose hydrogels, with a precipitate-like 

pDNA-PEI compound being explicitly synthesised in-situ. 

4) To determine and if necessary optimise the cytotoxicity and cellular adherence 

characteristics of agarose GAM scaffolds. 

• In-vitro analysis of the F-AGE-1 agarose GAMs demonstrated good cytotoxicity 

but showed characteristic signs of low inherent cellular adhesion. Through 

subsequent application of a surface coating (polydopamine), characteristics such 

as cell attachment, viability, cell morphology and metabolic activity could be 

substantially enhanced. Long term examination revealed osteogenic and 

chondrogenic potential of polydopamine functionalised scaffolds, thereby 

establishing the potential of these GAMs for osteochondral tissue repair. 

5) To characterise the 3D gene delivery capabilities of developed agarose GAM 

scaffolds. 

• A variety of PDA coated F-AGE-1 and F-AGE polyplex agarose GAM 

scaffolds were fabricated and tested for their functionality as 3D gene delivery 

systems. However, no apparent 3D gene transfection was detected over a 7 day 

period upon seeding and culture with C2C12 and Y201 cell lines. Additional 

testing is required to ascertain the mechanism for this outcome. 

6) To explore the potential of covalently closed hairpin loop vector (CCHLV) 

systems as an alternative nucleic acid vector for agarose GAM incorporation. 

• A remarkable type IIS restriction enzyme modified ELAN strategy (F-ELAN-

IIS) was developed which enabled functional CCHLVs to be produced more 

efficiently and at lower cost (in comparison to the current established ELAN 

type II synthesis method). Furthermore, under specific conditions (such as cell 

type, transfection vehicle) CCHLVs possessed better transfection efficiencies in 

comparison to plasmid vectors. 
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7.5.1 Future work 

This discussion chapter has highlighted suggestions to improve experimental procedures and 

identified further exploratory studies necessary for the continued development of this novel 

agarose GAM system towards clinical readiness. The following section will now clearly list the 

higher priority recommendations. 

i. Biomechanical characterisation of 3 wt% agarose scaffolds 

Scaffold tissue engineering mediated regeneration of osteochondral defects is dependent on 

the provision of a mechanically stable biomaterial construct (i.e. one that can withstand and 

dissipate clinically relevant mechanical loads. For any newly formulated GAM therapeutic 

(such as the agarose GAMs developed here), a comprehensive biomechanical 

characterisation study is essential. Initial indentation creep testing of 3 wt% agarose scaffolds 

followed by finite element modelling should be performed (Abdelgaied et al., 2015; Pawaskar 

et al., 2010). Through testing alongside native bone and cartilage tissue controls, in a low load 

set-up (percentage deformation below 20% - according to biphasic model assumptions), 

valuable insights into agarose scaffold compressive modulus and permeability could be 

ascertained. Using this data, experimental plans can then be constructed which either 

investigate necessary biomechanical enhancement strategies or directly test in-vitro and in-vivo 

scaffold functionality, specifically in the context of the impact of non-native biomechanical 

properties on cellular signalling and downstream joint restoration.  

ii. Transfection payload extraction from agarose hydrogels 

One major limitation identified throughout the duration of this research project was the lack 

of an effective transfection payload extraction method once in-situ electrophoretic synthesis 

and spatial deposition within agarose hydrogels had been completed. With such a method, 

more extensive and specific characterisation of the resulting payloads would have been 

possible (e.g. size, shape, encapsulation efficiency and transfection verification studies). As 

described in section 0, two methodologies have been proposed and examined within an on-

going aligned PhD project which may solve this issue. These methods have been termed: 

electrophoretic transport with membrane fractionation, and isolation via agarose enzymatic 

degradation. This work should be expanded with additional recommendations for both the 

stated methods. In terms of the electrophoretic transport with membrane fractionation, a 

separate study should be performed which tests the applicability of continuous elution 

electrophoresis systems, such as the BioRad Mini Prep Cell machine, which has excellent 

utility in protein purification from agarose gels. With good literary evidence for its applied 

use in plasmid purification, this system may hold potential for isolation of co-complexed 

pDNA-CaP or pDNA-PEI transfection payloads (Rodriguez & Akman, 1998). In terms of 

the enzymatic method, this author recommends the utilisation of novel thermostable β-

agarase enzymes (J. Li et al., 2014). Due to the stated limitation observed in temperature 
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dependent re-gelation of agarose GAM scaffolds during extraction, it is believed that a 

thermostable agarose degrading enzyme which effectively degrades molten agarose solutions 

could hold the key to allow effective extraction of transfection payloads away from agarose 

components.   

iii. Further investigation into release and encapsulation kinetics 

For a GAM system to induce transfection, it is accepted that 1) a large reservoir of 

successfully co-complexed transfection payloads must be present (i.e pDNA vectors 

electrostatically bound to either CaP or PEI) and 2) that these payloads can then be 

effectively released from the surface of the biomaterial on which they are immobilised. A 

comprehensive DNA release study experiment has the ability to measure/quantify both of 

these characteristics. The logical next step for future works would be to execute a long term 

release study (0-30 days) for both F-AGE-1 and F-AGE polyplex GAM scaffolds, 

determining whether either of the above stated factors contributed to the low 3D gene 

delivery capacities observed in this project. To ascertain encapsulation efficiency, scaffold 

GAMs should be incubated in both stable and dissociative buffer systems as described in 

section 7.2.4.2. Furthermore, to elucidate the potential inhibitory release effect of a PDA 

coating, both uncoated and PDA coated GAMs should be tested and examined 

simultaneously. 

iv. Assessment of the effect of freeze-drying on in-situ synthesised transfection payloads  

To affirm the effects of freeze-drying on the electrophoretically patterned in-situ transfection 

payloads generated via the F-AGE approaches, it is essential once more that an effective 

agarose gel extraction procedure is developed (future experiment ii). By achieving this goal, 

a downstream study can then be carried out in which transfection payloads are isolated from 

either non-freeze dried or freeze-dried agarose GAMs. Then, by applying these isolates to a 

2D cell monolayer transfection model, the lyophilisation effect can be easily evaluated. 

If freeze-drying is confirmed to have a significant detrimental effect on gene delivery 

capabilities (as proposed by (Armstrong & Anchordoquy, 2004)), a new theme of research 

should be introduced within the Feichtinger lab group concerning strategies which combat 

or mitigate this problem. In a similar fashion to reported works by Kasper and colleagues, 

future investigations should likewise test a range of promising stabiliser compounds (such as 

sucrose or hydroxypropylbetadextrin) which can be added to aqueous solutions of 

formulated polyplexes, prior to freeze-drying (Kasper et al., 2011). Once an optimal 

transfection preserving formulation has been achieved, attempts should then be made to 

incorporate these formulations within the F-AGE patterning platforms. This author believes 

specific care should be taken to ensure the stabiliser compounds are biocompatible, are 

regulatory approved and inherently charged, making them capable of migration through 

agarose gels under an electric field.   
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v. Further investigation and optimisation of CCHLVs 

This thesis has demonstrated the significant potential of CCHLVs for improved gene 

delivery in cell lines such as C2C12s, specifically in comparison to plasmid equivalents. 

Naturally, the next step would be to formulate a similar CCHLV conjugate construct (e.g. 

NLS bound or aptamer bound) which has a comparable effect in Y201 and primary BM-

MSCs. To achieve this, the primary click chemistry investigations presented in appendix 8.6 

should be continued. In these experiments, early stage progress was made regarding the use 

of alkyne modified hairpin oligonucleotides (in this case an EdU functional group) in proof-

of-concept click chemistry reactions. An azide containing alexa fluorophore was successfully 

conjugated to an EdU containing hairpin oligonucleotide, specifically via a stable CuAAc 

click reaction. Due to this success, the next step would be to apply the same click chemistry 

protocol with an azide modified NLS peptide or an azide modified aptamer molecule. In the 

case of the latter, an aptamer specific to the CD29 cell surface receptor could be highly 

relevant and hypothetically induce greater dumbbell mediated gene expression in Y201 and 

BM-MSC specific cell types (Ip et al., 2007). A direct comparison between CCHLVs versus 

Aptamer conjugated CCHLVs would then provide beneficial data for advancing this type of 

vector development.   

In the longer term, fully optimised CCHLV containing therapeutic osteochondral inducing 

genes (such as TGFβ, BMP, SOX9, RUNX2) should be introduced within the agarose F-

AGE GAM system, with the ultimate aim of characterising in-vitro 3D gene delivery and 

cellular differentiation potential. This should be a substantial month-long study involving 

multi-timepoint qPCR analysis, specifically for the gene expression measurement of both 

chondrogenic and osteogenic markers (Aggrecan, Cartilage Oligomeric Matrix Protein, 

Collagen I, collagen II, collagen X, alkaline phosphatase). Results from this experiment 

would be highly beneficial in elucidating gene mediated cellular responses, allowing 

comparisons to similar osteochondral GAM studies such as that performed by (Lee et al., 

2017).  
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 APPENDIX 

8.1 Equipment 

 

Table 8.1 – Equipment: A list of general equipment used and the suppliers. 

Equipment Model Supplier 

Agarose gel comb - In-house 

Agarose gel electrophoresis 

tank (large) 
Sub Cell GT BioRad 

Agarose gel electrophoresis 

tank (small) 
Mini-Sub Cell GT BioRad 

Agarose gel tray (15 x 15 cm) - In-house 

Agarose gel tray (7 x 7 cm) - BioRad 

Autoclave MVA C40 Benchtop Priorclave 

Automatic cell counter Countess II (Brightfield) Invitrogen 

Automatic Pipettes Gilson P2-1000 Anachem Ltd 

Balances GX-2000 A&D 

Bench top centrifuge 5415R Eppendorf 

Centrifuge Harrier 15/80 Sanyo Biomedical Europe 

Class II safety cabinet Heraeus 85 Kendro 

CO2 Incubator MCO-20AIC Sanyo Biomedical Europe 

Confocal Laser Scanning 

Microscope  
TCS SP8 Leica 

Digital microscope camera AXIOCAM MRc5 Zeiss 

Freeze drier ModulyoD-230 Thermo Savant 

Freezer (-20°C) Electrolux 3000 Jencons PLC 

Freezer(-80°C) Various Sanyo Biomedical 

Fridge Electrolux ER8817C Jencons PLC 

Fume hood N/A Whiteley fume extraction solutions 

Gel electrophoresis power 

pack  
Powerpac 300 BioRad 

Gel imager BioSpectrum® 810 UVP 

Gel imager Gel doc XR BioRad 

Histology hot plate E18.1 Raymond A Lamb 

Histology Moulds (32 x 23 x 

14 mm) 
3803085E LeiceBiosystems 

Histology water bath MH8515 Barnstead Electrothermal 

Hydrogel excision tool - In-house 
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8.2 Consumables 

 

Table 8.2 – Consumables: A list of general consumables used and the suppliers. 

Liquid nitrogen dewar BIO65 Jencons PLC 

Magnetic stirrer - Fisher Scientific 

Microbalance, 7 figure digital ABJ220-4NM KERN 

Microplate 

Spectrophotometer 
Multiskan Thermo Fisher Scientific 

Microscope, upright light AXIO Imager.M2 Zeiss 

Microtome semi-automatic RM2255 Leica Biosystems 

Nanodrop 

Spectrophotometer 
ND-1000 Labtech International 

Pestle and mortar - Victor 

pH meter 3510 pH meter Jenway 

Pipette boy Acu Integra biosciences 

Plate Shaker IKA KS130 basic Jencons PLC 

Scanning Electron 

Microscope 
SU8230 Hitachi 

Slide holders E102 Raymond A Lamb 

Thermocyler 5Prime Techne 

Tissue processor TP1020 Leica 

Vacuum pump - - 

Vortexer Topmix FB15024 Fisher Scientific 

Water bath Grant JB Nova Wolf laboratories 

Water purifier Option 7 ELGA 

Wax dispenser E66 Raymond A Lamb 

Wax oven GPWAX-SO-HYD Jim Engineering Ltd 

Consumables Model Supplier 

3M Steri-Strip Skin Closure - Medisave 

Cell counting chamber slide Countess (disposable) Invitrogen 

Cell culture flasks T75, T175 Thermo Fisher Scientific Ltd 

Centrifuge tubes 50 mL Corning 

Coverslips (22 x 64 mm) Scientific Laboratory Supplies Ltd 

Cryovials Cryolife Nunc International Corporation 

Falcon tube  Conical (50 mL) Corning 

Histology cassettes EMB-130-020R Thermo Fisher Scientific Ltd 



277 
 

 

8.3 Chemicals, reagents and enzymes 

 

Table 8.3 – Chemicals used in this study 

Histology cover slips (50 x 70 

mm) 
3800198G Leica Biosystems 

Histology slides (superfrost 

plus 25 x 75mm) 
10149870 Fisher Scientific 

Microtome blades (Feather 

N35) 
3808311E Leica Biosystems 

Microtubes 1.5 mL and 2 mL Eppendorf 

OptiplateTM 96-well PerkinElmerTM 

PCR Tubes & Caps 0.2mL (8-strip) Thermo Fisher Scientific 

Petri dish 100 mm x 15 mm Fisher Scientific 

Pipette tips 10, 20, 200, 1000 μL Star Labs 

Plastic syringes 1, 2, 5, 10, 20, 50 mL Scientific Laboratory Supplies Ltd 

Scalpel blade Size 10, 22 Fisher Scientific 

Serological pipettes 5, 10, 25, 50mL Sigma Aldrich 

Sterile filters 20 and 70 μm  

Sterile loop - Fisher Scientific 

Stripettes 1, 2, 5, 10, 25 mL Sigma-Aldrich Ltd 

Tissue Culture Flask T25, T75, T175 Tissue Culture Flask 

Well plates (flat-bottomed) 
6, 12, 24, 48, 96-well 

plates 
Nunc International Corporation 

Chemical/Reagent Supplier 

Absolute Ethanol Sigma-Aldrich 

Agarose powder (Medium-

Low electroendoosmosis) 
Acros Organics 

Agarose powder (SeaKem® 

LE) 
Lonza 

AlamarBlue BioRad 

Ampicillin Sigma Aldrich 

Bovine plasma fibronectin Invitrogen 

Bromophenol Blue Sigma Aldrich 

Calcium chloride VWR International 

Chloroform Sigma 

CO2 in air 5% (v/v) British Oxygen Company 
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Coelenterazine Promega 

Cyanoacrylate contact 

adhesive 
Scotch Super Glue Liquid 

DAPI (4’-6-diamidino-2-

phenylindoledihydrochloride) 
Sigma Aldrich 

Dexamethasone Merck Life Science 

dimethylsulfoxide Sigma Aldrich 

Disodium hydrogen 

phosphate 
 

Dithiothreitol Thermo Fisher Scientific 

DNAase/RNase free water 5 Prime 

Dopamine-HCl Sigma 

DPX mountant Atom Scientific 

Dulbecco’s modified eagle 

medium (DMEM) 
Sigma Aldrich 

EDTA (disodium 

ethylenediaminetetraacetic 

acid) 

Thermo Fisher Scientific  

Eosin VWR International 

Fast Green Sigma 

Fetal Bovine Serum (FBS) Sera Labs 

Giemsa stain VWR International 

Glacial acetic acid Sigma Aldrich 

Glycerol Scientific Laboatory Supplies 

Haematoxylin (Mayer’s) Atom Scientific 

Haematoxylin (Weigert’s) Atom Scientific 

HEPES Lonza 

Hydrochloric acid (1M,6M) Thermo Fisher Scientific 

Insulin, transferrin and 

selenous acid (ITS) premix  
BD Biosciences 

Isopropanol Thermo Fisher Scientific 

ITS Corning 

Laponite® RD BYK 

L-Ascorbic acid-2-phosphate Sigma Aldrich 

L-Glutamine (200 mM) Sigma Aldrich 

Lipofectamine™ 2000  Life Technologies 

L-Proline Fisher Scientific 

Magnesium chloride 

hexahydrate 
Thermo Fisher Scientific 

Magnesium sulphate Thermo Fisher Scientific 
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Neutral Buffered Formalin 

(10% v/v) 
Thermo Fisher Scientific 

Nuclease free water VWR International 

Paraffin wax Raymond A Lamb 

Penicillin (5000 

U/mL)/streptomycin 

(5mg/mL) 

Sigma Aldrich 

Phosphate Buffered Saline 

(no calcium, no magnesium) 
Gibco 

Polyethylene oxide Sigma Aldrich 

Polyethylenimine (linear 

25KDa) 
Alfa Aesar 

Potassium chloride Sigma Aldrich 

Ready Blue Gel stain Merck 

Safranin O  Acros 

Scotts’s tap water Atom Scientific 

Sodium acetate Sigma Aldrich 

Sodium chloride Thermo Fisher Scientific 

Sodium hydroxide Thermo Fisher Scientific 

ß-Glycerophosphate Sigma Aldrich 

SYBR® SAFE DNA gel 

stain 
Invitrogen 

Thioglycollate medium USP Sigma Aldrich 

Transforming growth factor-

beta 1 
Peprotech 

Trizma base Sigma Aldrich 

Trypan blue Invitrogen 

Trypsin-EDTA solution 

(0.5%; w/v) 
Sigma Aldrich 

Tryptone soya broth Sigma Aldrich 

Viability/Cytotoxicity Assay 

Kit for Animal Live & Dead 

Cells (LIVE-DEAD) 

Biotium 

Xylene Atom Scientific 
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Table 8.4 – Restriction enzymes used in this study. 

 

8.4 Chapter 3 – supplementary information 

 

 

 

 

 

Name / 

ID 

Concentration Type  Recognition sequence Supplier 

AgeI 10 U/μL Type II A^CCGGT 

Thermo Fisher 

Scientific 

MunI 10 U/μL Type II GC^GGCCGC 

NotI 10 U/μL Type II C^AATTG 

PscI 10 U/μL Type II A^CATGT 

XbaI 10 U/μL Type II T^CTAGA 

Esp3I 10 U/μL Type IIS CGTCTC(1/5)^ 

Figure 8.1 (A-E) – T2 distribution curves and associated analysis of different percentage agarose 
scaffolds, using NMR petrophysics concepts. The values of T2 in which the signal peaks are 
proportional to the volume of the pores within the agarose scaffolds. A: T2 distribution curves of 1%-
Blank scaffolds. B: T2 distribution curves of 3%-Blank scaffolds. C: Mean T2, D: T2 signal range, E: Peak 
T2 signal. Data was analysed using an unpaired t-test or Mann-Whitney U test, depending on normality. All 
error bars represent standard error, n=5. * = P < 0.05. 
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8.5 Chapter 4 – supplementary information 

 

 

Figure 8.3 – Comparison of Y201 tri-lineage differentiation potential. Light microscopy images of 
Y201 cell monolayer and pellet cultures were captured after 3 week culture. Differentiation was 
characterised via staining with Alizarin Red, Oil Red O and Alcian Blue, respectively. Osteogenic and 
adipogenic image scale bars represent 100 μm. Chondrogenic image scale bars represent 500 μm. 

Figure 8.2 – Comparison of agarose scaffold porosity, as calculated using total T2 signal 
magnitude values. Data was analysed using a unpaired t test. Error bars represent standard deviation, 
n=5. **** = P < 0.0001. 
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8.6 Chapter 6 – supplementary information 

 

 

 

Figure 8.5 – Confirmation of successful click chemistry mediated CuAAC reactions between an 
azide containing alexaFluor molecule and an alkyne containing oligonucleotide hairpins 
(5’_Esp3I_Hairpin_EdU 3’_Esp3I_Hairpin_EdU). CuSO4 was used as the catalyst, Sodium-L-
ascorbate used as a reducing agent. Reaction conditions (final concentrations per tube): 8 μM Alexa Fluor 
647 Azide, 2 mM CuSO4, 100 mM Sodium-L-ascorbate, 1 μM or 10 μM or 20 μM 5’_Esp3I_Hairpin_EdU 
3’_Esp3I_Hairpin_EdU. 

Figure 8.4 (A & B) – Structural conformation of the Ethynyl-2'-deoxyuridine (EdU) modified 
hairpin oligonucleotides. A: 5’_Esp3I_Hairpin_EdU. B: 3’_Esp3I_Hairpin_EdU. DNA folding at 95°C 
for 5 minutes using a PCR thermocycler machine (Techne Prime, England). 
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8.7 Dynamic seeding machine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6 – An in-house dynamic seeding rig developed and manufactured in partnership with 
Daniel White, PhD student. Consists of two 316-stainless steel rollers wrapped in silicone held by ball 
stainless steel ball bearings. An electronics enclosure houses a 2-phase stepper motor (42 Ncm) - that 
drives a single roller - and DC power connections. The stepper motor drives a single roller at pre-defined 
rotational speeds. 

Figure 8.7 – Control unit for the dynamic seeding rig housing a TB6600 stepper motor driver 
controller, Arduino Uno, infrared receiver, and cooling fan. An infrared remote sends a signal to the 
infrared receiver which instructs a rotational speed (5 – 10 rpm) to the stepper motor via the Arduino Uno 
and motor driver. A 12 V DC power supply (180 W) supplies power to the control unit. 
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Figure 8.8 – 3D-CAD model of a pair roller plates (grey) for the dynamic seeder with 1.5 mL 
microcentrifuge adapters (blue) fitted. 

Figure 8.9 – A pair of 316-stainless steel roller plates with 1.5 mL microcentrifuge tubes adapters 
(green) 3D-printed in Vero® by an Objet1000 Plus (Stratasys, Minnesota, USA). 

Figure 8.10 – An assembly of the dynamic seeding rig with a pair of roller plates. 1.5 mL 
microcentrifuge tubes are fitted into the rollers with small O-rings to prevent tubes slipping out of the 
adapters. The dynamic seeder rollers have a maximum capacity of 4 pairs of roller plates. 
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