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Abstract 

Tendon injuries and degenerative conditions constitute an unmet clinical need with 

pharmacological strategies and tissue grafts failing to recapitulate native tendon 

function. Advancements in bioengineering have enabled the development of various 

scaffold fabrication technologies, using natural or synthetic in origin polymers that 

closely imitate the native tendon anisotropic architecture. Anisotropic collagen 

sponges, extruded collagen fibres, isoelectric focused collagen fibres, electro-spun 

polymeric fibres and imprinted polymeric substrates are at the forefront of scientific 

and technological research and innovation. Herein, we ventured to assess whether one-

step functionalisation of electro-spun fibres with nano / micro particles is possible and 

whether anisotropic imprinted substrates can maintain tenogenic phenotype in vitro 

and promote functional neotissue formation in vivo. 

Starting with electro-spinning, mechanical evaluation demonstrated that aligned 

orientated electro-spun fibres exhibited significant higher stress at break values than 

their random aligned counterparts and random orientated electro-spun fibres exhibited 

significant higher strain at break values than the aligned orientated scaffolds. While 

maintaining fibre structure, a co-deposition method of spraying and electro-spinning 

was developed that enabled the incorporation of microspheres within the three-

dimensional structure of the scaffold. Of significant importance is that bovine 

tenocytes aligned perpendicular to the fibre orientation, possibly due to the absence of 

mechanical tension. 

With respect to imprinting, it is still unclear whether surface topography can be 

translated into a clinically functional response in vivo at the tissue / device interface. 

Herein, we demonstrated that anisotropic substrates with groove depth of ~317 nm 

and ~1988 nm promoted human tenocyte alignment parallel to underlined topography 
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in vitro. However, none of the topographies assessed (~37 nm, ~317 nm and ~1988 

nm groove depth) induced parallel to the substrate cellular orientation in a 

subcutaneous model and none of the topographies promoted directional tenogenesis 

in vivo. Further, the rigid poly(lactic-co-glycolic acid) substrate used induced trans-

differentiation towards chondrogenic / osteogenic lineage, as evidenced by gene 

analysis. Collectively, these data indicate that two-dimensional imprinting 

technologies are useful tools for in vitro cell phenotype maintenance, rather than for 

directional neotissue formation, should multifactorial approaches that consider both 

surface topography and substrate rigidity are established. 

Overall, both electro-spinning and imprinting technologies show great promise for 

tendon repair and regeneration. Imprinting could be the ideal technology for cell 

phenotype maintenance in vitro, as we can closely control architectural features. 

Although it was not investigated here, electro-spinning is the ideal technology for in 

vivo positive outcomes, as the three-dimensional architecture would allow directional 

tissue formation within the fibrous construct. 

 

Keywords 

Electro-spun polymeric fibres; Nano- and micro- particles; Imprinted polymeric 

substrates; Tendon repair and regeneration 
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1.1. Introduction 

Tendons are dense connective tissues that join muscle to bone and play a vital role in 

overall joint stability and function. Collagen type I fibrils are described as long crystals 

that are arranged in an anisotropic fashion [1-8]. These collagen fibrils are organised 

into primary, secondary and tertiary bundles, responsible for the mechanical resilience 

of the tissue (Table 1.1). Primary fibre bundles consist of a collection of fibrils with 

diameters of around 1-4 μm [9]. Secondary fibre bundles group together the sub-

fascicles into larger units of approximately 150-1000 µm in diameter [10], which are 

then grouped into tertiary fibre bundles of diameter 1000-3000 µm [11]. The diameter 

of the bundles is directly related to the macroscopic size of the tendon; small tendons 

like the flexors and extensors have small diameter bundles, whilst large tendons, such 

as the Achilles, have thicker fibre bundles [12]. Endotenon divides the bundles of 

collagen fibrils into areas that can be supplied with blood and nutrients. Further, 

endotenon is made up of a criss-cross pattern of collagen types I and III and high 

concentrations of glycosaminoglycan molecules that due to their water-holding 

capacity, allow tendon fascicles glide over each other [12]. 

Injuries to tendons and ligaments are some of the most frequently encountered 

disorders presented in the clinic and can range in severity from a small sprain to 

complete rupture. Due to the inherent poor healing properties of tendons, injuries 

frequently result in long-term disability, which leads to development of degenerative 

disorders in later life. In USA, over 75,000 Achilles tendon ruptures, 55,000 rotator 

cuff injuries and over 5 million new cases of tennis elbow are diagnosed annually, 

with associated healthcare costs to run into the billions of dollars [13]. Tissue grafts 

are considered the gold standard in large tendon injuries. However, such materials 

have failed to restore full function due to mechanical failure at graft / tissue interface 
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and the formation of fibrous adhesions preventing the repaired tendon from gliding 

correctly [14, 15]. As the world population increases and ages, tendon injuries will 

become even more prevalent, placing a further burden on already stretched healthcare 

systems, making the development of novel strategies to manage all types of tendon 

injuries and degenerative conditions imperative. To this end, anisotropic scaffolds, in 

form of sponges, fibres and imprinted substrates, alone [16, 17] or in combination with 

cells [18-20] are at the forefront of scientific and technological research and 

innovation for tendon repair and regeneration. 
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Table 1.1: Mechanical properties of human tendons are evidently dependent on the anatomical location and the age of the patient. High 

load bearing tendons (e.g. Achilles) have higher ultimate strain and stress than low load bearing tendons (e.g. supraspinatus). Ultimate 

stress is also reduced as the age is increased. 

Tendon Patient / Donor age Ultimate load (N) Ultimate strain (%) 

Ultimate Tensile 

Stress (UTS) (MPa) 

Reference 

Achilles 

36 - 50 

79 - 100 

3534 ± 919 

2735 ± 1371 

21 

22 

73 

48 

[21] 

Rotator cuff 28 - 98 662 ± 223 ≥ 11 30 ± 14 [22, 23] 

Patellar 

29 - 50 

64 - 93 

3855 ± 550 

3346 ± 1167 

14 ± 6 

15 ± 5 

65 ± 16 

54 ± 10 

[24, 25] 

Extensor 22 - 78 2914 ± 644 9 ± 1 66 ± 12 [26] 

Tibialis 

15 - 45 

56 - 65 

3062 ± 699 

3004 ± 603 

20 ± 5 

20 ± 6 

127 ± 28 

111 ± 16 

[27] 
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1.2. Anisotropic Sponges 

Freeze-drying has the capacity to produce biomaterials with an interconnected porous 

structure. Collagen / glycosaminoglycans (GAGs) sponges were the first scaffolds 

produced and since then, they have been used for several clinical targets including, 

skin, bone, tooth, muscle and cartilage [28-35]. In combination with bone marrow 

stem cells, collagen sponges enhanced neotissue formation with mechanical properties 

of approximately 75% of the normal tissue [36]. However, due to the random porosity 

of the porous structure, mechanical stimulation is essential [37]. To this end, moulds; 

unidirectional temperature gradients during the freeze-drying process (Figure 1.1); 

particle/porogen leaching; and centrifugation followed by freeze-drying have been 

shown to induce anisotropic morphology [38-54]. Anisotropic collagen / GAG 

scaffolds with elongated pores induced physiological elongated tendon cell 

morphology [55]. Further, a highly porous core surrounded by a high-density shell 

collagen / GAG conformation significantly increased the mechanical properties of the 

scaffold, making it suitable for tendon repair [56]. In general, problems with low 

mechanical resilience and non-uniform cell mediated contraction, which result in 

phenotypic losses in vitro and disorganised tissue formation in vivo, imposed the need 

for alternative scaffold fabrication technologies. 
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Figure 1.1: Temperature gradient freeze drying technique to fabricate anisotropic 

collagen sponges. A) Illustrates the random porous structure of typical collagen 

sponge and B) illustrates the degree of alignment introduced to the sponge using the 

modified temperature gradient technique [56]. 
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1.3. Anisotropic Self-assembled Fibres 

Collagen micro-fibres can be produced through extrusion in a series of phosphate 

buffers and cross-linking solutions maintained 37 °C (Figure 1.2) [57, 58]. The 

produced fibres, similar to native tendon, have diameter range 50 to 650 μm; and are 

comprised of structurally aligned and highly crystalline collagen fibrils [59-63]. To 

enhance the mechanical properties of the produced fibres, numerous chemical, 

physical and biological cross-linking methods have been assessed over the years 

(Table 1.2), resulting in materials with similar mechanical properties to the native 

tissue [64, 65]. Subject to the cross-linking method employed, fibres with crevices and 

ridges along the longitudinal fibre axis are produced that facilitate bidirectional cell 

attachment, migration and growth (Figure 1.3) [66, 67]. Functionalisation strategies, 

based on transglutaminase, have also been used as means to enhance the bioactivity 

of the fibres [68]. When extruded collagen fibres were used in a rabbit Achilles tendon 

model, they were rapidly integrated with the repairing tissue and allowed the 

formation of aligned connective tissue similar to that of autologous tendon graft and 

almost identical to normal tendon [69, 70]. Further, when these fibres were used in a 

canine anterior cruciate ligament model, they were completely remodelled and 

integrated into the host tissue after 12 weeks implantation [71]. In a rabbit anterior 

cruciate ligament model, these fibres produced a crimped neoligament tissue at 20 

weeks post implantation, with failure loads 2-4 times the pre implanted levels [72]. In 

an ovine model, it was demonstrated that integration is subject to the cross-linking 

method employed [73], imposing the need for the development of biocompatible 

cross-linking methods. 
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Isoelectric focusing has also been used to produce aligned collagen fibres with 

characteristic D periodicity, piezoelectricity and mechanical properties (Table 1.2) 

proportional to native tendon fibres [74-77]. In vitro evaluation of isoelectrically 

produced collagen fibres induce directional cell growth of tendon-derived fibroblasts 

and bone marrow stem cells [78]. Further, these fibres have been shown to induce 

tenogenic differentiation of bone marrow stem cells, even in the absence of growth 

factors [79]. In vivo in a rabbit patellar tendon defect model was promising, as the 

implanted fibres did not induce severe inflammation and were integrated into the 

native tendon over a period of 8 months [80]. It is expected that scalability issues 

would be addressed in the years to come, bringing these technologies to clinical 

setting. 
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Figure 1.2: Demonstrates the fabrication technique use to generate collagen fibres. 

By combining single fibres into bundles anisotropic fibrous scaffold are generated. 
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Table 1.2: Mechanical properties of self-assembled collagen fibres produced through extrusion and isoelectric focusing, as a function of 

various cross-linking methods. 

Fabrication Method Cross-linker Fibre Diameter (µm) Maximum Stress (MPa) Maximum Strain (%) Reference 

Extrusion 

Non-Cross-linked 298 3 33 

[64] 

0.625% Genipin 340 7 40 

EDC/NHS 373 3 54 

DPPA 310 5 44 

HMDC 336 17 45 

DHT 264 2.46 26 

UV 252 3 21 

Myrica rubra 205 28 15 [65] 

0.625% Genipin 118 34 13 

[67]. EDC/NHS 228 3 10 

PEG 119 19 8 
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EDC 215 5 23 

[81] 

EDC/NHS 137 10 23 

Isoelectric focussing 

0.1% Genipin 62 21 6 

[77] 

2% Genipin 56 55 9 
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Figure 1.3: Non-cross-linked fibres (CTRL) exhibit the smoothest surface 

topography; glutaraldehyde cross-linked fibres (GTA) exhibit the roughest surface 

topography; and 4-star poly(ethylene glycol) ether tetrasuccinimidyl glutarate (PEG) 

fibres exhibit intermediate smoothness / roughness. Using skin fibroblasts (7 days in 

culture), it is evidenced that only CTRL and PEG fibres support cell growth and 

cellular elongation along the longitudinal fibre axis. Green: Cytoskeleton; Red: Nuclei 

[67]. 
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1.4. Anisotropic Electro-spun Fibres 

Electro-spinning is a highly versatile polymer processing technique for forming non-

woven fibrous mats, originally developed by Lord Rayleigh in the 19th century for the 

textile industry. Over the next 100 years a number of researchers have worked on 

optimising, perfecting and understanding the electro-spinning process [82, 83] for 

various applications, including textiles, catalysis, energy and filtration [84-89]. The 

first paper of electro-spinning in the field of tissue engineering was published in 2001 

[90], and since then it has become a reference scaffold fabrication technology for 

numerous clinical targets, including skin [91-93] and cartilage [94-100], given the 

inherent capacity of the process to create nano- to micro- scale fibres of controlled 

spatial orientation and to incorporate therapeutics / biologics with controlled release 

capacity [101-108]. Incorporation of a rotating collector (Figure 1.4) in the fabrication 

process was considered a developmental landmark, as aligned fibrous constructs were 

materialised, creating an artificial hierarchical biomimicry, suitable for soft tissue 

repair, such as neural [109-115], blood vessel [116] and corneal [117, 118], 

musculoskeletal applications [119], such as bone [120-135], tendon [136-139] and 

bone-tendon interface [140] and cancer cell migration [141, 142]. Such aligned 

scaffolds, as opposed to randomly orientated scaffolds, have been shown to maintain 

tendon-derived cell phenotype, as evidenced by physiological elongated cellular 

morphology and tenogenic protein and gene expression. The aligned scaffolds also 

demonstrate similar to native tendon mechanical properties (Table 1.3). To increase 

further mechanical resilience, without compromising structural anisotropy and cellular 

function, sacrificial fibres / removable ice-crystals [143, 144], knitting [145] and 

twisting [146] have been proposed.  



Chapter 1 - Introduction 

 14 

Figure 1.4: A) Shows the electro-spinning set up for creating randomly orientation 

fibrous scaffolds. The fibres are collected on the grounded stationary collector plate. 

B) Aligned electro-spun scaffolds are fabricated by the incorporation of a rotational 

collector. 
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Table 1.3: Representative examples of mechanical properties of electro-spun scaffolds, as a function of polymer, conformation and 

functionalisation. 

Material Orientation Functionalisation Fibre diameter (nm) Ultimate stress (MPa) Reference 

PCL 

Aligned 

No ≤ 500 

5 

[146] 

Random 0.5 

PLGA 

Aligned 

No 

615 12 

[147] 

Random 568 4 

PLA 

Aligned 

No 

430 25 

[136] 

Random 450 2 

Collagen Random No Not stated 19 [148] 
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Specifically to tendon repair, in vitro studies using rotator cuff fibroblasts 

demonstrated cell orientation and matrix deposition conformed to the anisotropic 

organisation of the electro-spun scaffold, while providing significantly higher 

mechanical properties than that of randomly orientated scaffolds [147]. Anisotropic 

electro-spun scaffolds induced bidirectional human tendon stem/progenitor cell 

morphology, hindered osteogenesis, as evidenced by alkaline phosphatase activity and 

alizarin red staining, and induced significantly higher tendon-specific gene expression 

than on the random fibres in both normal and osteogenic culture media. Further, the 

anisotropic architecture increased collagen production and induced an organised 

deposition of collagen matrix after 1 week in vivo [136]. Anisotropic electro-spun 

collagen fibres, although integrated and induced neotissue bidirectional orientation in 

a rabbit Achilles large defect model, they were only half of the mechanical properties 

of the uninjured tissue [148], which is not surprising, given that the electro-spinning 

process induces collagen denaturation [62, 149]. However, functionalisation with 

extracellular matrix molecules and growth factors induced tenogenic differentiation of 

mesenchymal progenitor cells [150], adipose-derived stem cells [151, 152], skeletal 

muscle-derived cells [153] and skin fibroblasts under static mechanical strain [154], 

with the latter showing promising results even in large (porcine) model [155]. 

Multi-hierarchical scaffolds have been produced combining additive manufacturing 

and electro-spinning. The additive manufacturing produces large size pores, essential 

for cell and mass transportation, whilst the fibrous component provides suitable 

structures for cell attachment; the potential of such materials has been demonstrated 

for bone-ligament [156] and muscle-tendon [157] tissue engineering. Electro-spun 

fibres have also been combined with hydrogels contained cells / and or biologics for 
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more effective localised delivery for various clinical targets [158-160], including 

tendon [161]. However, the complexity of such devices poses questions with respect 

to the commercialisation potential of such scaffolds. It is also worth pointing out that 

the necessity of alignment has been questioned, as a recent study demonstrated that 

fibre diameter is more crucial than alignment for mesenchymal stem cell 

differentiation towards tenogenic lineage [162]. Further, other studies have suggested 

that mechanical loading may be necessary for tenogenic phenotype maintenance / 

tenogenic differentiation of stem cells, as has been suggested previously [163-165]. It 

is evidenced that electro-spinning has significantly improved our knowledge in tendon 

tissue engineering and we are expecting to see this technology in clinic within this 

decade. Nonetheless, the inability to create constructs with precise special control has 

triggered investigations into imprinting. 
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1.5. Anisotropic Imprinted Substrates 

Numerous lithography polymer processing technologies have been developed over the 

years that offer the ability to create substrates with precise control of dimensional 

features down to nano-scale (Table 1.4). For example, optical lithography involves 

selectively exposing a light sensitive material to a light using a mask with the desired 

features, then the substrate is etch with solvents to remove either the exposed (positive 

photoresist) or unexposed (negative photoresist) regions [166, 167]. Alternatively, 

focused ion beam lithography creates patterns by direct impingement of a small spot 

onto a substrate [168, 169]. The great benefit of imprint lithography is that it allows 

for the precise addition of a surface topography to a wide range of materials, while 

maintaining specific physicochemical properties. However, photolithography is 

limited in applications in tissue engineering, where specific material properties are 

required, such as adsorption and functionalities [170]. Soft lithography involves 

creating a master mould by casting liquid polymer precursor, such as poly(dimethyl 

siloxane), against a topographically patterned mould. Then the master mould is used 

to create the substrate, the resultant substrates have the reversed pattern. In principle, 

the ultimate limit can be pushed to less than 0.5 nm. Nano-imprinting lithography 

utilises a thermoplastic polymer film, which is heated above its glass transition 

temperature and then a rigid mould is pressed into the film. After the polymer has 

cooled below its glass transition temperature, the polymer film is removed. Nano-

imprinting lithography has been used to create features as small as 5 nm (Figure 1.5) 

[171-173]. 
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Table 1.4: Advantages and disadvantages of various lithography technologies. 

Method 

Minimum 

feature size 

Common materials 

used 

Advantages Disadvantages Reference 

Optical ≤ 0.1 µm Silicon Large areas are possible 

High cost of masks with sub-

micron feature size 

[174] 

Ion beam ≤ 10 nm 

PMMA, aluminium 

fluoride 

No requirement for a 

photoresist mask 

Slow processing time for large 

areas 

[175, 176] 

Soft 0.5 nm PDMS, Hydrogels Mould scan be reused Moulds are required [177, 178] 

Nano-imprint 5 nm 

Amorphous metals, 

Silicon 

Low cost, high throughput, 

high resolution process 

Only certain materials can be 

used 

[179] 
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Figure 1.5: Illustrates the imprinting lithography technique. 
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Anisotropic arrays of various topographical patterns (Figure 1.6) have been shown to 

be potent tools in maintaining phenotype of primary cells, such as osteocytes [180, 

181] and to differentiate stem cells towards osteogenic [181-187] or tenogenic [188] 

lineage. Anisotropic grooved substrates have been used to study the effect of substrate 

topography on cellular morphology, adhesion, motility and phenotype on a range of 

permanently differentiated and stem cells [189-191]. With the ability to create 

anisotropic topographies on the same size scale as those found in tendon, imprinted 

substrates have been used to investigate the relationship between substrate topography 

and tendon cell behaviour / phenotype maintenance. Groove widths smaller than the 

width of the cells not only promote alignment and elongation, but also maintain tendon 

cell phenotype. Further, cell with lost phenotype, regained expression of tenogenic 

markers, when they were grown on structured substrates [192]. Grooves that are larger 

than the dimensions of the cell, on the other hand, have no beneficial effect on 

phenotype maintenance [193]. Although a lab-on-chip technology allows 

simultaneously assessment of numerous topographies [183], the unlimited number of 

potential features prohibits identification of the optimal surface topography to 

maintain cellular phenotype in vitro. To address this issue, tendon slices were used as 

stamps to imprint true tendon topography on synthetic substrates and subsequently 

used to effectively differentiate stem cells towards tenogenic lineage [194]. Despite 

the very promising in vitro results to-date, imprinted substrates have failed to induce 

directional tissue formation in bone [195] setting, suggesting that three-dimensional 

configuration is essential for recapitulation of native tissue function in vivo. 
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Figure 1.6: Topographical features ranging from the micro- to nano- scale can modulate cellular morphology and cellular adhesion through the 

reinforcement of focal adhesions. Tenocytes cultured on 2 µm wide anisotropic grooves exhibit contact guidance mediated cellular and focal 

adhesion alignment. Focal adhesion formation is perturbed in osteoblast cells cultured on 120 nm diameter pits. Conversely, focal adhesion 

formation is enhanced in neuroblastoma cells cultured on 20 nm diameter pillars. Red: actin, Green: paxillin, Blue: nuclei [180]. 
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1.6. Project Objectives 

Electro-spinning and imprinting lithography technologies are at forefront of scientific 

and technological research and innovation. However, the full potential of these 

technologies has yet to be realised in tendon tissue engineering and regenerative 

medicine. Herein, we ventured to validate the following hypotheses: 

 

Phase I: 

Hypothesis: 

Electro-spun constructs, with functionalisation capacity, can be fabricated to provide 

topographical guidance to permanently differentiated cells. 

 

Objectives: 

1.  Fabrication of electro-spun scaffolds with random and anisotropic 

architectural features. 

2.  Fabrication of electro-spun scaffolds constructs with functionalisation 

capacity, with the ability to tailor the temporal release while not affecting structural 

integrity. 

3.  Structural (orientation), biophysical (mechanical) and biological (cellular 

morphology and metabolic activity) assessment of the produced scaffolds. 
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Phase II: 

Hypothesis: 

There is an optimal anisotropically ordered topography that will facilitate maintenance 

of fundamental cellular functions in vitro and directional neotissue formation in vivo. 

 

Objectives: 

1. Fabricate anisotropically ordered substrates with topographical features 

ranging from nano- to micro- scale. 

2. Evaluate tenocyte response to the structured substrates by assessing cell-shape 

parameters (e.g. alignment, elongation, and shape) and cellular functions (e.g. 

metabolic activity, viability and phenotype). 

3. Assess neotissue formation using a rat patellar tendon model. 
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2.1. Introduction 

Nature shows strong preference for bottom up design to build hierarchically ordered 

tissues. In the case of tendon, for example, cells synthesise procollagen with intact 

pro-peptide extensions. Following or during secretion, specific propeptide cleavage 

by specific proteinases takes place, which triggers the spontaneous quarter-staggered 

assembly of collagen molecules to elongated collagen fibrils. Following fibril 

formation, the lysyl-oxidase cross-linking pathway takes place in a head-to-tail 

fashion to form fibres that will subsequently form fibre bundles and finally a tendon 

unit [1]. This naturally engineered collagen conveys load bearing functionality to 

tissues such as tendon and bone [2], whilst in the case of cornea the high degree of 

structural organisation and alignment facilitates transparency [3]. To successfully 

build biomimetic tissue equivalents that will repair or replace injured or degenerated 

tissues, it is essential to recapitulate this fundamental structural hierarchy. 

A number of nano- and micro- fabrication technologies are available to-date to build 

biomimetic three dimensional tissue analogues [4, 5]. Among them, electro-spinning 

has emerged as a scaffold fabrication technique that enables production of fibres that 

closely imitate the length and diameter of native collagen fibres. The use of 

extracellular matrix biopolymers has been restricted, as harsh solvents are often 

required to perform electro-spinning successfully. [6, 7]. To-date, numerous polymers 

have been utilised to produce scaffolds of various topographies for neural [8, 9], 

tendon [10, 11], bone [12, 13], cartilage [14, 15] and cardiovascular [16, 17] 

applications. 

Biomaterials design has evolved from basic constructs that match structural and 

mechanical properties, to biofunctional materials that aim to incorporate instructive 

signals into scaffolds and to modulate cellular functions such as proliferation, 
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differentiation and morphogenesis [18, 19]. Indeed, the emerging field of tissue 

engineering requires accurate delivery of bioactive and/or therapeutic molecules to a 

specific location. To this end, the use of polymeric delivery vehicles in the form of 

micro- or nano-spheres/particles to encapsulate the active molecules and maintain a 

sustained localised delivery to the target site is attractive [20-22]. 

Despite the significant strides that have been achieved, the influence of scaffold 

topography on the biomechanical properties and cell response has not been fully 

investigated. Moreover, functionalisation of electro-spun scaffolds is primarily carried 

out through blending the polymer and the molecule of interest together. However, such 

method offers little control over the release of the loaded molecules; may jeopardise 

the mechanical properties of the scaffold; and is also characterised by limited 

miscibility between the solution containing the molecule of interest and the solvent 

used to dissolve the polymer [23, 24]. Thus, herein we ventured to evaluate the 

influence of various scaffolds topographies on the mechanical properties of the 

scaffolds and evaluate bovine tenocytes, response as a function of topography. In 

addition, we developed a technique that enables simultaneous electro-spinning and 

micro-sphere spraying and allows the incorporation of microspheres within the three-

dimensional structure of the scaffold. 
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2.2. Materials and Methods 

2.2.1. Materials 

Poly(glycolide-co-lactide) 85/15 (PLGA) was purchased from Purac Biomaterials 

(Gorinchem, Netherlands). AlamarBlue® cell metabolic activity kit was purchased 

from BioSource International, Invitrogen (Dun Laoghaire, Ireland). Tissue culture 

consumables were purchased from Sarstedt (Wexford, Ireland) and Nunc (Roskilde, 

Denmark). All other materials were purchased from Sigma Aldrich (Wicklow, 

Ireland), unless otherwise stated. 

 

2.2.2. Electro-spinning Optimisation 

To evaluate optimal settings of the three main parameters (voltage, flow rate, and 

diameter) each parameter was assessed independently of the rest. While each 

parameter setting was altered, the remaining parameters were unchanged. This method 

determines the effect each of the tested parameters had on the fibre confirmation. To 

evaluate fibre diameter and fibre alignment each setting was allowed to run for a short 

period of time, for a sufficient quantity of fibres to be collected to carry out the 

analysis. 

 

2.2.2.1. Fibre Diameter 

The fibre average diameter of the different constructs was evaluated using SEM 

images. Three samples were cut from each construct with three images of each sample 

captured. 27 fibres were measured in micrographs obtained at random locations. 
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2.2.2.2. Fibre Alignment by Fast Fourier Transform (FFT) 

Fast Fourier Transform (FFT) algorithm was employed to quantitatively assess the 

orientation of the electro-spun fibres. This method converts the spatial information 

from SEM images into a mathematically defined domain. The resultant FFT frequency 

distribution pattern reflects the degree of alignment of the fibrous scaffold. This 

distribution plot is analysed by placing a circular projection on the FFT output image 

and conducting a radial summation of pixel intensity for each degree between 0° and 

360°, using Image J. The alignment present in the original image is evident, in the 

resultant graph, in terms of the height and overall shape of the peak present in the FFT 

plot. A sharp peak indicates a high degree of alignment; whereas a wide peak indicates 

random orientation. 

The alignment of the fibres was calculated using the same SEM images that were used 

to calculate the fibre diameter. Each image was cropped to remove edge distortions on 

the image that could interfere with the measurements. The Fast Fourier Transform 

(FFT) algorithm on Image Pro software was used to analyse the alignment of the fibres 

in each the SEM images. The FFT algorithm converts the spatial information from the 

images into a mathematically defined frequency domain, which can map the change 

in the pixel intensity. Using Image J oval profile plug-in the information from the FFT 

graph was converted to excel data. 

 

2.2.3. Scaffold Fabrication 

The electro-spinning set-up consisted of a high voltage power supply (Gamma High 

Voltage, USA), a syringe pump (NE-1000, New Era Pump Systems Inc., USA) and a 

custom-made circular drum (10 cm in diameter) covered with aluminium foil, which 

acted as a collector. 8% w/v PLGA solution in chloroform was prepared after 
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overnight orbital stirring using a Stuart® SB3 rotator (Biddy Scientific Limited, UK) 

(Figure 1.4). Polymer solutions were loaded into a 10 ml syringe (BD and Company, 

Ireland) fitted with an 18G stainless steel needle (BD and Company, Ireland). Upon 

application of high voltage between the needle and the collector (18cm distance), the 

solvent was evaporated and the fibres were collected on the drum. At 1300 rpm aligned 

fibrous mats were obtained, whilst at 200 rpm non-aligned fibrous mats were obtained. 

Solvent casted PLGA (8% w/v in chloroform) was used as control scaffold with no 

topographical features (i.e. smooth surface). The polymer solution was gently poured 

into aluminium foil trays, avoiding bubble formation. The trays were covered with 

another layer of aluminium foil to control the evaporation rate of the solvent. 

 

2.2.4. Functionalisation using Microspheres 

PLGA microspheres were fabricated using a single-emulsion solvent evaporation 

technique as has been described before [25]. Briefly, using a T25 digital UltraTurrax® 

homogenizer, 40 ml of 4% v/w PLGA/chloroform solution was gradually added to a 

stirring 300 ml solution of 0.5 % polyvinyl alcohol. The resulting emulsion was stirred 

for 6 hours at 600 rpm and hardened spheres were subsequently collected. The sphere 

solution was then centrifuged at 1200 rpm for 5 min. The spheres were re-suspended 

in isopropyl alcohol and placed into spray bottles. To embed the spheres into the 

electro-spun mats, the rotating drum was sprayed with the sphere solution during the 

electro-spinning process (Figure 2.1). 
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Figure 2.1: Illustrates the process of incorporating microspheres into the electro-spun 

scaffolds. 
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2.2.5. Scanning Electron Microscopy Analysis 

The morphology of the produced scaffolds was evaluated using a low voltage, high 

resolution Scanning Electron Microscope (SEM; S-4700 Hitachi Scientific 

Instruments, Berkshire, UK) after gold sputtering (Emitech K-550X Sputter Coater, 

Emitech Ltd., Ashford, Kent, UK). 

 

2.2.6. Biophysical Evaluation 

Stress-strain curves of dry and wet electro-spun PLGA mats were determined in 

uniaxial tension using a Zwich Z2.5 Universal Mechanical Tester (Bratislava, 

Slovakia) at a crosshead speed of 10 mm/min using a 100 N load cell, as has been 

described previously [26-29]. To avoid damaging the electro-spun mats during 

handling, the mats were mounted on a paper frame as has been described before [30, 

31]. The gauge length was determined by the vertical dimension of the window in the 

frame (3 cm in length). Frames containing specimen mats were then placed between 

the upper and lower grips of the Zwich. The sides of the frame were then cut leaving 

the specimen intact. The width of the samples was fixed at 1 cm. The thickness of the 

samples was determined using a digital micro-meter (Tresna, Essen, Germany with an 

accuracy of 1 µm; three readings were taken for each sample. Results obtained with 

electro-spun mats that broke at contact points with the grips were rejected. The 

following definitions were used to calculate the mechanical data: stress at break was 

defined as the load at complete failure divided by the original cross-sectional area 

(engineering stress); strain at break was defined as the increase in fibre length required 

to cause failure divided by the original length and Young's modulus of samples was 

calculated from slope of the stress strain curve in the linear region and the initial 
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sample geometry. Prior to wet testing, dry electro-spun mats were equilibrated in PBS 

(0.01M; pH 7.4) at room temperature overnight. 

 

2.2.7. Bovine Tenocyte Isolation 

Bovine hind limbs were sourced from a local abattoir. Using aseptic techniques the 

tendons were isolated from the surrounding fascia and tenocytes were isolated as has 

been described previously [32]. Briefly, the limbs were washed with PBS and prepared 

for incision. The skin was then washed further with 70% ethanol. With disposable 

scalpel each layer of skin and soft tissue was released and retracted. The tendon was 

then transected a quarter away from the insertion and musculotendinous junction. The 

tendons were subsequently placed into sterile Hanks Balanced Salt Solution (HBSS) 

and stored in ice. Following that, the tendons were placed into a Petri dish with a small 

volume of ice cold HBSS and diced to approximately 2 mm by 2 mm pieces. The 

tendon pieces were then digested with filtered 0.15% collagenase solution into 50 ml 

centrifuge tubes. The solution was stored under agitation in an incubator maintained 

at 37 °C and 5% CO2 overnight. The following day, the solution was passed through 

a nylon mesh cell strainer to remove any matrix debris or undigested material and 

filtrate-centrifuged at 1200 rpm for 5 minutes. The cell pellet was re-suspended in 

culture media and seeded into 175 cm2 tissue culture flasks. Bovine tenocytes were 

then cultured as described below. 

 

2.2.8. Culture of Bovine Tenocytes 

Freshly isolated bovine tenocytes were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% Foetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin in 75 cm2 flasks. The bovine tenocyte culture was maintained 
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at 37 °C in a humidified 5% CO2 incubator until they were approximately 80% 

confluent with media being changed every 2-3 days. At passage 3, 1.5 x 104 cells/cm2 

cells were seeded on the various scaffolds conformations (PLGA aligned and 

randomly orientated electro-spun mats and solvent cast films) for 2, 4 and 7 days. 

 

2.2.9. Cell Metabolic Activity 

Cell metabolic activity was determined using alamarBlue® cell metabolic assay at 

predetermined time depending on cell type (mentioned above for the different cell 

types). Briefly, alamarBlue® dye was diluted with Hank’s Balance Salt Solution to 

make a 10% (v/v) alamarBlue® solution. Media was removed from each well and 0.5 

ml alamarBlue® solution was added to each well. Depending on cell type after an 

incubation time of between 1-4 hours at 37 °C, the absorbance was measured at 

wavelengths of 550 and 595 nm using a microplate reader (Varioskan Flash, Thermo 

Scientific). The level of metabolic activity was calculated using the simplified method 

of calculating per cent reduction, according to the supplier’s protocol. The metabolic 

activity of cells at solvent cast film at day 2 was considered as 100%. 

 

2.2.10. Cell Fluorescent Labelling 

Cell attachment, spreading and alignment were assessed using immunofluorescent 

images. Briefly, the cells were fixed with 4% paraformaldehyde for 15 minutes, 

permeabilised with 0.2% TritonX, and the nucleus was stained with 4’,6-Diamidino-

2-phenylindole (DAPI, Molecular Probes) for 5 minutes. The actin cytoskeleton of the 

cells was then stained with rhodamine-conjugated phalloidin (Molecular Probes) for 

1h. Images were captured at 10x magnification using an inverted BX51 Olympus 

fluorescence microscope. 
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2.2.11. Statistical Analysis 

Numerical data is expressed as mean ± SD. Analysis was performed using statistical 

software (MINITAB™ version 16, Minitab, Inc., State College PA, USA). Two 

sample t-test for pair wise comparisons was employed after confirming the following 

assumptions: (a) the distribution from which each of the samples was derived was 

normal (Anderson-Darling normality test); and (b) the variances of the population of 

the samples were equal to one another (Bartlett’s and Levene’s tests for homogenicity 

of variance). Non-parametric statistics were utilised when either or both of the above 

assumptions were violated and consequently Mann-Whitney test for two samples was 

carried out. Statistical significance was accepted at p<0.05. 
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2.3. Results 

2.3.1. Electro-spinning Optimisation 

2.3.1.1. Fibre Diameter 

A range of voltages, 8 kV – 20 kV, was evaluated. The effect the voltage had on fibre 

diameter is illustrated in Figure 2.2; voltage of 20 kV produced the smallest fibres, 

with an average diameter of 2.1 µm. From our results, it is demonstrated that voltage 

has a proportional relationship with fibre diameter. From the graph, it can be seen that 

with an increase in voltage, there is a decrease in the average fibre diameter. An 

increase from 10 kV – 20 kV gives a reduction of average fibre diameter of 

approximately 1 µm. 

Figure 2.3 displays the average fibre diameter produced versus rotational speed of the 

drum. The range of fibres produced by this range of parameters is 1.8 µm – 2.3 µm. 

The results obtained from this study do not vary linearly with rpm. The lowest standard 

deviation, of 0.34 µm, was produced by a rotational speed of 1300 rpm. The highest 

standard deviation, of 1.23 µm, was produced by a rotational speed of 754 rpm. With 

the two lowest rotational speed, standard deviations of above 30% of the average fibre 

diameter was produced. 

Figure 2.4 shows the effect of the flow rate on fibre diameter. These results show that 

the smallest fibres, with average fibre diameter 1.6 µm, were produced by flow rate of 

0.03 ml/min. The other two flow rates (0.05 ml/min and 0.07 ml/min) produced fibres 

with an average fibre size of 2.1 µm. The lowest standard deviation, of 0.38 µm, was 

produced by a flow rate of 0.05 ml/min. The highest standard deviation, of 0.79 µm, 

was produced by a flow rate of 0.07 ml/min. 
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Figure 2.2: Shows the graph of the average diameter produced with various voltages. Data is represented as mean ± standard deviation. 
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Figure 2.3: Shows the fibre diameter for each rpm. Data is represented as mean ± standard deviation. 
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Figure 2.4: Shows the fibre diameter for each flow rate. Data is represented as mean ± standard deviation. 
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2.3.1.2. Fibre Alignment 

Figure 2.5 shows the results from the RPM study. The change in rpm generates a large 

change in alignment. By examining the SEM images it was noticed that high rotational 

speeds, such as 1480, 1300, and 1000 rpm all produced highly aligned fibrous 

scaffolds. While decreasing the rpm further to 745 and 500 rpm produced less aligned 

scaffolds. From examining the FFT graphs the degree of alignment becomes apparent. 

The data retrieved from 745 rpm and 500 rpm produced erratic peaks due to the low 

degree of alignment. Although 1000 rpm did produce aligned scaffolds the location of 

a second peak at approximately 108° indicates inconsistency across all locations 

tested. The narrow and tall peaks produced at a speed of 1300 rpm indicate this as the 

optimal speed for consistent alignment. 
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Figure 2.5: Fibre alignment versus rotational speed. (A-E) Scanning electron 

microscope images of fibres produced at a speed 1480 rpm, 1300 rpm, 1000 rpm, 745 

rpm and 500 rpm of respectively. (F) Fast Fourier transform of the fibre alignment. 
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2.3.2. Scaffold Morphology 

SEM analysis revealed that all electro-spun mats were composed of uniform random 

and aligned oriented fibres (Figure 2.6a and Figure 2.6b respectively) Mono-

dispersed microspheres were also produced and successfully incorporated into the 

produced aligned orientated electro-spun mats (Figure 2.6c). Continuous electro-

spinning gave rise to a three-dimensional scaffold (Figure 2.6d and Figure 2.6e). 
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Figure 2.6: Scanning electron micrographs of random and aligned orientated electro-

spun scaffolds (a and b respectively). Scanning electron micrographs of mono-

dispersed microspheres embedded within aligned orientated electro-spun scaffolds (c). 

Scanning electron (d) and optical (e) micrographs of three-dimensional aligned nano-

structured composites. 
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2.3.3. Biophysical Analysis 

Uniaxial tensile tests of aligned orientated electro-spun mats in both wet and dry state 

exhibited stress-strain curves consisting of a region of steeply rising stress, followed 

by a region of decreasing stress up to the point of fracture (Figure 2.7). Uniaxial 

tensile tests of randomly orientated electro-spun mats in both wet and dry state 

exhibited stress-strain curves consisted of a region of steeply rising stress, followed 

by a region of constant gradient and then a region of decreasing stress, which persisted 

up to the point of fracture (Figure 2.7). These distinct deformation mechanisms can 

be visually observed in Figure 2.8, where aligned electro-spun mats exhibited a split 

fracture mode, whilst their random orientated counterparts demonstrated a delayed 

split fracture mode. 
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Figure 2.7: Stress-strain curves of dry and wet aligned and random orientated electro-spun fibrous mats. Aligned electro-spun mats in dry and wet 

state exhibited a region of rising stress, followed by a region of decreasing stress, whilst random electro-spun mats in dry and wet state revealed a 

region of rising stress, followed by a region of constant gradient and then a region of decreasing stress, which persisted up to fracture. 
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Figure 2.8: Fibre orientation resulted in different deformation mechanisms. Aligned 

orientated electro-spun mats (a) exhibited a split fracture mode, whilst random 

orientated electro-spun mats (b) displayed a delayed split fracture mode. 
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Table 2.1 summarises the mechanical properties of the electro-spun mats produced in 

this study. In the dry state, random and aligned orientated electro-spun mats 

demonstrated no significant difference in thickness, stress at break and modulus values 

(p>0.05), whilst significant difference in strain at break values was observed 

(p<0.001). In the wet state, random and aligned orientated electro-spun mats 

demonstrated no significant difference in thickness (p>0.05), whilst significant 

difference was observed between stress and strain at break and modulus values 

(p<0.006). 
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Table 2.1: Mechanical properties of dry and wet random and aligned orientated PLGA electro-spun mats. Sample number n in parentheses; SD: 

standard deviation. 

Scaffold Conformation and State Thickness (µm) ± SD Stress at Break (MPa) ± SD % Strain ± SD Modulus (MPa) ± SD 

Random Dry PLGA Mats (n = 5) 38.40 ± 2.70 3.14 ± 1.15 17.09 ± 2.20 1.61 ± 0.69 

Aligned Dry PLGA Mats (n = 5) 37.80 ± 5.03 3.20 ± 0.42 10.38 ± 1.34 1.69 ± 0.78 

Random Wet PLGA Mats (n = 4) 43.00 ± 8.25 2.66 ± 0.44 23.66 ± 7.67 0.96 ± 0.46 

Aligned Wet PLGA Mats (n = 6) 33.72 ± 5.47 3.98 ± 0.61 9.32 ± 1.07 1.71 ± 0.56 
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2.3.4. Biological Evaluation 

Cell-matrix interactions between different cell-types and different substrates were 

studied in vitro by seeding bovine tenocytes on the produced scaffolds for various time 

periods. Figure 2.9 shows results of the alamarBlue® metabolic activity assay. At day 

2 and 4, bovine tenocytes seeded on solvent casted films exhibited significant higher 

metabolic activity than cells seeded on either of the electro-spun mats (p<0.001). 

However, no significant difference in metabolic activity was observed among the 

different scaffold conformations by day 7 (p>0.05). 

Bovine tenocytes exhibited a random cytoskeleton and nuclei conformation, when 

they were seeded on solvent casted films and random orientated electro-spun mats for 

all the time points evaluated. However, they appeared to orientate perpendicularly to 

the substrate topography, when they were seeded onto aligned orientated electro-spun 

mats (Figure 2.10). 
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Figure 2.9: alamarBlue® metabolic activity assay results for bovine tenocytes over a 7 day culture period. No significant difference in metabolic 

activity of bovine tenocytes was observed among the different scaffold conformations by day 7 (p>0.05). * indicates significant difference. 
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Figure 2.10: Bovine tenocytes were seeded on solvent casted and random orientated 

electro-spun mats exhibited a random cytoskeleton and nuclei orientation for all time 

points. However, when the bovine tenocytes were seeded on aligned orientated 

electro-spun mats, they appeared to orientate perpendicularly to the substrate 

topography. The actin cytoskeleton of the cells was stained red with rhodamine-

conjugated phalloidin; nuclei were stained blue with DAPI. Arrows indicate the 

orientation of the substrate topography. 
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2.4. Discussion 

Nano-scale technologies are emerging as powerful tools for tissue engineering and 

biological studies due to their ability to operate on the same small scale as all functions 

involved in the growth, development and ageing of the human body [33]. Biomaterials 

design is now required to include topographical cues, since topography offer control 

over cellular functions such as growth, directional cell motility, tissue development, 

angiogenesis and immune response [34-45]. The rationale of this approach is to mimic 

the complex topographies found in native tissue in vitro [18, 46, 47]. Biomaterials are 

also required to accurate deliver bioactive and/or therapeutic molecules to a specific 

location in order to protect the typically labile molecules and to positively interact 

with host and enhance tissue repair and regeneration [48-50]. Herein, we evaluate the 

effect of electro-spinning- and solvent casting- induced topographies on the metabolic 

activity and alignment of bovine tenocytes and we describe a method consisting of 

electro-spinning and spraying to introduce a further element of functionality to the 

three-dimensional scaffold. 

Starting with the biomechanical analysis, we found that uniaxial tensile tests of all 

scaffolds evaluated in this study produced stress-strain curves similar to those reported 

for semi-crystalline polymers that yield and undergo plastic flow [51]. Aligned and 

random orientated scaffolds exhibited a region of reduced stress that lasted until 

failure. Although it was not investigated during the current study, this yielding 

mechanism would imply some form of flow occurring within the fibrous structure, 

possibly inter-fibrillar slippage. In vivo, this mechanism is very important in the tensile 

deformation of connective tissues such as tendon, skin and pericardium [52-54]. 

Similar stress-strain curves have also been reported previously for collagen-based 

biomaterials [55-62] and nano-fibrous meshes [63-65]. Although the electro-spun 
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mats produced in this study were characterised by mechanical properties do not closely 

match those of native tissues, such as anterior cruciate ligament, Achilles tendon and 

skin and implantable devices [60, 66-74] aligned electro-spun scaffolds are shown to 

be slightly stronger than the randomly orientated counterparts. 

Continuing with the biological analysis, we observed that the metabolic activity of 

bovine tenocytes seeded on different scaffolds increased as a function of time. Given 

that increasing metabolic activity is an indicator of cell proliferation, these results 

indicate that all scaffold conformations can support cell growth. Although there no 

significant difference was observed in metabolic activity bovine tenocytes seeded on 

aligned and random orientated electro-spun mats. Fluorescent labelling of the cell 

cytoskeleton indicates the cellular orientation of the tenocytes. Of significant 

importance is the observation that bovine tenocytes aligned perpendicularly to the 

substrate topography. In previous studies, primary tenocytes had aligned parallel to 

the substrate topography either when grooves bigger than the cells were used or when 

applied load had been used along the fibre axis [75-78]. In vivo, tenocytes are 

elongated in shape cells arranged in a unicellular row in the space between adjacent 

tendon fibres [79-82], which are exposed to repeated tensile forces [83-87]. The 

combination of aligned collagen fibres and repeated loading may be responsible for 

the aligned conformation of these cells. However, when only one of these parameters 

is available, such as topography in the current study, we observe that the cells align 

perpendicularly to the underlying topography. 

The emerging field of tissue engineering requires accurate delivery of bioactive and/or 

therapeutic molecules to a specific location. Glycosaminoglycans and proteoglycans 

[88-90] or bioactive molecules such as growth factors or hormones are traditionally 

used to enhance biological functions of biomaterials [91-94]. However, such 
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molecules are typically labile; the biologic half-lives of platelet-derived growth factor, 

basic fibroblast growth factor, and vascular endothelial growth factor are 2, 3, and 50 

min, respectively, when intravenously administered [95]. As a result, the use of 

polymeric delivery vehicles has been advocated to encapsulate such bioactive 

molecules and maintain a sustained localised delivery to the target site. Current 

approaches to functionalise electro-spun mats are primarily based on mixing the 

polymer from which the scaffold is to be made with the bioactive molecule. However, 

this approach may affect the mechanical properties of the fibres as well as the fibre 

structure [23, 24]. While maintaining fibre orientation and structure we developed a 

co-deposition technique, whereby spinning and spraying occur simultaneously. 

During the deposition of electro-spun fibres, microspheres are also sprayed and 

trapped within the three dimensional scaffold. Microspheres are a versatile delivery 

vehicle used for the delivery of biomolecules. By incorporating microspheres into the 

network, we create an independent mechanism to tune drug delivery, while 

maintaining the structure of the scaffold. Drug delivery from microspheres can be 

easily controlled by composition and size as has been described before [96-98]. 

Furthermore, by using the spraying technique it is conceivable that more than one 

composition of microsphere may be introduced for delivery of multiple drugs. The 

controlled delivery of biomolecules from electro-spun/spayed scaffolds will be the 

subject of future research. 
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2.5. Conclusions 

Herein, we ventured to investigate the influence of scaffold architecture on mechanical 

properties and on cell response and to develop means of sustained delivery of bioactive 

molecules. Our data indicate that aligned orientated fibres exhibit high stress at break 

values, whilst random orientated fibres exhibit high strain at break values. We 

identified that bovine tenocytes aligned perpendicularly to the substrate topography. 

We speculate that the lack of mechanical loading is responsible for this; having run 

the experiment under tension, tenocytes may have aligned parallel to the substrate 

topography. We have also successfully incorporated microspheres into the three 

dimensional scaffold by slightly modifying the electro-spinning set-up. 
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3.1. Introduction 

The ever-increased active lifestyle has resulted in an unprecedented increase of tendon 

injuries, whilst the increased life amplifies the financial strain of tendon injuries on 

healthcare systems. Given the poor inherent regeneration capability of tendons, largely 

attributed to low vascularity and low activity cellular content, intervention strategies 

should be develop to promote functional repair and regeneration. Given that surgical 

therapies, based on tissue grafts, have failed to restore native tendon function, it is 

anticipated that the tissue-engineering arpeggio (scaffolds, cells, biologics), alone or 

in combination, will provide a functional therapy in the years to come [1-13]. 

Two- and three- dimensional scaffold fabrication technologies (e.g. electro-spinning 

[14-19], fibre extrusion [20-23], isoelectric focusing [24, 25] and imprinting [26-28]) 

have been at the forefront of scientific and technological research and innovation to 

recapitulate native tendon extracellular matrix (ECM) supramolecular assemblies. 

Although fibrous constructs (e.g. electro-spun polymeric fibres, extruded collagen 

fibres and isoelectrically focused collagen fibres) have been shown to maintain 

tenocyte phenotype and to differentiate stem cells towards tenogenic lineage in vitro 

and to induce acceptable regeneration in preclinical models, none of these 

technologies offers precise control over the spatial distribution of the fibres. 

Imprinting technologies, on the other hand, have demonstrated a diverse effect on a 

range of permanently differentiated and stem cell functions, including adhesion, 

orientation, secretome expression and lineage commitment [29-36]. Specifically to 

tendon repair, such technologies have maintained tenocyte phenotype and have 

restored lost tenocyte phenotype [26], have promoted aligned tendon-specific ECM 

deposition [27] and have differentiated stem cells towards tenogenic lineage [28]. 

Despite these advancements, a comprehensive study on the influence of surface 
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topography over different scales, ranging from nano- to micron-level, on tenocyte 

function in vitro and on tissue response in vivo has yet to be elucidated. 

In the present study, we employed imprinting lithography technologies to create 

anisotropically grooved substrates with constant width and spacing and varying depth 

and we subsequently assessed the influence of anisotropic topography, as opposed to 

isotropic topography, on tenocyte function in vitro and host tissue response in vivo. 
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3.2. Materials and Methods 

3.2.1. Anisotropic Substrate Fabrication 

The process of substrate fabrication has been described previously [37]. Briefly, Si 

master moulds with anisotropic topographies were fabricated via a photolithography 

process, followed by reactive ion etching (RIE). 1.5 x 1.5 cm2 regions were patterned 

with lines / gratings of 2101.78 ± 35.21 nm and 1911.42 ± 37.50 nm widths 

respectively, and variable groove depths (37.48 ± 3.4 nm, 317.29 ± 7.05 nm and 

1988.2 ± 195.3 nm). Silicon wafers (3.0 x 3.0 cm2) were spin-coated with a positive 

photoresist (S1813 PR, Shipley) and then exposed using OAI Mask Aligner (Model 

MBA800). Following photoresist development, the master mould was etched by RIE 

(Oxford ICP etcher) using CHF3 + SF6 ionised gas. The moulds were silanised with 

5 mM octadecyltrichlorosilane (OTS, Sigma Aldrich, Ireland) solution to facilitate 

imprint release. A thermal imprinting process was used to transfer the master pattern 

into a 2.0 x 2.0 cm2 PLGA substrate (85:15, Sigma Aldrich, Ireland) using a Specac 

Hydraulic Press (15 T & 25 T) at 120 °C and a pressure of 5 MPa, for 5 min. The 

imprinted gratings on polymer were subsequently analysed by SEM and AFM. Planar 

non-imprinted PLGA substrates were used as control. 

 

3.2.2. Human Tenocyte Culture 

Human tenocytes (Cambridge Biosciences, UK) were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented 10 % foetal bovine serum and 1 % 

penicillin/streptomycin (all Sigma Aldrich, Ireland). Cells were maintained at 37 °C 

and 5 % carbon dioxide, with the media being changed every 3 days. Tenocytes were 

sub-cultured when 80 % confluency was reached. Tenocytes were detached from the 

culture flask with trypsin-EDTA solution (Sigma Aldrich, Ireland) and then seeded on 
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the imprinted and isotropic substrates in 8-well (Lab-TekTM, Thermo Scientific, UK) 

and 12-well (Ibidi®, Germany) chamber slides at a cell density of 2 x 104 cells per 0.8 

cm2 and 7 x 103 cells per 0.35 cm2, respectively. All in vitro experiments were 

conducted for 1, 5, and 10 days. 

 

3.2.3. Human Tenocyte Morphometric Analysis 

Immunofluorescent images were used to evaluated cell morphology and alignment. At 

the end of culture points, the substrates were washed three times with Hanks Balanced 

Salt Solution (HBSS, Sigma Aldrich, Ireland) and the cells were fixed with 4 % 

paraformaldehyde (Sigma Aldrich, Ireland) for 15 min at room temperature (RT). The 

cells were washed again in HBSS three times and then permeabilised with 0.2 % 

Triton X (Sigma Aldrich, Ireland) for 5 min. The cells were then exposed to 4’,6-

diamidino-2-phenylindole (DAPI, Molecular Probes, Ireland) in phosphate buffer 

saline (PBS) for 5 min, washed with HBSS and then exposed to rhodamine-conjugated 

phalloidin (Molecular Probes, Ireland) in PBS for 1 h. Images were captured with a 

10X objective, using an inverted BX51 Olympus fluorescence microscope (Olympus, 

Japan). 

Immunofluorescent micrographs of tenocytes were quantitatively analysed using 

ImageJ software (NIH). Briefly, images were converted to 8-bit grey scale and 

threshold to distinguish cellular outlines from the non-cellular background signal; the 

program detected cells on the basis of contrast and fitted the cellular outlines to 

equivalent ellipses. The following cell shape characteristics were measured for each 

fitted ellipse: major axis, minor axis, aspect ratio (major axis / minor axis), perimeter, 

area, and orientation angle with respect to the direction of grooves. Cellular orientation 

/ alignment was determined by the angle between the major axis of the cell and the 
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groove direction. The angle for each cell was converted such that 0° represented cell 

orientation along the direction of the grooves and 90° represented a perpendicular 

orientation, with respect to the direction of the grooves. Cells within 10° of the groove 

direction were considered aligned. Cell morphology was quantified using aspect ratio 

(major axis/minor axis). Aspect ratio was used to evaluate cellular elongation, with a 

higher aspect ratio indicating increased elongation. Cells that overlapped or 

aggregated together or wherever boundaries of contacting cells could not be 

distinguished clearly were not used for quantitative analysis. Approximately, two 

hundred cells were used to assess the influence of surface topography on cellular 

morphology. 

 

3.2.4. Human Tenocyte Viability, Metabolic Activity and Proliferation 

Live/Dead® assay (BioSource International, Invitrogen, Ireland) was performed on 

days 1, 5 and 10 to assess cellular viability, as per manufacturer’s protocol. Briefly, 

cells were washed 3 times with HBSS and exposed to the staining solution of calcein 

and ethidium homodimer. The cells were incubated at 37 °C for 45 min. Following 

staining, the cells were viewed using the BX51 Olympus fluorescence microscope and 

analysed using ImageJ. 

Cell metabolic activity was determined using alamarBlue® assay on days 1, 5, and 10, 

as per manufacturer’s protocol. Briefly, alamarBlue® dye was diluted with HBSS to 

make a 10 % (v/v) alamarBlue® solution. Media was removed from each well and 0.5 

ml alamarBlue® solution was added to each well. Cell were incubated for 3 h at 37 °C; 

the absorbance of the alamarBlue® was measured at wavelengths of 550 nm and 595 

nm using a micro plate reader (Varioskan Flash, Thermo Scientific, UK). The level of 
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metabolic activity was calculated using the simplified method of calculating % 

reduction, according to the supplier’s protocol. 

Cell proliferation was assessed on days 1, 5, and 10, by counting DAPI stained cell 

nuclei, using the BX51 Olympus fluorescence microscope. 

 

3.2.5. Human Tenocyte Gene Expression Analysis 

A comprehensive gene expression analysis was conducted using TaqMan® Low 

Density Array (TLDA; Applied Biosystems, UK), grouping genes of interest as 

collagenous, non-collagenous, adhesion and housekeepers (Table 3.1). 

Cell density of 2 x 104 per 0.8 cm2 was seeded on the substrates and total RNA was 

extracted from human tenocytes on days 0, 1, 5 and 10. Total RNA was extracted 

using Trizol reagent method. Briefly, Trizol (400 μg/well, Sigma Aldrich, UK) was 

added to the cells for 15 min to disrupt the cellular membranes. Then, the Trizol 

solution was collected and chloroform (Sigma Aldrich, UK) was added to the solution 

and shaken vigorously for 15 sec. RT incubation for 5 min was followed. Then the 

upper aqueous phase containing the RNA was removed and mixed with isopropanol 

(Sigma Aldrich, UK) to obtain a pure RNA pellet. Subsequently, the RNA was used 

for the reverse-transcriptase reaction to synthesize the first strand of cDNA. cDNA 

(100 ng) and universal PCR mastermix (50 µl) were loaded into the fill reservoirs (100 

µl / reservoir) and the plate was run according to manufacturer’s instructions, using 

the Applied Biosystems 7900HT Real-Time PCR System and Applied Biosystems 

Sequence Detection Systems (SDS 2.3 and RQ manager 1.2) software. The thermal 

cycles were as follows: 50 °C for 2 min, 94.5 °C for 10 min, followed by 40 cycles of 

97 °C for 30 sec and 59.7 °C for 1 min. Using the 2-ΔCt method, mean Ct values of 

each target gene was normalised to the housekeeping gene values. To analyse the 
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changes in gene expression between the isotropic control and the anisotropic 

substrates for each day, 2-ΔΔCt method was used. The gene expression was then 

evaluated using hierarchical clustering software (IPA software of complex ‘omics 

data, Ingenuity® systems, Qiagen, USA) with the fold change compared to the time 

point control and a threshold set at 1.4. 
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Table 3.1: Genes and their transcripts, grouped as collagenous, non-collagenous, 

adhesion and housekeepers. 

Gene Name Gene Symbol NCBI Ref. Seq. 

TaqMan® 

Transcript 

Collagenous 

Collagen I COL1A1 NM_000088.3 Hs00164004_m1 

Collagen III COL3A1 NM_000090.3 Hs00943809_m1 

Collagen IV COL4A1 NM_001845.4 Hs00266237_m1 

Collagen V COL5A1 NM_000093.3 Hs00609088_m1 

Collagen VI COL6A1 NM_001848.2 Hs00242448_m1 

Collagen XI COL11A1 NM_001854.3 Hs01097664_m1 

Collagen XII COL12A1 NM_004370.5 Hs00189184_m1 

Collagen XIV COL14A1 NM_021110.1 Hs00966234_m1 

Non-collagenous 

Scleraxis Homolog 

A 

SCXA NM_001008271.1 Hs03054634_g1 

Tenascin C TNC NM_002160.3 Hs01115665_m1 

Biglycan BGN NM_001711.4 Hs00156076_m1 

Decorin DCN NM_001920.3 Hs00370384_m1 

Osteopontin SPP1 NM_00058.2 Hs00959010_m1 

Alkaline 

Phosphatase 

ALPL NM_000478.4 Hs01029144_m1 

Bone Sialoprotein IBSP NM_004967.3 Hs00173720_m1 

Osteonectin SPARC NM_003118.2 Hs00234160_m1 
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Runt-related 

transcription factor 

2 

RUNX2 NM_001015051.3 Hs00231692_m1 

Cartilage 

oligomeric protein 

COMP NM_001920.3 Hs00164359_m1 

Matrix gla protein MGP NM_000900.3 Hs00969490_m1 

Thrombospondin 4 THBS4 NM_003248.4 Hs00170261_m1 

Fibromodulin FMOD NM_002203.3 Hs00158127_m1 

Fibronectin FN1 NM_212482.1 Hs00277509_m1 

Laminin LAMA NM_005559.3 Hs00300550_m1 

Aggrecan ACAN NM_0011353.3 Hs00153936_m1 

Versican VCAN NM_001126336.2 Hs01007933_m1 

Adhesion 

Integrin α1 ITGA1 NM_181501.1 Hs00235006_m1 

Integrin α2 ITGA2 NM_002203.3 Hs00201927_m1 

Integrin α3 ITGA3 NM_002204.2 Hs01076873_m1 

Integrin α4 ITGA4 NM_000885.4 Hs00168433_m1 

Integrin α5 ITGA5 NM_002205.2 Hs01547673_m1 

Integrin α6 ITGA6 NM_000210.2 Hs01041011_m1 

Integrin α10 ITGA10 NM_003637.3 Hs00174623_m1 

Integrin α11 ITGA11 NM_001004439.1 Hs00201927_m1 

Integrin β1 ITGB1 NM_002211.3 Hs00559595_m1 

Integrin β2 ITGB2 NM_000211.3 Hs00164957_m1 

Integrin β3 ITGB3 NM_000212.2 Hs01001469_m1 
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Integrin β5 ITGB5 NM_002213.3 Hs00174435_m1 

CD44 CD44 NM_000610.3 Hs01075861_m1 

Housekeeping 

18S ribosomal RNA 18S rRNA  Hs99999901_s1 

Topoisomerase 

(DNA) I 

TOP1 NM_003286.2 Hs00243257_m1 

Eukaryotic 

translation initiation 

factor 4α 

EIF4α  Hs00756996_g1 
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3.2.6. In vivo Study and Analysis 

The Animal Care Research Ethics Committee of NUI Galway approved all 

experimental protocols. For the tendon model, female Lewis rats (200g – 250g) were 

used, following a protocol described previously [38]. Briefly, surgery was performed 

under general anaesthesia. A small incision was made to the side of the knee, exposing 

the patellar tendon by moving the skin and opening the fascia. Using a punch biopsy, 

a 2mm circular defect was created at the centre of the tendon, allowing creation of a 

consistent and reproducible injury, without compromising the mechanical integrity of 

the tendon. The tendon was wiped dry using sterile gauze. Circular sections of the 

structured substrates were secured at the injury site using a PLGA film, secured in 

place with sutures. The grooved substrates were aligned parallel to the tendon 

orientation (Figure 3.1). Following euthanisation, tissue samples were harvested at 

weeks 2, 4 and 12, fixed in 4% paraformaldehyde (Sigma Aldrich, Ireland), stored in 

sucrose (Sigma Aldrich, Ireland) and then fixed in freezing compound (Sigma Aldrich, 

Ireland). Cryo-sectioning was performed at Histotech (University of York, UK0. 

Sections (10 µm thick) were cut using a Leica CM 1950 cryostat (Leica Microsystems, 

Germany) on manual setting, operating at -20 °C and collected onto Superfrost® Plus 

glass slides (Thermo Scientific, UK). Sections were air dried at ambient temperature 

for 1 hour and stored desiccated at -80ºC until use. Tissue sections were then stained 

with haematoxylin-eosin (Sigma Aldrich, Ireland) and images were captured with an 

Olympus IX-81 inverted microscope (Olympus Corporation, Tokyo, Japan). For the 

subcutaneous study, female Lewis rats (200g – 250g) were used, following a protocol 

described previously [39]. Briefly, surgery was performed on rats under general 

anaesthesia. Incisions were made at the back of each animal, allowing insertion of a 

0.5 cm x 0.5 cm structured substrate. The wound was then closed, using biodegradable 
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sutures (Figure 3.2). Following euthanisation, the substrates were harvested at days 2 

and 14 and were stained using DAPI and rhodamine-conjugated phalloidin. Images 

were captured with an Olympus IX-81 inverted microscope (Olympus Corporation, 

Tokyo, Japan). 
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Figure 3.1: For the tendon model, we induced an incision to the side of the leg (A) to expose the tendon by moving the skin (B). Using a 2 mm in 

diameter punch biopsy, we created a wound at the centre of the tendon, where the structured substrates were then inserted (C). The implants were 

secured using a PLGA film (D) and wounds were closed using biodegradable sutures (E). 
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Figure 3.2: For the subcutaneous model, incisions were created on the back. The 

substrates were then inserted subcutaneously and wounds were closed using 

biodegradable sutures. 
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3.2.7. Statistical Analysis 

All data were analysed using GraphPad Prism® 5 (GraphPad Software, USA) and/or 

PASW Statistics 17.0 (SPSS Inc, IL). Analysis of variance (ANOVA) and Tukey’s 

multiple comparison post-hoc tests were performed. Statistical significance was 

accepted at p < 0.05. 
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3.3. Results 

3.3.1. Substrate Analysis 

Anisotropic PLGA substrates with constant groove and line width of 1911.42 ± 37.50 

nm and 2101.78 ± 35.21 nm respectively and variable groove depth of 37.48 ± 3.4 nm, 

317.29 ± 7.05 nm and 1988.2 ± 195.3 nm were fabricated using standard 

photolithography followed by imprinting lithography. Isotropic / planar PLGA 

substrates were used as control, with an inherent Ra of 80.17 ± 28.92 nm over 10 μm2 

(Figure 3.3). 
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Figure 3.3: AFM analysis of isotropic (A) and structured (B, C, D) substrates. 

Quantification of isotropic control roughness, groove width, line width and groove 

depth (E). 
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3.3.2. Human Tenocyte Morphometric Analysis as a Function of Topography 

Gross visual analysis of immunofluorescent images revealed that at all time points (1, 

5 and 10 days), human tenocytes exhibited spread morphology on isotropic and 

imprinted substrates with groove depth of ~37 nm (Figure 3.4). An aligned orientation 

and an elongated morphology, parallel to the substrate topography, was observed as 

early as 24 h in culture and was maintained for up to 10 days (longer culture time point 

assessed) on imprinted substrates with groove depth of ~317 nm and ~1988 nm 

(Figure 3.4). 
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Figure 3.4: DAPI (blue) and rhodamine-conjugated phalloidin (red) indicates that tenocytes aligned parallel to the substrate topography of groove 

depths of ~317 nm and ~1988 nm, whilst a random morphology was observed on isotropic substrates and substrates with groove depth of ~37 nm. 
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Subsequently, a detailed quantitative analysis was carried out to assess the influence 

of the various topographies, including planar, on cellular morphometry. Tenocytes on 

planar and ~37 nm in depth substrates exhibited random alignment / orientation, with 

the major axis of the cells evenly distributed over 90 °. Whereas by increasing the 

groove depth to ~317 nm and ~1988 nm, 80 % and 100 % respectively cellular 

alignment / elongation parallel to the substrate topography was evidenced (Figure 

3.5A). Although cellular area (Figure 3.5B) and nuclei aspect ratio (Figure 3.5D) 

were not affected as a function of the substrate topography, cellular aspect ratio was 

significantly increased (p < 0.005; Figure 3.5C) as a function of ascending groove 

depth, resulting in increasingly fusiform tenocytes. Indeed, tenocytes seeded on the 

isotropic and ~37 nm in depth substrates exhibited cellular aspect ratio of 

approximately 4, whereas by increasing the groove depth to ~317 nm and ~1988 nm, 

the aspect ratio was increased to approximately 11 and 16 respectively. 
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Figure 3.5: Tenocyte alignment to the substrate topography further confirmed when 

the angle of cells parallel to the underlying topography was between 0 – 20 ° on 

substrates with groove depth of ~317 nm and ~1988 nm (A). Substrates with groove 

depth of ~317 nm and ~1988 nm induced the highest cytoskeleton elongation (C). No 

significant difference was observed in cellular area (B) and nuclei aspect ratio (D) as 

a function of surface topography. 

 

  



Chapter 3 - Imprinting 

 114 

3.3.3. Human Tenocyte Viability, Metabolic Activity and Proliferation Analysis 

as a Function of Topography 

No significant differences (p > 0.05) in human tenocyte viability (Figure 3.6), 

metabolic activity (Figure 3.7) and proliferation (Figure 3.8) were observed at any 

time point (1, 5 and 10 days), as a function of the different topographies. 
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Figure 3.6: No significant difference in cell viability was detected as a function of topography and time in culture. 
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Figure 3.7: No significant difference in cell metabolic activity was detected as a function of topography and time in culture. 
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Figure 3.8: No significant difference in cell proliferation was detected as a function of topography and time in culture. 
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3.3.4. Human Tenocyte Gene Analysis as a Function of Topography 

Hierarchal clustering of the fold change (threshold of 1.4) in gene expression of human 

tenocytes on the anisotropic substrates, as compared to the isotropic control substrates, 

at the corresponding time points (day 1, 5 and 10) is presented in Figure 3.9. At day 

1, an overall gene upregulation was observed only on substrates with groove depth of 

1988 nm, whilst at day 10 substrates with groove depth ~317 nm and ~1988 nm had 

more upregulated genes than substrates with groove depth ~37 nm. At day 10, IBSP 

(bone sialoprotein) and ACAN (aggrecan) were upregulated on all substrates. 
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Figure 3.9: Gene analysis demonstrates an overall gene upregulation at day 1 only on cells seeded on ~1988 nm in depth substrates, whilst at day 

10 substrates with groove depth ~317 nm and ~1988 nm had more upregulated genes than substrates with groove depth of ~37 nm. At day 10, 

bone sialoprotein and aggrecan were upregulated on all substrates. 
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3.3.5. Host Tissue Response as a Function of Topography 

Histological examination at the tendon repair site showed a disorganised collagen fibre 

pattern for all anisotropic substrates (Figure 3.10). In a subcutaneous model, when 

structured substrates were explanted and stained for DAPI and rhodamine-conjugated 

phalloidin, no apparent cellular alignment was evidenced (Figure 3.11). 
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Figure 3.10: Histological examination at the tendon repair site showed a disorganised collagen fibre pattern for all implanted anisotropic substrates. 
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Figure 3.11: In a subcutaneous model, the structured substrates did not induce parallel to the substrate topography host cell orientation. 
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3.4. Discussion 

Biomaterials’ design and development is coming ever closer in mimicking native 

ECM assemblies, as advancements in engineering have allowed development of two- 

and three-dimensional substrates with precise architectural features. Indeed, current 

biomaterial fabrication technologies not only achieve structural support, but also 

provide means for permanently differentiated cell phenotype maintenance and 

directional lineage commitment of stem cells. However, the optimal presentation / 

dimensionality of such topographical features remains elusive, despite significant 

scientific achievements and technological innovations [32]. Herein, we ventured to 

investigate the impact of groove depth (~37 nm, ~317 nm and ~1988 nm), whilst 

maintain groove width (~1911 nm) and line width (~2102 nm) constant, on human 

tenocyte morphology and gene expression in vitro and on directional neotissue 

formation in vivo. The groove depths were selected on the basis that closely represent 

the topographical cues (dimensionality of collagen fibrils, fibres and fibre bundles) 

that tenocytes are exposed to in vivo. The micro-scale groove depth was selected based 

on previous publications, where authors supported that pitch dimensionality in the 

range of 4000 nm induces efficient cellular contact guidance [28, 30, 40]. Furthermore, 

the cellular response to underlying topographies is enhanced when the feature pitch is 

similar to or smaller than the dimensions of the cell type being studied [41], facilitating 

contact with more than one discontinuity. This approach allows for directional 

alignment of the cells without physically restricting cells within individual groove 

features [42]. 

Starting with the morphometric analysis, we observed that isotropic (control) 

substrates and substrates with groove depth of ~37 nm, being to shallow, failed to 

induce any morphological changes to the cells tested. On the other hand, substrates 
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with deeper grooves (~317 nm and ~1988 nm) induced cytoskeleton morphometric 

changes, but not obvious nuclei differences. Although, the mechano-transduction 

theory proposes that intracellular tension in elongated and aligned cytoskeleton actin 

filaments is transferred to the nucleus through cytoskeletal elements [43-48], this 

indifference in nuclei morphology may be attributed to the short time after culture on 

grooved substrates that nuclei aspect ratio was assessed. 

No significant difference was observed in cell metabolic activity, viability and 

proliferation, between the groups. This observation indicates that although both 

topography and mechanical stretching can induce bidirectional cell growth, only 

mechanical loading, in excessive form, can activate apoptotic pathways [49-52]. 

Gene analysis clearly indicates that only substrates with groove depth of ~1988 nm 

had an immediate (day 1) upregulation effect on cultured tenocytes, which was 

maintained for all cultured time points. However, by day 10, bone sialoprotein, 

osteonectin, runt-related transcription factor 2, cartilage oligomeric protein and 

aggrecan were upregulated on substrates with groove depth ~1988 nm and bone 

sialoprotein and aggrecan were upregulated on all substrates. These observations 

indicate trans-differentiation of tenocytes towards osteogenic / chondrogenic lineage. 

Indeed, bone sialoprotein encodes non-collagenous components of bone ECM; runt-

related transcription factor 2 promotes osteogenic differentiation; and osteonectin is a 

bone-specific protein that binds selectively to hydroxyapatite and collagen [53-56]. 

Similarly, cartilage oligomeric protein and aggrecan, although they are encountered in 

tendon, they are primarily considered cartilage-specific molecules, mutations of which 

are associated with skeletal pathophysiologies [57-60]. We attribute this indicative 

trans-differentiation to the far from physiological substrate stiffness of the PLGA 

material used. Indeed, substrate stiffness has been shown to strongly regulate protein 
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expression, cell phenotype maintenance and stem cell differentiation, with soft 

substrates to be neurogenic and rigid substrates to be chondrogenic / osteogenic [61-

64]. This implies that multifactorial, rather than mono-domain, approaches should be 

assessed and is in accordance to previous observations, where it was suggested that 

topography should be combined with mechanical loading for physiological bovine 

tenocyte morphology maintenance [15]. 

Critically, herein, the in vitro work was followed up with two in vivo studies. None of 

the structured substrates induced parallel to the substrate topography neotissue 

formation in a tendon model. Further, in a subcutaneous model, none of the substrates 

induced parallel to the direction of the substrate topography cellular orientation. This 

observation indicates that three-dimensional fibrous constructs that allow cell growth, 

motility, matrix deposition and neotissue growth within this contained environment, 

are more effective for directional neural [65-67], tendon [17, 23, 68], bone [69-71] 

and skin [72-74] neotissue formation, rather than the two-dimensional imprinted 

substrates that are overwhelmed with body fluids upon implantation, prohibiting 

favourable cell / material interaction at the substrate-tissue nano-bio-interface. 
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3.5. Conclusions 

Herein, we demonstrated that low nano topographical features (~37 nm groove depth) 

were not sufficient to induce physiological tenocyte morphology, as compared to ~317 

nm and ~1988 nm groove depth substrates. In two different animal models, the 

structured substrates failed to induce parallel to the underlined topography directional 

host cell growth and neotissue formation. Further, the rigid substrate induced tenocyte 

trans-differentiation towards chondrogenic / osteogenic lineage. Collectively, these 

data indicate that three-dimensional fibrous constructs are more promising for 

directional neotissue formation, whilst two-dimensional imprinted substrates can be 

used for optimal cell expansion in vitro, should multifactorial approaches be 

established. 
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4.1. Introduction 

Implantable devices are developing rapidly from their once primitive form of merely 

providing similar mechanical properties to the tissue to be replaced, to devices that 

closely imitate native tissue supramolecular assemblies and provide control over 

cellular functions. Cells, in vivo, are exposed to a wide variety of topographical 

features (e.g. fibres with diameter range from nano- to micro- scale), with each tissue 

niche providing an entirely unique topography profile. Cell shape is vital for a number 

of functions, including phenotype maintenance, differentiation, tissue organisation 

and ECM remodelling [1-3]. Therefore, engineering an in vitro environment, which 

promotes physiological cell morphology is essential for tissue engineering and 

regenerative medicine applications. 

Cell-substrate interactions at the substrate interface are becoming increasingly 

important in our understanding of a range of physiological processes [4]. For example, 

textured substrates have been shown to favourably promote cell attachment, migration 

and differentiation, since they closely imitate the in vivo niche [5-7]. However, to 

facilitate clinical translation of such technologies, it is important to fully comprehend 

the influence of topography at cellular and molecular level, and to use this knowledge 

to design the next generation of textured biomaterials. With advances in fabrication 

techniques, there is an increasing ability to create biomaterials with precise 

topographical features from nano- to micro- scale that will interact with cells and 

provide physical cues. 

This project aimed to developed two- and three- dimensional constructs from 

commercially available biomaterials to provide control over cellular functions in vitro 

and in vivo. This project investigated two nano-technology processing techniques, 

electro-spinning and imprinting lithography. Both of these techniques demonstrated 
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the ability to support cellular attachment, proliferation and directional cell growth in 

vitro. Imprinting failed to induce directional tissue formation in vivo. 

 

4.2. Summary 

In chapter 2, electro-spinning was used to create anisotropic PLGA fibrous mats, due 

to the versatility of the process [8]. The influence of the fibrous meshes on bovine 

tenocytes was subsequently assessed. Strikingly, tenocytes orientated perpendicularly 

to the substrate topography, when they were seeded onto aligned orientated electro-

spun mats, suggesting that multifactorial approaches (e.g. topography and mechanical 

loading) should be introduced to fully control cellular functions. 

In chapter 3, imprinting lithography was employed to assess the influence of precise 

topographical features on tenocyte response. Cell morphometric analysis revealed that 

anisotropic substrates with groove depth of ~317 nm and ~1988 nm promoted human 

tenocyte alignment parallel to underlined topography in vitro, whilst substrates with 

groove depth of ~37 nm were too shallow to induce morphological changes. Gene 

analysis indicated that chondrogenic and osteogenic genes were upregulated, most 

likely due to the rigidity mismatch between the tendon tissue and the PLGA substrates, 

once more suggesting that multifactorial approaches (e.g. substrate rigidity and 

surface stiffness) should be employed introduced to fully control cellular functions in 

vitro. The most significant finding herein was that none of the imprinted substrates 

was able to induce directional neotissue growth. This finding indicates that three-

dimensional nano- and micro-fibrous constructs that allow cell penetration within the 

three-dimensional fibrous matrix induce cell-guidance and neotissue growth within 

this contained / restricted architecture / environment, whilst two-dimensional 

constructs are only suitable for in vitro studies. 
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4.3. Future Studies 

The following section is dedicated to the possible future projects that may follow up 

based on the outcomes and limitation encountered during this work. 

 

4.3.1. Dynamic Environment 

In this thesis, the influence of anisotropic topographies on tenocyte growth was 

evaluated under no mechanical tension; thus bovine tenocytes may have aligned 

perpendicular to the substrate topography. Recent studies clearly demonstrate that 

mechanical loading is necessary to maintain tenocyte phenotype in vitro [9-11]. 

Therefore, future studies need to investigate the influence of dynamic environment on 

cell phenotype maintenance. 

 

4.3.2. Substrate Rigidity 

In this thesis, we also assessed the influence of surface topography on tenocyte 

function. However, we identified that very rigid substrates induce trans-differentiation 

of tenocytes towards chondrogenic / osteogenic lineage. This is not surprisingly, given 

that substrate rigidity is an important modulator of the in vitro microenvironment [22, 

23]. Thus, it is imperative to identify the optimal substrate rigidity for tenocyte 

phenotype maintenance in vitro. 
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4.3.3. Macromolecular Crowding 

This research has demonstrated that anisotropic substrates with features significantly 

smaller than tenocytes can influence the growth and morphology of the seeded cells, 

creating confluent aligned and elongated cultures of tenocytes. However, in traditional 

culture conditions, extracellular matrix deposition is very slow. Therefore, the next 

stage of this research could combine topography with the recent advancement in 

macromolecular crowding (MMC) to aid in the development of scaffold-free 

constructs for tendon tissue engineering [12-15]. 
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A. Electro-spinning 

Materials and Equipment 

1. Personal protective equipment 

2. Laboratory coat, powder free gloves, face-mask and eye goggles must be used 

when preparing the solution. 

3. All solutions must be prepared inside the fume hood. 

4. 50ml centrifuge tubes. 

5. Parafilm. 

6. Laboratory tube rotator (suitable for 50ml tube). 

7. Leur-lock syringes. 

8. Leur-lock blunt tip needles. 

9. Permitted solvents: Chloroform, Trichloromethane, Dichloromethane, 

Hexafluoroisopropanol, Tetrahydrofuran. 

10. Permitted Biomaterials: Fibrin, collagen, carbon, starch, NIPAM, 

biodegradable polyesters, composites of the above, proprietary biomaterials. 

 

Procedure 

1. Preparing the solution. 

2. Weigh the polymer. 

3. Place it in a 50ml tube. 

4. Add required amount of solvent to the polymer using a Pasteur pipette (to be 

done in fume hood). 

5. Secure cap on tube. 

6. Cover with tube cap with Parafilm™. 

7. Place in rotating mixer until completely dissolved. 
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8. Using electro-spinning Rig. 

9. Turn on the fume hood. 

10. Select the desired mandrel geometry. 

11. Cover the mandrel with aluminium foil. 

12. Connect the mandrel securely to the rotating motor by completely closing the 

mandrel chamber. 

13. Under a fume hood fill the syringe with the desired amount of polymer 

solution. 

14. Place the syringe in the syringe pump and lock in place. 

15. Set the displacement of the syringe pump by adjusting the distance between 

the two limit switches on the linear table. Set the distance between the tip of the needle 

and the mandrel by moving the syringe pump platform (the platform should be placed 

in such a way that the linear table is parallel to the mandrel’s longitudinal). 

16. Turn the syringe pump on. 

17. Set the pump’s parameters (syringe diameter, flow rate). 

18. Start the syringe pump. 

19. Close the fume hood (Verify that the inter-lock on the left of the fume hood is 

completely closed). 

20. Over on the control panel, start the linear table, high voltage supply and 

rotating motor (never touch any cables, the alligator clip or the needle when the 

electro-spinning rig is on). 

21. In case of formation of any clot of solution on the tip of the syringe stop the 

entire process (linear table, high voltage supply, rotating motor and syringe pump), 

clean the tip of the needle and repeat steps 6.11-6.12.  
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B. Fibre Collection 

1. When processing is complete, stop all elements (linear table, high voltage 

supply, rotating motor and syringe pump). 

2. Open the mandrel chamber and remove the mandrel. 

3. With a blade, cut the processed construct and aluminium foil along the 

longitudinal axis of the mandrel. 

4. Place the mandrel back in its chamber and close it completely. 

5. Remove the syringe from the pump. 

6. Dispose of the blunt tipped needle in the sharps bin and place the spent syringe 

in the sharps disposal bin – do not cover the used needle. 

7. Make sure that the electrical supply is turned off at the mains, that the Electro-

spinning Rig is cleaned and close the fume-hood before leaving. 

8. Substrate prep and sterilisation 

9. Cell culture aseptic technique 

10. To ensure that the interior of the hood was sprayed with Virkon for 5 minutes 

and then with 70% IMS. 

11. Everything entering the hood was sprayed with 70 IMS 

12. Any containers must only be opened within the hood. Any containers opened 

outside the hood was considered contaminated. 

 

C. Changing Media 

1. Tenocytes media was changed every three days. 

2. Media and HBSS were placed in the water bath to warm to 37°C. 

3. To speed this up first, under the hood, poor out media and HBSS in to 50ml 

falcon tubes and place these into the water bath. 



Appendix 

 147 

4. Aseptic technique was used, the flask were removed from the incubator and 

sprayed with IMS. 

5. The cells were viewed with the microscope to check how confluent the cells 

were and to ensure no contamination. 

6. The media was removed from the flask and placed in the waste container, 

which had Virkon in it. 

7. The cells were washed with HBSS and the fresh media was added. 

8. The flasks were then returned to the incubator. 

 

D. Passaging Cells 

1. When cells reached approximately 80% confluency, they were split into two 

or more flasks or frozen for later use. 

2. Media, HBSS and were placed in the water bath to warm to 37°C. 

3. Aseptic technique was used, the flask were removed from the incubator and 

sprayed with IMS. 

4. The media was removed from the flask and placed in the waste container, 

which had Virkon in it. 

5. The cells were washed with HBSS. 

6. Trypsin-EDTA (T/E) was added to the flask, ensuring complete coverage of 

the flask. 

7. The flask was returned to the incubator for 5 minutes (enzyme is active at 

37°C). 

8. The flask was examined under the microscope to see if cells had detached from 

the surface. 
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9. Cells should be rounded and floating in the media, if not lightly tapping the 

flask may remove the remaining cells or replace in the incubator for another 5 minutes. 

It is not recommended to have the cells in the incubator for longer than 10 minutes. 

10. Once cells were detached from the surface the flask is placed back into the 

incubator 

11. Equal volume of media supplemented with 10% serum was added to the flask. 

This deactivates the trypsin. 

12. All of the liquid was then removed and put into a sterile centrifuge tube and 

centrifuged for 5 minutes at 1200 rpm (placing a counter weight in the centrifuge to 

ensure it is balanced. 

13. The tubes are removed. The cells form a pellet at the bottom of the tube. 

14. The supernatant is removed and the pellet is re-suspended in fresh media 

a. Use 1ml pipettes to re-suspend the pellet and then add more media if required. 

b. Try to minimise the formation of air bubbles when re-suspending cells 

15. The cells are then counted and seeded into new flasks. 

 

E. Freezing Cells 

1. To freeze cell carry out the passaging protocol. 

2. However instead of re-suspending the pellet in to media pen/strp, cells are re-

suspended in freezing media. Freezing media consists of media supplemented with 

10% FBS and 1% and 10% filtered DMSO. (DMSO is a cryo-protective agent) 

3. Generally there is 1 ml per vial, containing 500,000 to 2 million cells. 

4. Cells were placed in Mr. Frosty container and placed in the -80°C freezer. 

5. Wear protective gloves and face shield when adding cryo-vials from liquid 

nitrogen cylinder 
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6. Cells were then put into liquid nitrogen after 24 hours. 

 

F. Thawing Cells 

1. Wear protective gloves and face shield when removing cryo-vials from liquid 

nitrogen cylinder 

2. Remove the required number of vials from the liquid nitrogen container. 

3. Place the vial in the water bath, just long enough to thaw the solution. Do not 

cover the vial as this can lead to contamination. 

4. Spray the vial with IMS before placing into the hood. 

5. DMSO needs to be removed, as it is toxic. 

6. Cells are immediately placed in to pre-warmed media in a sterile centrifuge 

tube. 

7. The cells were centrifuged for 5 minutes at 1200 rpm. 

8. The supernatant media was aspirated leaving the cell pellet at the bottom of 

the tube. 

9. The cells were re-suspended in media. 

10. The cells were counted and plated out at 4000 cells/cm2. 

 

G. Cell Counting 

1. 50 µl of cell suspension was mixed with 50 µl trypan blue 

2. 10 µl of the cell/trypan blue solution was added to each side of the 

haemocytometer 

3. Trypan blue is excluded by the live cells and penetrates the dead cells due to 

their damaged membranes – blue cells are dead, clear cells are alive. 
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H. Cell Seeding 

Please see respectful sections in the thesis. 

 

I. Staining for rhodamine phalloidin and DAPI 

Materials 

1. HBSS 

2. 1x PBS 

3. DAPI (0.1% ddH2O) 

4. Rhodamine Phalloidin (1:100) 

5. 4% Paraformaldehyde (PFA) 

6. TritonX-100 (0.2% PBS) 

7. Blocking solution (1% BSA (1x PBS)) 

 

Methods 

1. Remove media from the cells. 

2. Wash the cells twice with HBSS. 

3. Fix the cells with 4% PFA for 15mins at room temperature. 

4. Wash the cells 3 times with 1x PBS. 

5. Permeabilise the cells with Triton X for 5mins at room temperature. 

6. Block with the blocking solution for 30 minutes at room temperature.  

 (Optional) 

7. Wash the cells 3 times with 1x PBS. 

8. Incubate with the rhodamine-phalloidin solution for 30 minutes to one hour, at 

room temperature, protected from light. 

9. Wash the cells 3 times with 1x PBS. 
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10. Stain the nuclei with DAPI for 5mins at room temperature. 

11. Wash the cells four times with 1x PBS and observe using an inverted 

fluorescence microscope. 

 

J. alamarBlue® Cell Metabolic Activity Assay 

Materials: 

1. Hank’s balanced salt solution 

2. AlamarBlue 

Methods: 

1. Add 1000 μl of Hank’s balanced salt solution into the required number of wells 

in the sterile 24 well plate i.e. same number as samples to be tested. 

2. Make up the solution of AlamarBlue® in Hank's balanced salt solution (ratio 

1:9 respectively). 500 μl is required per well. 

3. Transfer the seeded scaffolds/tissue culture inserts from their original well 

plate to the Hanks solution well plate using the sterile tweezers. 

4. Remove the Hanks solution from each well. 

5. Cover the scaffolds and positive control (empty wells washed with Hanks) 

with 500µl of the alamarBlue® in Hank's balanced salt solution (ratio 1:9). 

6. Incubate for 2 hours at 37°C 

7. After incubating for 2 hours, transfer 200 µl of the dye into the clear 96 well 

plate 

8. Measure the absorbance at 550 nm and 595 nm (0.5 seconds per well). 

9. Calculate a viability value according to ‘simplified method of calculating % 

reduction’ available in the alamarBlue® handbook.  
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10. Subtract the absorbance values of Hank’s balanced salt solution only from the 

absorbance values of the alamarBlue® in Hank's balanced salt solution (ratio 1:9). 

AOLW = absorbance of oxidized form at lower wavelength, and AOHW = absorbance 

of oxidized form at higher wavelength. 

11. Calculate correlation factor: RO. 

12. RO = AOLW/AOHW 

13. To calculate the % of reduced alamarBlue™: 

14. ARLW = ALW – (AHW x RO) x 100 

 

K. Live/Dead Assay 

1. Take kit out of freezer, defrost tubes 

2. Place in the centrifuge for a few seconds to ensure contents are at the bottom 

of the tube 

3. Media was removed from chamber/wells and cells were was washed with 

HBSS 

4. For a dead control immerse cells in 70 % Methanol 

5. Prepare staining solution 

a. Calcein (live) is at 4 mM concentration in the tube. Use 4 µl 

b. Dilute 1:1000 – 5 µl in 5 ml 

6. Ethidium homoimer-1 (dead) is at 2 mM. Use at 2 µM 

a. Dilute 1:1000 – 5 µl in 5 ml 

7. Protect from light 

8. Add enough stain to cover the substrates 

9. Incubate for 30 minutes  
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10. The live cells were imaged using FITC filter and the dead cells were imaged 

using the Texas red filter. 

11. Proliferation Protocol 

 

L. RNA Extraction Protocol 

1. At the predefined time to analyse cells for RNA content, wash scaffold/cells 

with Hanks balanced Salt solution. 

2. Microbiology Hood Ground Floor Lab 

3. Add 0.250 μl (12-well chamber slide, double for 8well chamber slide) of TRI 

Reagent® to wells containing scaffolds/cells.  

4. Homogenize samples using the tip of a pipette (using a scrapping motion on 

entire surface, then aspirate 4-6 times) being careful not to contaminate adjacent wells. 

Make sure scaffolds have been completely homogenized.  

5. Using a 1 ml pipette tip, aspirate the solution repetitively. 

6. Store homogenate for 5 minutes at room temperature to dissociate 

nucleoprotein complexes. 

7. Remove the TRI Reagent® solution to a sterile 1.5 ml eppendorf. 

8. Note: Tri/Lysate solution can be frozen at this point at -80 °C for 

approximately a month. 

9. Add 50 μl of chloroform per 0.25 ml of TRI Reagent®. 

10. Sake vigorously for 15 seconds by inversion. 

11. Incubate for 15 minutes at room temperature. 

12. Centrifuge at 12,000 g for 15 minutes at 4 °C. Following the centrifugation, 3 

phases will appear; -a lower red phenol-chloroform phase, an inter-phase, and an 

aqueous phase (translucent). mRNA is located within the aqueous phase. 
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13. Remove the clear upper aqueous phase (~ 100 µl) to a sterile eppendorf. Be 

careful not to touch the interface. Leave a little of the upper phase to avoid contact 

with the interface. 

14. Slowly add 1 volume of 70% ethanol and mix by inversion. 

15. Add sample from step 12 to RNeasy column. 

16. Centrifuge at 8,000 g for 15 seconds and discard the collected solution. 

17. Repeat step 13 and 14 for remaining sample. 

18. Add 350 µl of RW1 buffer to centre of column, centrifuge at 8,000 g for 15 

seconds. Discard the collected solution. 

19. Transfer column to new collection tube. Add 500 µl RPE to centre of column, 

centrifuge at 8,000 g for 15 seconds. Discard the collected solution. 

20. Add 500 µl RPE to centre of column, centrifuge at 8,000 g for 2 seconds. 

Discard the collected solution. 

21. Transfer column to a new 1.5 ml eppendorf. Add 20 µl RNase-free water onto 

the column, incubate at room temperature for 1 minute and centrifuge for 1 minute at 

8,000 g. 

22. Place the flow through solution onto the column again, incubate at room 

temperature for 1 minute and centrifuge at 8,000 g for 1 minute. 

23. MDRG Lab NanoDrop 

24. Determine the concentration using the NanoDrop and freeze at -80 °C. 

25. Calibrate the spectrometer with water. 

26. Place 1-1.2 μl on the nanodrop. The purity is determined from the ratio 

between A260 and A280. The ratio A260/A280 should be above 1.8 to indicate a pure 

form of RNA. 

27. Print of report and place in lab book comment on any irregularities. 
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M. Surgery Protocols 

Equipment needed: 

1. Scalpel handle 

2. Toothed forceps 

3. Fine tip forceps 

4. Scissors 

5. Sutures holders 

6. Biopsy punches 

7. Metal bowls 

8. Cotton swabs 

9. 2 mm biopsy punch 

 

Surgery room Prep 

1. Wipe down surgery table with Virkon and IMS. 

2. Ensuring not to touch the surgical side place two green surgical drapes on the 

table. 

3. Place a heating pad under the drape intended for surgery. (These turn off 

automatically, ensure they stay on throughout the surgeries. 

4. Place surgical equipment on the table without touching with gloves. 

5. Place iodine and IMS in to the two metal bowls. 

6. Cut up a surgical drape to cover the animal during surgery. 

7. Ensure adequate clean cages are prepared for after surgery. 

 

Animals 
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1. Species: Rats 

2. Strain: Lewis 

3. Specifications: 200-350 g of weight 

4. Sex: female 

 

Surgery 

1. At time 0, rats will be weighed and a health check conducted. 

2. Anaesthetize animal using isoflorane (5% reducing to 1-2%). 

3. Shave both legs. 

4. Clean both legs with iodine solution. 

5. Place animal on the surgery table and secure the anaesthetic mask and cove the 

rest of the animal. 

6. Put on the surgical gloves. 

7. Create an incision through the skin (~1 cm) by the side of the right knee. 

8. Open the fascia above the patellar tendon carefully, avoiding creating injury. 

9. Clean wound area once patellar tendon is exposed 

10. Using a biopsy punch (2 mm) an injury will be made in the centre of the 

patellar tendon 

11. The construct will be inserted into or over the injured area and sutured. 

12. The wound area will be closed in layers 

13. A second construct may be inserted subcutaneously before closing the skin in 

order to compare the effects of the construct in the tendon to the effects of the construct 

in unloaded tissue. 

14. On the left side, the same surgery will be done inserting the removed biopsy 

from the first as an autograft control. 
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N. Post-operative Care 

1. The health of the animals will be monitored daily immediately following 

surgery and a comprehensive analysis will be conducted and recorded weekly. This 

analysis will consist of functional evaluation of the tendon to ensure that it has not 

ruptured and to compare the relative efficacies of the various constructs. 

2. At each time point, the animals will be euthanized and the samples explanted 

for analysis. 

 

O. Picro Sirius Red Staining 

1. Wash cryosection slides in ddH2O 

2. Place in Weigerts Haemotoxylin for 8 minutes 

3. Rinse in running tap water for 5 minutes 

4. Stain in 0.2% phosphomolybdic acid hydrate for 2 minutes (make fresh) 

5. Rinse in distilled water  

6. Stain in Picro-Sirius red for 1 hour 

7. Wash in acidified water 

8. Place in 80%, 95%, 100% ethanol for 10 seconds in each bath 

9. Dehydrate in two changes of xylene  
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P. Haematoxylin and Eosin Staining 

1. Wash in H2Ofor 30 seconds 

2. Mayer hematoxylin for 5 minutes 

3. Rinse in running water for 1-10 minutes 

4. To optimize start of low and increase if needed 

5. 1% eosin y for 10 -30 seconds 

6. Wash 3 times in h2o 

7. Place in 70% EtOH 30 sec 

8. Place in 90% EtOH 30 sec  

9. Place in100% EtOH 30 sec 

10. Dehydrate in two changes of xylene 
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Q. Outputs 

 

Manuscripts 

1. Azeem, A., English, A., Kumar, P., Satyam, A., Biggs, M., Jones, E., Tripathi, 

B., Basu, N., Henkel, J., Vaquette, C., Rooney, N., Riley, G., O'Riordan, A., Cross, 

G., Ivanovski, S., Hutmacher, D., Pandit, A., Zeugolis, D.I. The influence of 

anisotropic nano- to micro- topography on in vitro and in vivo osteogenesis. 

Nanomedicine (Future in Medicine), In Press. Impact Factor 2013: 5.26. 

2. Cigognini, D., Lomas, A., Kumar, P., Satyam, A., English, A., Azeem, A., 

Pandit, A., Zeugolis, D. Engineering in vitro microenvironments for cell-based 

therapies and drug discovery. Drug Discovery Today, Vol. 18, No. 21-22, pp. 1099-

1108 (2013). Impact Factor 2011: 6.828. 

3. English, A., Azeem, A., Gaspar, D.A., Keane, K., Kumar, P., Keeney, M., 

Rooney, N., Pandit, A., Zeugolis, D.I. Preferential cell response to anisotropic electro-

spun fibrous scaffolds under tension-free conditions. Journal of Materials Science: 

Materials in Medicine, Vol. 23, No. 1, pp. 137-148 (2012). Impact Factor 2011: 2.316. 

4. English, A., Azeem, A., Biggs, M., Jones, E., Tripathi, B., Basu, N., Rooney, 

N., Riley, G., O'Riordan, A., Cross, G., Hutmacher, D., Pandit, A., Zeugolis, D.I. 

Substrate topography: Dimension-dependent contact guidance is not translated into a 

tenogenic preclinical host response. Biomaterials, Submitted. Impact Factor 2012: 

7.404. 
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Book Chapters 

1. Lomas, A., English, A., Biggs, M., Pandit, A., Zeugolis, D.I. Engineering 

anisotropic 2D and 3D structures for tendon repair, in Tendon regeneration: 

Understanding tissue physiology and development to engineer functional substitutes. 

Elsevier Science. Editors: Reis, R.L., Gomes, M.E., Rodrigues, M.T. Submitted. 

 

Abstract Publications 

1. English, A., Azeem, A., Tripathi, B., Jones, E., Legerlotz, K., Riley, G., Cross, 

G., Rooney, N., Pandit, A., Zeugolis, D. Human tenocyte response to nano-

topographic interfaces and implications on medical device design. Journal of Tissue 

Engineering and Regenerative Medicine, Vol. 6, pp. 229-229 (2012). 

 

Conference Papers 

1. 10/2013: English, A., Gaspar, D., Sweeney, I., Satyam, A., Holladay, C., 

Lomas, A., Abbah, S.A., Miraftab, M., O’Dowd, C., Pandit, A., Zeugolis, D.I. 

Scaffold and scaffold-free strategies towards tendon repair. Podium Presentation at 

8th Combined Meeting of Orthopaedic Research Societies (CORS), 13th to 16th of 

October 2013, Venice, Italy. 

2. 09/2013: English, A., Gaspar, D., Sweeney, I., Satyam, A., Holladay, C., 

Lomas, A., Miraftab, M., O'Dowd, C., Pandit, A., Zeugolis, D. Scaffold and scaffold-

free strategies towards tendon repair. Podium Presentation at European Society for 

Biomaterials, 8th to 12th of September 2013, Madrid, Spain. 

3. 06/2013: English, A., Gaspar, D., Sweeney, I., Satyam, A., Holladay, C., 

Lomas, A., Abbah, S., Miraftab, M., O’Dowd, C., Pandit, A., Zeugolis, D.I. Scaffold 
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and scaffold-free strategies towards tendon repair. Podium Presentation at TERMIS, 

EU Meeting, 17-20 of June 2013, Istanbul, Turkey. 

4. 06/2013: English, A., Gaspar, D., Sweeney, I., Satyam, A., Holladay, C., 

Lomas, A., Abbah, S., Miraftab, M., O’Dowd, C., Pandit, A., Zeugolis, D.I. Scaffold 

and scaffold-free strategies towards tendon repair. Poster Presentation at TERMIS, 

EU Meeting, 17-20 of June 2013, Istanbul, Turkey. 

5. 09/2012: English, A., Azeem, A., Holladay, C., Tripathi, B., Jones, E., 

Legerlotz, K., Cross, G., Rooney, N., Riley, G., Hutmacher, D., Pandit, A., Zeugolis, 

D. Preferential cell response to anisotropic nano-topography. Poster presentation at 

Nanoweek, 14th to 21st of September 2012, Dublin, Ireland. 

6. 09/2012: English, A., Azeem, A., Tripathi, B., Jones, E., Legerlotz, K., Riley, 

G., Cross, G., Rooney, N., Pandit, A., Zeugolis, D. Human tenocyte response to nano-

topographic interfaces and implications on medical device design. Podium 

Presentation at 3rd TERMIS World Congress 2012, 5th to 8th of September 2012, 

Hofburg Congress Centre, Vienna, Austria. 

7. 09/2012: English, A., Satyam, A., Holladay, C., Meirovitch, S., Tripathi, B., 

Jones, E., Legerlotz, K., Shoseyov, O., Cross, G., O’Dowd, C., Rooney, N., 

Rodriguez, B., Riley, G., Pandit, A., Zeugolis, D. Scaffold and scaffold-free strategies 

towards tendon repair. Podium Presentation at Tendinopathy: From basic science to 

treatment, British Society for Matrix Biology meeting, 3rd to 4th of September 2012, 

Norwich, UK. 

8. 06/2012: Azeem, A., English, A., Tripathi, B., Jones, E., Rooney, N., 

Legerlotz, K., Riley, G., Cross, G., Hutmacher, D., Pandit, A., Zeugolis, D. Guiding 

osteoblast behaviour at the nano-bio-interface by anisotropically ordered surfaces. 

Poster Presentation at Royal Academy of Medicine in Ireland (RAMI), Section of 
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Biomedical Sciences, Bailey Allen Hall, National University of Ireland Galway, 14th 

of June 2012, Galway, Ireland. 

9. 06/2012: English, A., Azeem, A., Jones, E., Legerlotz, K., Rooney, N., Riley, 

G., Pandit, A., Zeugolis, D. Tenocytes align perpendicular to the substrate topography 

in the absence of mechanical loading. Podium Presentation at 9th World Biomaterials 

Congress, Chengdu, China, 1-5 June, 2012. 

10. 06/2012: Azeem, A., English, A., Jones, E., Rooney, N., Legerlotz, K., Riley, 

G., Hutmacher, D., Pandit, A., Zeugolis, D. The influence of nano-topographical cues 

on cellular behaviour of bone-like cells. Podium Presentation at 9th World 

Biomaterials Congress, Chengdu, China, 1-5 June, 2012. 

11. 09/2011: English, A., Azeem, A., Rooney, N., Pandit, A. and Zeugolis, D.I. 

Guiding bone-like cellular behaviour at the nano-bio-interface. Poster Presentation at 

the 24th European Society for Biomaterials, 4th-8th of September, Dublin, Ireland, 

2011. 

12. 09/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Nano-textured 

biomaterials and cell interaction at the nano-bio-interface. Rapid Fire Podium 

Presentation at the 24th European Society for Biomaterials, 4th-8th of September, 

Dublin, Ireland, 2011. 

13. 09/2011: Raj, J., English, A., D’Sa, R.A., Dickinson, P.J., Zeugolis, D.I., 

Brown, A. and Meenan, B.J. Response of endothelial cells to poly (L-lactide-co-ε-

caprolactone) (PLCL) membranes. Rapid Fire Podium Presentation at the 24th 

European Society for Biomaterials, 4th-8th of September, Dublin, Ireland, 2011. 

14. 04/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Topographical 

cues – Controlling cellular behaviour. Poster Presentation at 2011 Joint Research Day 

between NUI Galway and University of Limerick, Galway, Ireland 
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15. 06/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Soft tissue 

cell behaviour influenced by the nano-bio-interface. Poster Presentation at the 7th 

NanoBio-Europe Conference, 21st-23rd of June, Cork, Ireland, 2011. 

16. 06/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Soft tissue 

cell behaviour influenced by the nano-bio-interface. Podium Presentation as part of 

the Young Researcher Session, at the 7th NanoBio-Europe Conference, 21st-23rd of 

June, Cork, Ireland, 2011. 

17. 06/2011: English, A., Azeem, A., Rooney, N., Pandit, A. and Zeugolis, D.I. 

Surface functionalisation: Human bone-like cell response to a range of nano-

topographies. Poster Presentation at the 7th NanoBio-Europe Conference, 21st-23rd 

of June, Cork, Ireland, 2011. 

18. 06/2011: English, A., Rooney, N., Pandit, A., Zeugolis, D.I. Evaluation of 

cellular functions at the nano-bio-interface. Podium Presentation at the Tissue 

Engineering Regenerative Medicine International Society - EU Meeting, 7th-10th of 

June, Granada, Spain, 2011. 

19. 04/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Topographical 

cues – Controlling cellular behaviour. Poster Presentation at the 2011 Joint Research 

Day between NUI Galway and University of Limerick, 5th of April, Galway, Ireland, 

2011. 

20. 01/2011: English, A., Rooney, N., Pandit, A. and Zeugolis, D.I. Topographical 

cues for cellular guidance. Poster Presentation at the Nanoweek 2011 Conference, 31st 

of January to 1st of February, Kildare, Ireland, 2011. 

21. 10/2010: English, A., Keeney, M., Rooney, N., Pandit, A. and Zeugolis, D.I. 

Topographical cues for cellular guidance. Poster Presentation at the 12th Surface 
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Science of Biologically Important Interfaces Conference, 27th of October, Belfast, 

Northern Ireland, 2010. 

 

Patents 

1. Zeugolis, D.I., English, A., Azeem, A. Identifying optimal topography to 

control cellular function and neotissue formation. Publication Number: 

WO2012168466 A1, Publication Date: 13/12/2012, Application Number: 

PCT/EP2012/060946. 

 

Awards 

1. Second Best Podium Presentation at Tissue Engineering and Regenerative 

Medicine World Congress, Vienna, Austria, 5th – 8th September2012. 

2. Winner of Young Investigator Travel Award for Tissue Engineering and 

Regenerative Medicine World Congress, Vienna, Austria, 5th – 8th September2012. 

3. Winner of Best Poster Presentation at the Scientific Surfaces for Biologically 

Important Interfaces Conference, Belfast, Northern Ireland 27th October 2010 

4. Winner of Best Poster Presentation at the NanoBio Europe Conference, Cork, 

Ireland June 2011 

 

Courses 

1. Completed a course on Nanotechnology Entrepreneurship, 19th April 2012, 

University of Nottingham, Funded by CANN. 

2. Completed LAST course, January 2011, Trinity College Dublin. 


