

[image: ]



DEVELOPMENT OF MICROSTEREOLITHOGRAPHY AND PHOTOPOLYMERISABLE POLYMERS FOR PERIPHERAL NERVE REPAIR


Christopher J Pateman

September 2014


Thesis submitted to the University of Sheffield for the degree of Doctor of Philosophy

Department of Materials Science & Engineering & Chemistry, University of Sheffield, UK.



[bookmark: _Toc413859175]Abstract

The human peripheral nervous system has a limited ability for self-repair however trauma often results in life-long debilitation. Due to the prevalence of dislocation it is preferred that the two severed nerve ends are approximated via direct suturing or for larger injury gaps an autograft or alternatively an NGC can be implanted. NGC’s are nerve entubulation devices designed to not only act as a guide and modulator for the regenerating nerve however improved device design and manufacturing methods are required to match the efficacy of autograft and achieve clinical acceptance. Additive manufacturing is a rapidly emerging research and commercial production method for producing highly resolved polymeric structures such as NGC’s whilst allowing the incorporation of intralumenary features, rapid production rates, economic material usage and patient device specificity. The aim of the present study was to design and fabricate NGC devices utilising a bespoke laser-sourced microstereolithography system and microwave synthesised, degradable photopolymerisable liquid pre-polymers. The suitability of the structuring system and materials in this function where assessed by the fabrication of well-defined structures and using in vitro cell culture and an in vivo PNI model to confirm biocompatibility. Commercially derived materials were used in order to establish the system, with more biologically relevant degradable materials also being developed. The use of in-vitro neuronal and explant DRG cell culture with cell viability assaying and confocal microscopy confirmed a positive cellular interaction in both commercial and custom synthesised materials. Results from the PNI animal implantation model produced promising preliminary regeneration and re-innervation results in comparison to graft repair. The adaptability of the technique and materials developed in this work allowed their use for producing other biomedical devices for bone grafts and for fabrication of a highly resolved regeneration device for the central nervous system. This work establishes the applicability of this technique and the materials used for the fabrication of simple and advanced intralumenary feature containing NGC’s but also for a wide range of other biomedical and non-biomedical applications that require highly defined structures that are geometrically complex structures and devices.
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p(CL)MA
p(EG)
p(EG)DA 
p(LA)
p(LA)MA
PDMS
PNI
PNR
PSC 
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	Two/ three dimensional 
Computer-aided design and computer-aided manufacturing 
Computer numerical control
Central nervous system
Charge coupled device 
Dulbecco’s modified Eagle’s medium 
Digital micromirror device 
Dorsal root ganglion
Extracellular matrix 
Infra-red 
Direct laser write 
Millilitre 
Microlitre 
Millimetre 
Micrometre 
Magnetic resonance imaging 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Neuroblastoma x glioma hybrid cell line.
Nanometre 
Nerve guidance conduit 
Polycaprolactone 
Polycaprolactone methacrylate
Polyethylene glycol 
Polyethylene glycol diacrylate 
Polylactic acid 
Polylactic acid methacrylate
Polydimethylsiloxane
Peripheral nerve injury
Peripheral nerve repair
Primary Schwann cell 
Seconds 
Triethylamine 
Glass transition temperature
Trimethylene carbonate 
Ultraviolet 
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The peripheral nervous system is an integral part of the human body and includes specific structures in combination with specialised cell types that allow it to fulfil its role of rapid sensory and motor signal transmission. Following damage, it has an innate capacity for regeneration however the efficacy of this process is greatly dependent upon the degree of dislocation between the injured nerve ends, large tissue discontinuities a particularly prevalent problem. Usually surgical intervention involves autograft surgery which although is effective it has distinct disadvantages including host site deinnervation. An alternative is the implantation of a nerve guidance conduit (NGC) which acts as both a guidance medium but also modulates the injury site environment. There exist a number of commercially available NGC devices however clinical results often favour autograft, especially for longer injury gaps. It is proposed that more advanced devices constructed from more appropriate bulk materials which also incorporate additional guidance features within the intralumenary cavity such as channels or fibres could match or even outperform autograft, providing an effective device that eliminates the requirements for harvesting nerve tissues from the patient.
Additive manufacturing is an emerging technology for the fabrication of devices and structures. One of these techniques is dynamic projection microstereolithography, a technique which employs the photopolymerisation of a liquid bulk material to form a 3D object. This technique has not yet found widespread commercial uptake but its rapidity and adaptability offers the potential to produce patient specific macro scale structures; structures which incorporate micro scale features in biocompatible materials with minimal material wastage. 
In this literature review the gross anatomy of peripheral nerve, the key cell types, post injury regeneration mechanism and its limitations along with surgical intervention methods will be discussed. Nerve guidance conduit design and potential fabrication methods using additive manufacturing will be discussed in general before highlighting microstereolithography as a promising method for fabricating nerve guidance conduits that also incorporate intralumenary features.
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Figure 1: Diagram detailing the names and locations of nerves comprising the central and peripheral nervous system in the human body. The CNS can be seen to extend downward from the brain by the spinal cord. The PNS can be seen to emanate from the spinal cord outwardly at various points to the extremities. Image used under CC license (Emirr 2011).


The nervous system in vertebrates is divided into two distinct sections - the central nervous system (CNS) which includes the brain, brain stem and spinal cord and the peripheral nervous system (PNS) which extends out from the CNS to the extremities. This can be seen in Figure 1 which indicates both the gross structure and the major peripheral nerves within the human body. Both the CNS and PNS act in congruity within the organism to provide motor, sensory and interneuron innervation. These systems are composed of highly specialised neural tissues integrating neurons and neuroglial cells adapted to fulfil and maintain this function. In addition, neural tissue includes a network of blood vessels and connectives tissue that provides oxygen and nutrient flow, along with structural integrity. 

[image: Neuron Hole's]


Figure 2: Diagram of a typical Neuron showing the important physiological elements and gross anatomical structure. The diagram details the location of the cell body along with the branched dendrite extensions which play a key role in initiating and modulating the initiation of signals by saltatory conduction. The axon is a singular long extension responsible for the propagation and transmission of the action potential towards the axon terminal at the distal end. Here, axon terminals permit extracellular signal transmission via the release of chemical neurotransmitters. Another key adaptation is integration and activity of Schwann cells producing Myelin, a dieletric material which greatly increases signal transmission velocity. Image used under CC license (Dhp1080 2007).


Neurons are a highly specialised cell type whose primary function is to sense the immediate external environment and produce a signal that can be rapidly transmitted, often over a relatively large distance due to key adaptations in their structure as can be seen in Figure 2. These key adaptations include dendrites which are highly branched extensions emanating from the cell body functioning both as the sensory component but also modulating the production of action potentials. The axon is a long singular extension from the cell body responsible for the rapid transmission of the signal impulse in the form of an action potential by a process called salutatory conduction. The continuity of this component is critical to the neuronal cells ability to propagate signal transmission and its restoration is the primary goal following physical injuries and damage. At the distal end of the neuron is the axon terminal, at this point target signal transmission is possible through the release of neurotransmitters extracellularly. Another key element both in terms of the neurons normal physiological function and also regeneration following injury is the presence and close functional integration of Schwann cells. These highly specialised and adaptable cells are responsible for the production of the myelin sheath which encases the axon. This key functional element is composed of phospholipid membranes and proteins which act as a dielectric and greatly increase the velocity of the action potential. Additionally, Schwann cells also play a key role in regeneration by disassociating and becoming motile, clearing wound site debris, pathfinding and secreting important signalling factors to guide and promote axon regeneration(Frostick, Yin et al. 1998). The history of research and specificities of the particular functions of neurons have been very well reviewed previously (Albright, Jessell et al. 2000).

[bookmark: _Toc413859185]1.2 Peripheral Nerve Injury


Peripheral nerve injury is a serious and debilitating condition often leaving patients with complete loss or long term reduction in function. In a ten year study of 5777 trauma patients, the prevalence of peripheral nerve injury was 2.8% with 54% requiring surgical intervention (Noble, Munro et al. 1998). The majority of the cases within this study involved automobile incidents, but any such pastime or profession that exposes a person to potential limb trauma increases the likelihood of peripheral nerve injury dramatically. Typically, these include contact sports, motorsports, childbirth, agriculture and military service of which incidentally the first coordinated research into peripheral nerve injury occurred during the American civil war (Seddon 1942).
Following injury, accurate diagnosis of the damaged nerve must take place in order to ascertain the most appropriate action and a number of methods and guidelines have developed. The first thorough classification of these types of injuries was conducted published in 1942 by Seddon (Seddon 1942). This classification system defines the type of injury due to the resulting physical impairment, there are three basic categories based upon the prerequisite of either complete loss of function or disruption of function; neurotmesis, axonotmesis and neuropraxia. Neurotmesis is defined as complete division of the nerve, complete loss of motor and sensory function and requires surgical intervention to re-establish function. 
Following this, an improved classification system was developed (Sunderland 1951). This new system proposed by Sunderland in 1951 further expands upon Seddon’s initial work by further classifying neurotmesis into 3 further categories not only based upon the immediate nerve damage, but also the subsequent damage to the surrounding connective tissue. 

[image: sunderland image]

Figure 3:Diagram representing the 5 grades of neural damage according to the Sunderland injury grading system.(Sunderland 1951). Grade 1 indicates neurapraxia. Grade 2 indicates axonometsis with the axon transection although endoneurium remains intact. Grade 3 indicates neurotmesis with transected axon and endoneurium but intact perineurium. Grade 4 indicates neurotmesis+ with a transected axon, endoneurium, perineurium but intact epineurium. Grade 5 indicates neurotmesis ++ with complete nerve transection. Modified image courtesy (Deumens, Bozkurt et al. 2010).


These five grades of peripheral nerve injury are illustrated in the figure 3 above. It is immediately obvious that with the increasing grades there is an increasing severity of both damage to the nerve and supporting tissues. With the higher grades where there is significant material loss to both the nerve and surrounding tissues which results in a substantial injury gap, there is an increased risk of permanent disability and greater requirement of suitable surgical intervention in order to restore function. It is these types of injuries which result in significant injury gaps and potential dislocation that autograft and NGC implantation are aimed at addressing.

1.3 Peripheral Nerve Regeneration.


	Because of the susceptibility to physical damage and injury, the PNS is adapted with an innate physiological capacity for regeneration. Unlike other instances of wound repair, peripheral nerve regeneration is not based upon the cellular multiplication of neurons but instead on a degenerative process known as Wallerian degeneration and subsequent regeneration that takes place within the injured nerve. This process which is named after the British neurologist Augustus Volney Waller who first observed and described it in the glossopharyngeal and hypoglossal nerve in frog (Waller 1850).
This regenerative process involves a number of key cell types which modulate their behaviour in response to injury. After approximately 24-72 hours after post injury, Schwann cells residing within the outer layer of the myelin sheath dedifferentiate and become mobile, breaking down this layer by phagocytosis and separating from their axon. These phenotypically plastic Schwann cells begin to modulate their behaviour by migrating, proliferating and beginning to secrete cytokines and soluble trophic factors (Salzer and Bunge 1980) including nerve growth factor (NGF) and other associated neurotrophins (Frostick, Yin et al. 1998) in order to modulate Wallerian degeneration and initiate the process of regeneration (Gaudet, Popovich et al. 2011). One to two weeks after this initial Schwann cell mediated demyelination process and subsequent change in the injury site microenvironment is native macrophage activation via Schwann cell secreted cytokines and chemokines. These macrophages subsequently cause the recruitment of haematogenous macrophages which, along with the activated native macrophages and phagocytic Schwann cells (Thomas, King et al. 1974) clear the injury site from debris. The next stage of regeneration involves the formation of Bands of Büngner, so named after the German neurologist Otto von Büngner (1858-1905) (Dalton 2008). These bands, formed via the alignment of multiple dedifferentiated Schwann cells into a so called basal lamina parallel array, act as guidance cues and stimulate axonal growth and extension (Ochoa and Vial 1967; Ann, Mizoguchi et al. 1994). As previously mentioned, Schwann cells are vital due to their secretion of neurite outgrowth promotional factors, in particularly these are cell adhesion molecules (CAM’s) along with certain extracellular proteins in particularly fibronectin and laminin (Frostick, Yin et al. 1998). The importance of Schwann cell secreted signalling factors on both instigating and promoting the process of regeneration is essential and it has been indicated that aberrations in this regenerative process may lead to abnormal repair, lesions (Wall, Devor et al. 1979) and chronic neuropathic pain (Campana 2007).
	As stated previously, peripheral nerve regeneration does not require the multiplication of new neuronal cells following injury however the existing neuronal cells do undergo an important and specific response following injury. Following axonal transection, neuronal cells exhibit a rapid, degenerative response analogous to that of Wallerian degeneration although affecting the proximal and distal ends equally (Kerschensteiner, Schwab et al. 2005). However, unlike Wallerian degeneration which functions to establishes a positive regeneration environment, the primary function of this neuronal retrograde mechanism is to stabilise the cell itself and marks the metabolic changes required to switch from the cells normal state of sensing and single transmission to one of growth and regeneration(Navarro, Vivó et al. 2007). This is marked by a decrease in neurotransmission related gene expression such as reduced actelcholinesterase and choline acetyltransferase (Deumens, Bozkurt et al. 2010), and an increase the gene expression and protein transcription associated with axonal growth regeneration(Richardson 2009).  As early as 8 hours following injury the neuronal cell undergoes a biochemical process called chromatolysis, a process more fully described in central neurons but indicated in the peripheral nuerons also (Levine, Saltzman et al. 2004). This change is marked by the dissolution of Nissl bodies with a greater response and duration following axotomy and without reinnervation than with (Guntinas-Lichius, Neiss et al. 1996).This takes place along with other morphological changes within the cell body such as increased prominence of the nucleus within the soma (Deumens, Bozkurt et al. 2010) and fragmentation of the remaining discontinuous axonal process. Following this degeneration begins a phase of regeneration marked by the formation of neuronal cytoplasmic growth cones directed by Schwann cell secreted neurotrophic and extracellular matrix factors (Fu and Gordon 1997). This highlights the important interplay between supporting glial cells and the underlying reasoning behind providing factors and support for specifically Schwann cells in order to promote regeneration.
The conclusion from understanding the key processes involved in natural nerve regeneration is that in its normal physiological response while effective for small injury gaps, larger gaps and severed end dislocations require both an increased distance of axonal regeneration and action of supporting glial cells. In a wide ranging evaluation of published work on PNR utilising both surgical and biomedical interventions Mafi et al highlighted the main predictive factors of successful reinnervation (Mafi, Hindoncha et al. 2012).  The primary factors indicated were the patient’s age, the specific location of the injury with more peripheral injuries eliciting a poorer efficacy, rapidity of intervention and induced tension following repair as previously discussed. Specific gap lengths were not assessed, likely because this data was not recorded during the studies evaluated. This criterion has however been investigated and it is generally accepted that for injury gaps of up to 2 cm the efficacy of natural regeneration is moderate, gaps between 2cm to 4 cm natural regeneration is impaired and generally poor and for large gaps above 4 cm natural regeneration is greatly impaired and almost always requires appropriate surgical intervention (Reyes, Sosa et al. 2005).

2. Interventions to Augment Peripheral Nerve Regeneration

2.1 Autologous Nerve Graft for Intervention in Large Nerve Injury Gaps.


The preferential treatment for a severed nerve anastomosis would be the direct suturing of the severed nerve ends, often the mode of injury or substantial localised trauma results in a large gap between the severed nerve ends however. For this type of injury, direct approximation results in an unacceptable degree of tension across the injury site. As mentioned previously, this effect has been shown in a rat injury model where an 8% elongation reduces blood flow by 50% and a 15% elongation causing a reduction of 80% blood flow. This reduction in potential injury site blood flow greatly affects the ability of the nerve to repair and surgical outcome (Clark, Trumble et al. 1992). Because of this effect surgical techniques were developed in order to attempt a repair while eliminating or minimising the resulting tension as early as 1882 when Mikulicz described tension reducing sutures and Loebke even proposed bone augmentation as preferential to  stretching of the nerve(Mafi, Hindoncha et al. 2012). A pioneer in this field is that of Austrian surgeon Edward Albert who performed a number of different nerve graft surgeries with the aim of re-establishing functionality as far back as 1876 (Schmidt 1993). Whilst these pioneering experiments where often unsuccessful due to infection and poor understanding of immune response to xenogenic material they provided the foundation for nerve graft as a potential solution to the clinical problem of long gap nerve repair. Greatly improving upon previous treatments of host repair which were limited to direct coaptation (Dreissen 1974), the autologous nerve autograft has become firmly established as the gold standard for large peripheral nerve injury gaps (Berger and Millesi 1978). However, the limitations of this approach and need to improve surgical efficacy was appreciated early in the techniques development (Terzis and Strauch 1978) and more again more recently(Lee and Wolfe 2000). One of the major disadvantages of using the nerve autograft is the limited supply and storage of donor material along with resultant denervation, neuroma formation and an associated increase in surgical risk due to multiple surgery sites (Jiang, Lim et al. 2010). It is also of note that autologous grafts such as this have a suitable efficacy of only 50% (Lee and Wolfe 2000). 
Although remaining a preferable method, the nerve guidance conduit has emerged as an attractive alternative to autologous autograft due to the ability to be fabricated prior to requirement and kept in storage, elimination of donor site morbidity and associated surgical risk during harvesting and reduction in surgery time.


[bookmark: _Toc413859187]2.2 Nerve Guidance Conduit Design


In its simplest form, the nerve guidance conduit is a hollow tube designed simply for the entubulation of both severed nerve ends. The device serves as an alignment guide for the regenerating nerve ends, prevention of fibrous tissue ingrowth into the wound site and in addition aims to modulate the internal microenvironment, depending on the conduits inherent permeability(Heath and Rutkowski 1998). This modulation typically involves the concentration of naturally produced protein rich exudate from the damage nerve ends (Kehoe, Zhang et al. 2012). In order to develop a more advanced conduit, there are a number of desirable qualities which can be incorporated into the devices specification. These include improving material biocompatibility and limited host immune response, a controlled degradation rate to eliminate post-operative surgery to remove the device, a bulk material of native tissue matched mechanical properties and a surface conducive to host cellular integration. To date, there are only a few commercially available conduits for peripheral nerve repair, two of which are collagen based and two polyester based synthetic polymer conduits (Meek and Coert 2008). Since the mi 1990’s, eleven devices have received FDA approval and are reviewed (Kehoe, Zhang et al. 2012) with some devices yielding comparable efficacy to autograft. There are also a number of manufacturing techniques that can be used to produce constructs in both 2D and 3D which include potentially favorable topographical features or patient specific shapes. These production techniques include electrospinning (Rutledge and Fridrikh 2007; Bhardwaj and Kundu 2010), solvent casting and particulate leaching (Reignier and Huneault 2006), and photocuring/sintering (Eshraghi and Das 2010; Melchels, Feijen et al. 2010). A number of these fabrication techniques have potential for use for the production of nerve guidance conduits however many utilise existing mass manufacturing routes which limit the inclusion of intralumenary feature types and the ability for patient specificity, an important aspect for reducing tension on the regenerating nerve. There are a number of detailed reviews and texts available on the principles and techniques for scaffold production (Cheung, Lau et al. 2007; Liu, Xia et al. 2007; Haycock 2011). 


[bookmark: _Toc413859188]2.3 Synthetic Materials


The majority of research into synthetic NGC bulk materials has been focused on previously developed, FDA approved biomaterials such as poly(glycolic acid) (p(GA)), poly(caprolactone) (p(CL)), poly(lactic acid) (p(LA)) and poly(l-lactic acid) (p(LLA)) and their associated co-polymers e.g. p(L-GA) 50:50. This is primarily because if an NGC design is going to be clinically applicable, basing its design on these materials is advantageous because they are already well established within the biomedical industry and are likely to be more commercially favourable due to already well developed processing and manufacturing routes along with market acceptance. Additionally, synthetically processed polymers have a number of advantages over naturally derived materials, mainly because their bulk properties can be easily specified, high final product reproducibility, good storage potential and immune tolerance.
PGA is an FDA approved aliphatic polyester synthesised in 1954 and has since found widespread application as a biomaterial, initially for surgical sutures (Dardik, Dardik et al. 1971) but it has since been developed into a number of other devices including othopeadic devices which have been reviewed (Athanasiou, Niederauer et al. 1996) and vascular grafts (Gui, Zhao et al. 2011). PGA has been used for the construction of NGC devices as early as 1985 (Henry, Chiu et al. 1985) and has demonstrated regeneration across a 25 mm gap in sciatic nerve in cat. (Kiyotani, Teramachi et al. 1996). Importantly for biomedical devices it is degraded by hydrolysis into endogenous degradation products and it exhibits acceptable in situ biocompatibility (Gilding and Reed 1979). 
Similarly to p(GA), p(CL) is another biodegradable, biocompatible, hydrolysis degrading polyester with endogenous degradation products and FDA approval (Ali, Zhong et al. 1993). As such, there has been, and continues to be, a great deal of interest in p(CL) as a material suitable for the fabrication of a wide range of devices for medical applications including drug encapsulation and delivery systems (Sinha, Bansal et al. 2004), potential vascular graft exhibiting excellent biocompatability when seeded with smooth muscle cells (Jeong, Kim et al. 2004), bladder tissue scaffolds (Baker, Rohman et al. 2009) and artificial cartilage production in vitro(Casper, Fitzsimmons et al. 2010). It has received significant utilisation and assessment as a  potential materials for the production peripheral nerve repair applications in particular as electrospun fibres demonstrating a preferential reaction of Schwann cells to aligned fibres over irregular fibres (Chew, Mi et al. 2008), and capacity to elicit bands of Bunger and effect of fibre diameter on Schwann cells in vitro(Ribeiro-Resende, Koenig et al. 2009). This relationship of fibre diameter and fibre alignment on neurite growth and the co-localisation of Schwann cells has also been demonstrated within our own group (Daud, Pawar et al. 2012). A number of methodologies have been devised for the manufacture of 3D structures from PCL including number of different molding technologies, extrusion and also various types additive manufacturing. Molding techniques are invariably simpler in their methodology and cheaper to instigate than controlled structuring techniques. Molding of multi channeled NGC device using a mandrel mold/solvent evaporation has been used to fabricate p(CL)-collagen devices with biocompatibility confirmed by the positive adhesion of Schwann cells  (Bender, Bennett et al. 2004). The accuracy and resolution of these devices is typically poorer than more advanced structuring techniques such as additive techniques. Precision extrusion has been used to produce highly resolved p(CL) structures with a resolution of 200 – 300 µm (Wang, Shor et al. 2004). Photopolymerisable PCL has also been used previously for the fabrication of solid structures by a commercially available stereolithography based additive manufacturing system (Elomaa, Teixeira et al. 2011), the highly porous structures matched the 3D model and the materials biocompatibility confirmed by the in vitro culture of NIH3T3 cells. 
p(LA) is an FDA approved, biodegradable, biocompatible with non-toxic degradation products (Gupta, Revagade et al. 2007). It has found wide ranging biomaterial applications, mainly as a bulk scaffold material and can easily be processed using many well established techniques ligament augmentation (Laitinen, Törmälä et al. 1992). Due to the high level of crystallinity, p(LA) has a slow degradation rate and is relatively brittle. This has led to the development of a number of copolymers and modifications to these materials to produce materials with higher performance (Baker, Rohman et al. 2009; Rasal, Janorkar et al. 2010).
p(EG) is an FDA approved material and has been utilised in a wide range of medical uses in both high and low molecular weight forms. It is generally considered to bioinert and as such it requires biofunctionalisation in order to yield a surface suitable for the positive adhesion of cells (Zhu 2010). It is readily available in photopolymerisable forms making it suitable for the fabrication of structures by stereolithography (Arcaute, Mann et al. 2010).

In order for these materials to be ideally suited for NGC design, the mechanical properties they exhibit must be suitable for both the efficacy of host gross anatomy integration and handling surgically during implantation. In addition, it is advantageous for the degradation rate to be controllable so as to ensure effective device longevity while reducing the need for a costly surgical removal.

2.4 Naturally Derived Materials


	Biologically derived materials have received significant interest and assessment for wide range of biomedical devices including NGC’s. These materials can be derived from tissues and other sources and offer a number of specific advantages of being a natural physiological material and can be recognised as such by present and infiltrating cell types  during wound healing including neurodegenerative relevant cells(Dubey, Letourneau et al. 1999).Additionally they may provide readily available material reserves for both the restructuring following injury and natural resorption of the device following regeneration. Collagen has received particular attention for the fabrication of devices including NGC’s and there are a number of FDA approved, commercially available devices comprised of this materials including Neurogen®, Neuroflex® and Neuromatrix®(Kehoe, Zhang et al. 2012). Neuragen® in particular has demonstrated comparable efficacy to autologous autograft and is discussed in more detail in a following section. Collagen has long been recognised as cell adhesion permissive substrate for glial cells  with also the potential for  axonal alignment and guidance (Ebendal 1976).
Other naturally derived materials such as silk and alginate have also received particular attention for the construction of NGC’s.  NGC’s comprised of silk fibroin fibres have demonstrated results approaching that of nerve autograft in a 10 mm long gap injury model in rat(Yang, Ding et al. 2007) along with silk fibroin fibre filled decellularised vein NGC’s for 60 mm gap injury model in sheep, conduit efficacy been statistically insignificant to autologous autograft control (Radtke, Allmeling et al. 2011). Silk has a particular disadvantage in is limited manufacturing adaptability and there are no known instances of its usage for structure fabrication which are not reliant on fibre spinning first. Alginate is derived from seaweed is composedof mannuronic and glucuronic acid and can be formed usually by utilising a molding method and crosslinking by the addition of cations such as calcium (Deumens, Bozkurt et al. 2010). 

2.5 Biofunctionlised Materials


Of particular interest for biomodeical applications is the combination of synthetic and naturally derived materials for the construction of enhanced devices including NGC’s. The concept been that the advantages of synthetic materials, in particular their immune tolerance, tuneable degradation and ease of and wide range of fabrication methodologies can be modified to yield improved biological response of natural materials  by a functionalization process. The applicability of this methodology to nerve regeneration has been demonstrated in vitro by the ability to produce polarized growth and adhesion of neurons using surface patterning and subsequent ECM protein adhesion (Yeung, Lauer et al. 2001) and in by modifying PCL fibres with GRGDS sequences to improve Schwann and neuronal cell migration (Bockelmann, Klinkhammer et al. 2011). The functionlisation of a PGA NGC device modified by the inclusion of laminin coated collagen fibres demonstrated successful reinnervation in vivo across a 80 mm injury gap in dog (Matsumoto, Ohnishi et al. 2000). This work demonstrates the potential for this functionlisation technology to significantly improved NGC efficacy for large injury gaps.
In order for cells to interact with their extracellular environment, they rely on specific membrane bound proteins such as cadherins, selectins, immunoglobulin superfamily receptors (IgSF) and transmembrane receptor glycoproteins called integrins. Integrins are transmembrane proteins composed of both inter-membrane and intra-membrane chain lengths and are able to transduce information between the extracellular matrix and the intracellular environment and vice versa. Cells not only interact with other cells via cell junctions, but also take cues from the extracellular matrix (ECM), mostly composed of various collagens. Cells however do not adhere well to collagen fibres, thus additional ECM proteins such as fibronectin and laminin act as adhesion promoting intermediaries between the cell and ECM collagen fibres. This allows cells to respond to physical changes within a host environment and modulate their response. Instances of where the modulation via cell surface integrins takes place includes embryogenesis (Giros, Grgur et al. 2011), growth and development and wound healing, including peripheral nerve repair. An interesting example of this is the ability to produce polarized growth and adhesion of neurons using surface patterning and subsequent ECM protein adhesion (Yeung, Lauer et al. 2001) and (Vogt, Stefani et al. 2004).  As such, integrin’s play a key role in determining a cells metabolic rate, functionality, protein synthesis, motility and adherence. They can also be influenced upon to specify a stem cells differentiation lineage.
It is the integrin’s structure that is key to understanding their wide-ranging functions. Integrin’s are heterodimers composed of a bound pair of two different kinds of glycoprotein chains; α chains and β chains of varying types and combinations. Analogous to amino acids, the multiple types of α and β chains and the wide range of combinations possible allows a high degree of specificity and thus accurate modulation of the cell-ECM response. 

[bookmark: _Toc413859190]2.6 Intra Lumen Structures Within Nerve Guidance Conduits


Successful nerve reinnervation across a large injury gap relies on the successful host regeneration of individual neuronal fibres across the injury gap. Nerve guidance conduits act to improve this by providing an environment conducive to regeneration but also acting as guidance in two ways. Firstly they align the two severed ends and minimise the separation distance and secondly they provide guidance cues for regenerating axons. Entubulation of the severed nerve ends within a simple hollow NGC allows guidance to only that provided by the outermost regenerating nerve tips close to the NGC’s inner wall, along with the containment of signaling factors to the wound sit. While this type of guidance is preferential to that of no guidance and end dislocation, the incorporation of suitable features to the intralumenary cavity is a logical step for increasing the amount of specific guidance structures available, something which may be of greater importance for larger diameter axons.
These features are usually in the form of longitudinally aligned fibres or conduits traversing through the lumen although other inclusions such as gels/protein matrixes have been developed. A popular inclusion are aligned electrospun fibres and there has been considerable investigation into this method due to the ability to form aligned fibres with controlled porosity and wide range of polymers  which can be used (Bhardwaj and Kundu 2010). Of particular interest for neural regeneration is the capacity for Schwann cells to align according to fibre orientation, something which has been demonstrated in a number of fibre materials including p(LLA) (Yang, Murugan et al. 2005), silk (Yang, Ding et al. 2007),caprolactone and ethyl ethylene phosphate co-polymer functionalised with GDNF (Chew, Mi et al. 2007).

[bookmark: _Toc413859186]2.7 Clinically Approved Implantable Nerve Guidance Conduits


Historically experimental NGC’s have typically yielded inferior clinical outcomes compared to autograft for longer injury gaps. However recent advances in design, materials and manufacturing processes have led to the development of commercially available devices which can demonstrate comparable regenerative potential of autograft in both pre-clinical and clinical trials (Kehoe, Zhang et al. 2012). To date, the U.S Food and Drug Administration has approved 11 conduits and nerve wraps for clinical use however outcome data is limited and without a standardised set of testing procedures making comparison is difficult (Kehoe, Zhang et al. 2012). 
There are a number of resorbable devices for peripheral nerve repair manufactured from naturally derived materials including Neurogen® (Integra Life Sciences Corporation Plainsboro, NJ), Neuroflex® and NeuroMatrix® (Collagen Matrix, Inc. Franklin Lakes, NJ).  Neurogen® is a resorbable conduit device comprised of type 1 collagen which became FDA approved in 2001. It has received considerable evaluation in both pre-clinical animal testing and post approval clinical  assessment and demonstrated a comparable efficacy to autograft for injury gaps of up to 20mm, however the long timescale for complete degradation may lead to nerve compression(Waitayawinyu, Parisi et al. 2007). Neuroflex® and Neuromatrix® are both manufactured by Collagen Matrix, Inc. Franklin Lakes, NJ. They are comprised of type I collagen, have permeable conduit wall but although receiving FDA approval for clinical use a considerable time ago there is very little information and no published literature on their usage. Neuroflex® is a device designed specifically for injury gaps less than 25 mm and also that it is the only flexible collagen formed conduit device, indicating a potential clinical desire and commercial advantage of a flexible device.
There are a number of approved devices constructed from synthetically derived materials, the most thoroughly described by pre-clinical trials been Neurolac® (Polyganics Inc., Netherlands). This device is comprised of Poly D,L lactide-co-e-carprolactone and received FDA approval for use in 2003 for 1.5-3 mm inner diameters and 2005 for 4-10 mm diameters. In a 10 mm injury gap rat based animal model this device has displayed comparable functional recovery to autograft and preferable performance to commercially available type I collagen and PGA devices tested simultaneously (Shin, Friedrich et al. 2009). In a randomised clinical trial, this device demonstrated comparable efficacy of repair to autologous nerve graft (Meek 2007). The disadvantages of this device typically relate the material properties (Kehoe, Zhang et al. 2012), a characteristic of the device with potential for optimisation by a tuning of the chemical composition  . 
The availability of NGC devices, which are endorsed for clinical use, along with the growing understanding of their performance in pre-clinical and clinical trials establishes NGC devices as a viable alternative to autograft for the repair of peripheral nerves. By appreciating the specific advantages these devices offer over autologous autograft a more advanced design can be developed in order to address their shortcomings both in terms of materials, design and manufacturing solutions.



3. Manufacturing Biomedical Devices

[bookmark: _Toc413859197]3.1 Additive Manufacturing Techniques For Device Fabrication


Additive manufacturing is a technology by which an object can be formed in free space without the requirement of a mould by depositing the bulk material usually in a layer by layer fashion. Bulk materials used in this fashion usually must undergo one or multiple phase changes in order to allow them to be processed and provide the required final material characteristics.
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Figure 4: Diagram depicting the various type of rapid prototyping technologies available for component manufacturing. Manufacturing technologies can be divided into either additive or subtractive technologies depending on whether material is added or removed to form the final object. Subtractive technologies typically rely on a computer controlled material removal method such as CNCmaterial removal system. Additive manufacturing technologies form the structure by material addition, usually utilising a phase change system such as melting and solidification or spatially controlled polymerisation  in a layering fashion.

Rapid prototyping is a continually developing set of technologies for the fabrication of structures and components which are typically required quickly, where they are individually customised or patient specific, of a small batch and for design testing or test fitting. It is recognised as a fast emerging and important set of advanced technologies currently requiring national investment and development (Innovateuk 2012). Whilst the individual components produced using these methods may carry significantly higher costs associated with their manufacture relative to normal methods once in mass production, the cost implications of incorrect or poorly designed products is usually significantly higher once a particular design has been committed to manufacture. This is because normal component fabrication typically relies on the production of moulds, specific tooling and the setting up of production lines which all carry considerable investment. Additionally, these systems are what limits the ability to customise components on an individual basis and those that are required to cover a range of dimensions/specifications are typically produced in batch form to enable economic viability. Different rapid prototyping technologies address one or a number of these issues with distinct advantages and disadvantages to each method, what follows is a brief look at the most common methods.
One of the key advantages of additive manufacturing, and in particular microstereolithography is the ability to produced geometrically complex 3D structures with little to no waste, making it an ideal technology for producing biomedical devices and scaffolds experimentally and commercially(Melchels, Feijen et al. 2010). However, one of the limiting factors of this type of technique is the ability to acquire suitable photopolymerisable bulk materials for producing biomedical devices(Elomaa, Teixeira et al. 2011). Whilst there are a number of commercially available bulk materials for example as p(EG)DA, they are usually not degradable and do not elicit a positive biological response requiring them to either be modified in some way by the inclusion of another polymer to produce a co-polymer or by a subsequent biofunctionalisation step to produce an appropriate surface. 

Additive manufacturing (AM)is a technique used for the mould-less, solid free-form fabrication (SFF) of objects which is finding increased utilisation for the fabrication of mainly non biomedical engineering designs due to a number of advantages over tradition material removal techniques (Pham and Gault 1998). Although suggested nearly 20 years ago (Calvert and Crockett 1997), it is only recently however (<10 years) there has been a rapid uptake in the availability and usage of AM for the production of biomedical devices and scaffolds for the culture of cells and/or surgical implantation for the replacement or augmented regeneration of damaged tissues. Advantages of this type of technique include the elimination of mould production costs (typically the limited factor for bespoke of small batch component production), the ability of to utilise a wide range of both bioactive or bioinert materials of differing physical properties including degradable materials. Additionally, it has the ability to rapidly change the structure size and design for personalised medicine along with its very efficient use of bulk materials compared to material subtraction techniques allows the potential use of more expensive, higher grade or potentially functionalised bulk materials as wastage costs are greatly minimised. The bulk materials used are in the form of photopolymerising liquid, powders or solid sheets or thick wireform (Pham and Dimov 2001). Whilst traditional subtractive manufacturing techniques, such as CNC machining require specialised tooling for the removal of material from a solid block to produce an intricate 3D object. Additive manufacturing techniques rely on the building up of material in multiple layers to form the object. This aspect itself has a number of advantages in the type of objects that can be constructed such as hollow spheres or intricate and highly porous structures which would be impossible to produce from a solid starting material. The ability of some of the SFF techniques such as multiphoton stereolithography to produce nanometre scale minimum feature sized objects along with a high level of feature resolution are also particularly advantageous for biomedical applications where  a controlled level of cellular interaction between the material surface and host is often desirable. Another distinct feature that additive manufacturing techniques allow over subtractive manufacturing is the ability to fabricate 2D and 3D gradient structures and patterns using multiple material types. There are a number of comprehensive reviews which cover this rapid advancing research topic (Hutmacher, Sittinger et al. 2004; Hutmacher and Cool 2007; Giannitelli, Accoto et al. 2014)

[bookmark: _Toc413859198]3.2 Fused Deposition modelling


One of the most common SFF techniques is fused deposition modelling. In this system the bulk materials is a thermoplastic polymer usually in a solid coiled wire type form. By heating the bulk material to typically just above its melting temperature it is mechanically extruded through a nozzle and is deposited upon a surface where it subsequently re-solidifies during cooling. These additive manufacturing systems utilise a moveable, heated extrusion nozzle were the solid polymer is fed into the machine from a spool, heated to optimised temperature and ejected from the nozzle being deposited upon a stage or becoming fused with the already deposited underlying material, hence the techniques name. The nozzle, usually controlled by a CNC type system traces the 2 dimensional slice of the object, depositing material layer by layer in order to produce the construct. This technique has found widespread use because relatively inexpensive, readily available desktop 3D printers that allow consumers to print off objects have become commercially available in the last few years. These can also be used by the research community for the fabrication of polymeric structures for experimentation as potential biomedical devices. Advantages of this technique include the relatively cheap set up costs, ease of use and its ability to create hollow and porous objects. Its limitations are the restrictions of available biologically relevant and suitable bulk materials due to the format required and polymer melting temperature and/or maximum nozzle temperature achievable by the apparatus. In addition, they typically exhibit limited feature resolution in the order of approximately 250-500µm (Wang, Shor et al. 2004), cannot undertake rapid start-stop of the material extrusion excluding some potential structure designs and offer a lower production rate in comparison to other techniques which can polymerise a complete layer/object cross section such as stereolithography. A number of biomedical device structure types and materials have been investigated including lattice and cylindrical structures fabricated from starch (Lam, Mo et al. 2002) and poly-ε-caprolactone(Wang, Shor et al. 2004). Hoque et al conducted a comprehensive review of extrusion based SFF techniques and available bulk materials (Hoque, Chuan et al. 2012).

[bookmark: _Toc413859199]3.3 Powder 3D Printing


Initially developed at MIT, powder based 3D printing utilises a powder form bulk material which is first spread across the stage and subsequently bound together using a biding solution deposited by a inkjet printer head nozzle. The stage can then be lowered, a fresh layer of powder deposited and the process repeated until a solid object remains within the powder. The main disadvantages with this technique is that the requirement for removal of loose bulk material from the solid object once fabricated, limiting the type of structure than can be produced. The resolution and accuracy of the structure is limited by the nozzle size and positional control. The technique is also limited by the range of materials available in the required powder form to be used.

[bookmark: _Toc413859200]3.4 Microstereolithography


Stereolithography is an additive manufacturing technique which allows the fabrication of highly defined structures in a free form format by triggering a spatially discrete liquid to solid phase change in a photo-polymerisable material. The technique has a relatively rapid production rate whilst retaining a high level of fabrication accuracy. The photo-polymerisable bulk material is usually in a liquid form and contains polymer chain end group functionality allowing its conversion into a solid due to its chemistry, the presence of a dissolved photoinitiator and suitable light source.  This particular technique typically utilises a light source coupled with a method by which that sources emission can be spatially restricted, usually as an instantaneous cross sectional image of the structure or by utilising multiple radiation sources to initiate polymerisation. If irradiated as a structures cross section, it allows the polymerisation of a complete layer of the structure and by subsequently modulating the height of the stage the object is built in a continuous SFF fashion. If a multiphoton light source stimulates photoinitiation, curing of the surrounding material is restricted and the cross sectional pattern must be traced. Because the method produces a highly defined point of curing it allows the fabrication of highly resolved nano-scale features at the expense of a reduced production rate. Typical light sources are those of coherent laser light and UV emission sources. Of particular importance when selecting a light source is ensuring that the light sources emissions spectrum will allow sufficient ‘overlap’ with the absorption spectrum of the photoinitiator present within the liquid phase bulk material to achieve initiation. The bulk materials used for the fabrication of these structures are typically functionalised with a particular chemistry that will allow them to undergo a phase change in the presence of a degraded photoinitiator, typically through free radical chemistry. There are a number of different photocurable bulk materials and photoinitiators commercially available.


[bookmark: _Toc413859201]3.5 General Arrangement and Method of Scanning/Line Tracing Microstereolithography System


Although both stereolithography methods depends upon the same spatially controlled bulk material phase change, the method by which they achieve this for the fabrication of structures is different. 
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Figure5 :Figure depicts the general arrangement diagram of a scanning stereolithography system. Suitable electromagnetic wavelength to stimulate photopolymerisation emanates from the beam source before passing though optical elements and entering a scanning galvanometer. This device permits the fabrication of structures by directing the beam in a highly defined and directionally controlled manner triggering photopolymerisation as it traces the structures cross section. 

Figure 5depicts the general arrangement of elements required for a scanning stereolithography system. The beam originates at the beam source, typically a coherent light source such as laser, is defined by a set of optics and is incident upon a scanning/mirror galvanometer. This device dynamically reflects a singular beam of focussed light, curing material in a spatially defined point, by tracing the cross section of the structure a singular layer of the object is polymerised. This can be combined with a z axis translational stage allowing multiple layers to be built up and a large structure fabricated.
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Figure 6:Figure depicts the general method by which a structure is fabricated using scanning stereolithography. A scanning galvanometer reflects radiation in a dynamic spatially controlled manner, tracing the cross section of the structure and polymerizing material. A translational z stage allows macro scale 3D objects to be formed by allowing multiple layers to be built up successively.


Figure 6 shows that general fabrication method using a scanning stereolithography system. In this system, the stage is set at the liquid-air interface point and the scanning galvanometer defined irradiation initiated. Once a complete layer of materials is polymerised, the stage moves to allow fresh bulk material to be polymerised and multiple layers of the structure built up. The advantage of this particular method is the highly defined spatial control of the polymerization location, it is however a relatively slow process that requires the whole cross section of the structure be traced for each layer. A number of these systems have been developed and are in use experimentally for the fabrication of structures for potential bone regeneration (Danilevicius, Georgiadi et al.).


[bookmark: _Toc413859202]3.6General Arrangement and Method of Projection Microstereolithography Systems



The projection patterning microstereolithography setups utilised follow the same general arrangement, although individually components may differ.
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Figure 7: Figure one shows the general diagrammatic arrangement of elements comprising a projection microstereolithoraphy system. Electromagnetic radiation sufficient for photopolymerisation emanates from the beam source and passes through some optical elements and is incident upon a DMD device which spatially restricts the reflected light. Following this it passes through a number of optical elements before hitting the fabrication stage where controlled photopolymerisation occurs.


Figure 7 shows the general arrangement of elements comprising the pattern projection microstereolithography system used for the fabrication of structures. Describing the element starting from the upper left, the beam is generated at the source, usually a coherent laser irradiation source. The beam then goes through a number of optical elements which widen and collimate the beamwhich is then incident upon a masking device, such as a digital micromirror device or DMD. This element is the one by which the incident beam profile can be spatially controlled to that of the cross section of the desired structure, reflecting a 2D projection of the 3D object. Following this the beam goes through a number of other optical elements in order to focus and collimate the beam before being reflected downwards to the stage/bulk photopolymerisable pre-polymer. Usually this stage is mounted onto a z axis translational stage in order to allow multiple layers of a structure to be polymerised and a macro 3D structure produced. The translational stage can usually be controlled for its total displacement, velocity and acceleration thus allowing the optimization of the system to accommodate different structure designs and photopolymerisable bulk materials. 
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Figure 8:Shows a diagrammatic arrangement describing the general structuring method. Firstly, the structuring stage is mounted on the z axis translation apparatus at the pre-polymer liquid air interface and irradiation initiated. Secondly, the z translation stage moves downward, the structuring being polymerised in the bulk material. Finally, once the desired structure length is achieved irradiation is ceased and the stage returned to its origin, yielding a completed structure.


Figure 8 above describes the general structuring method utilised for projection patterning microstereolithography regardless of the irradiation source used. Firstly, the structuring stage is mounted on the z axis translational apparatus at just below the pre-polymer liquid air interface and irradiation initiated. Secondly, the z translation stage moves downward into the bulk material, it polymerising in the spatially restricted irradiation region. Finally, once the desired structure length is achieved irradiation is ceased and the stage returned to its origin, yielding a completed structure


[bookmark: _Toc413859203]3.7 DMD Device for Maskless Projection Stereolithography


The DMD device is an optical semiconductor which is more commonly found within commercially available DLP light projectors but which can also be utilised in dynamic maskless projection microstereolithography such as those described above. It was original developed by Dr. Larry Hornbeck and Dr. William E. Nelson whilst working at Texas Instruments in 1987. It is comprised of a number of important elements, which are key to its function. These elements are an array of reflective mirrors, a resource of Static Random Access Memory (SRAM) along with electrodes required for moving the mirror by electrostatic attraction and its mounting structure. The mirror array lies on the uppermost surface of the DMD and consists of an array of 768 x 1024 individual 16µm2reflective aluminium mirrors which are mounted on a suspended yoke which is in turn mounted upon a torsion bar/axle assembly which allows the twisting of the mirror between an on or off state. The mounting system allows the mirror to be tilted in its position by ±12° into two discrete on/off states, this action allowing both dynamic and spatially restricted reflection of light with each mirror representing an individual image pixel. The mirrors are held not in a static ‘home’ position between the on/off states but in its current position (on or off) by the action of a bias voltage applied through equally for the two action states by electrodes mounted directly underneath the mirror. Once a greyscale image has been created of the desired structure for microstereolithography, or film ‘slide’ for cinematograph, this image can be uploaded into the SRAM located directly underneath the mirror array and distributed, usually by a proprietary software package. Subsequently the equal bias voltage is removed and the mirror flips/twists, its arrangement dependent upon the remaining charge applied by the SRAM directly underneath the mirror. The device has found widespread commercial endorsement by its incorporation into consumer DLP projection systems, mainly due to its rapid and reliable action along with its ability for accurate image reproduction. The reliability of the system has been proven with development systems remaining operational for over 100,000 hours and over 1 trillion cycles (Douglass 1998). This capacity and function makes them ideal for utilisation in a research setting where these devices are likely to be submitted to considerably higher irradiation energies than in a typical projector system, but also for the potential commercialisation of a mask-less projection based microstereolithography system for additive manufacturing.

[bookmark: _Toc413859204]3.8 Biomedical Devices Made Using Additive Manufacturing


Although rapid prototyping has been available in various forms for the last few decades it has not yet found extensive use for patient specific device fabrication in clinic or in the mass manufacturing of medical devices. This is not only due to the limits of RP techniques and material availability but also due to the limitations on scanning and CAD technology up until the last 10 years which have limited the ability to both gather the required dimensional data from a patient, digitise it and subsequently design a device from it in a simply ready to use system. These systems must also achieve a dimensional accuracy better than that a surgeon would be able to achieve or at least as good if it does so more quickly. Typically, imaging systems such as MRI or CT scanning can be employed to acquire this patient specific information, however, only recently have these systems become more readily available with a high enough resolution to be a realistic option.
	One example where this patient specific-RP fabricated devices utilisation is closest to regular use is in dental orthodontic surgery for the structuring of restorative implants. A number of comprehensive academic reviews are available on various RP techniques for potential use in this area (Azari and Nikzad 2009) and an increasing number of commercially available systems for acquisition, design and fabrication have been developed from Stratasys Ltd (Minnesota, USA), Cynoprod Canada Inc 9Montreal, Canada), Align technology B.V (Amsterdam, The Netherlands), 3D Systems Corporation (California, USA) and Lingualtechnik/3M GmbH. Whilst there is a broad range of suppliers and system available, the degree of implementation of these systems for the production of biomedical devices is unknown to the author with very limited published work available to date. 
	There are also a number of instances where experimental RP systems have been used to address the requirements of specificclinical situations. Although not implanted, a relatively early demonstration of this was the fabrication of a auricle structure using SL with positive in vitro cellular response (Naumann, Aigner et al. 2003). These are effectively proof of concept trials and it is assumed patients were chosen for the probable surgical success and the commercial viability would not be a limiting factor.
A photopolymerisable p(CL) has also been synthesised and used previously for the fabrication of solid structures by use of a commercially available stereolithography system (Elomaa, Teixeira et al. 2011), the fabricated structure matched the 3D model and the materials biocompatibility confirmed by the in vitro culture of NIH3T3 cells. The variance of mechanical properties with modulating the molecular weight of the pre-polymer was also demonstrated, increasing polymer molecular weight yielding a decreasing Young’s modulus value. The system utilised was an EnvisionTEC Perfactory manufactured by EnvisionTEC GmbH, is a vatless system with irradiation incident underneath the liquid pre-polymer through a transparent window. The advertised resolution of 100 µm and macro scale limit of around 25 mm. 
Although the current uptake of this technology for the fabrication of biomedical devices is limited, these examples do demonstrate the advantages of the methodology and their potential in a more developed form.

[bookmark: _Toc413859196]3.9.Subtractive Manufacturing Methods


Subtractive rapid prototyping typically relies on well established traditional manufacturing methods of tooling a solid material to yield the component from it. The advent of numerical controlled or NC machine tools in the 1950’s (J. C. McDonough 1952) and its progression to computer numerical controlled CNC tools in 1970’s in conjunction with the allied technology of modern, 3D computer aided design CAD allows the design of components quickly in a virtual environment and the subsequent rapid production. When combined, these systems are often referred to CADCAM systems where components can be designed and tested for certain properties virtually, and then a physical object generated in one system. These systems are often advantageous because the requirement of a 3D model/design has become astandard manufacturing industry step means a wide range of tooling and design systems are readily available. Advantageously, the resultant components can be made from the final specification material allowing more thorough testing of the component. The primary disadvantage of these systems is they are limited in their capacity or unable to form complex micro scale structures that incorporate geometrically complex features, such as those required for an intralumenary features or hollows/voids within the structure. As such, they find normal utilisation for the mass manufacture of components following the design and development stage or where their specific advantages such as tooling of metals makes them an optimal choice as additive technologies are currently limited in this regard.


[bookmark: _Toc413859205]4. Conclusions


· The peripheral nervous system is a complex system of various tissues comprising of individual neurons and connective tissues along with multiple supporting cell types requiring integrity and continuity to function. It extends outwardly from the brain and spinal cord to the extremities making it vulnerable to physical trauma. It has an innate although limited capacity for post injury regeneration, especially in cases which result in large injury gaps and a high degree of severed end dislocation(Reyes, Sosa et al. 2005).
· NGC’s are an advantageous alternative to autografting, acting as both a guidance device but also modulating the internal environment to promote regeneration. The ideal materials used for NGC construction should address the physical requirements of the device, permit a positive cellular interaction and degrade into non harmful products(Jiang, Lim et al. 2010).
· Simple hollow NGC’s  have so far had exhibited limited clinical success for regenerating large injury gaps, although their performance is comparable for shorter gaps(Kehoe, Zhang et al. 2012). The incorporation of more advanced features such as intralumenary guidance structures is a proposed method of improving their efficacy(Deumens, Bozkurt et al. 2010) and (Pabari, Yang et al. 2011).
· Dynamic projection microstereolithography is a rapidly developing additive manufacturing technique for the fabrication of biomedical devices(Melchels, Feijen et al. 2010) and an advantageous fabrication methodology for devices that require highly resolved, geometrically complex structures for their function, such as intralumenary guidance features for NGC’s. The adaptability and relatively rapid production rate makes this technique advantageous as both an experimental technique but also as a commercially viable manufacturing method.
· Structure fabrication via stereolithography and biocompatibility of photopolymerisable p(CL) has been demonstrated experimentally (Elomaa, Teixeira et al. 2011) but not applied to NGC fabrication or evaluated in vivo.

[bookmark: _Toc413859206]5. Overall Aims and Objectives of Study


The primary objective of the work described in this thesis are that by using the current understanding of what is required for peripheral nerve regeneration using NGC’s and utilising additive manufacturing by microstereolithography to design and fabricate suitable devices that are rapidly adaptable, degradable and canincorporate intralumenary features. The structuring system and materials must not only provide suitable physical and biological device performance, but also have an inherent consideration for clinical applicability and manufacturing upscaling. 
A secondary objective of this work is to investigate the potential for both the structuring system and materials that are developed towards the primary objective to be applied for other structuring requirements and clinical problems.

Hypothesis:

1. Microstereolithography can be utilised as viable production methodology forNGC’s which demonstrate comparable device performance to autograft in vivo. 

2. Photopolymerisable materials suitable for microstereolithography can be developed which also demonstrate comparable biocompatibility to cell culture specific materials.

3. A microstereolithography system developed specifically for the production of NGC’s can be readily applied to the fabrication of other biomedical devices.

These hypotheses will be tested specifically by:

· The construction and development of a microstereolithography structuring system that will allow the fabrication of NGC devices.
· Suitable photopolymerisable bulk materials will be acquired or developed for device fabrication.
· Using this system and materials, NGC devices will be designed, fabricated and their performance tested using an in vivo animal PNI model.
· The materials biocompatibility will be tested in vitro using neuronal and DRG culture. 
· The system itself will be tested for its adaptability by the fabrication of experimental spinal regeneration devices and utilising a novel photopolymerisable material not originally developed for the system. 
· The materials wide ranging applicability will be demonstrated by utilising them in an experimental DLW stereolithography system.


6. Thesis Outline


Chapter 2
Chapter 2 will outline the development of photopolymerisable pre-polymers suitable for the fabrication of structures by microstereolithography.

Chapter 3
Chapter 3 will discuss and asses microstereolithography as a suitable methodology for the fabrication of PNR relevant devices. This will include device design and the construction of a structuring system and its utilisation for the fabrication of devices which will be tested by in vitro cell culture and assessment in vivo using a PNI injury animal model.

Chapter 4
Chapter 4 will assess the ability for the microstereolithography system and materials developed to be applied in other applications beyond the primary goal of producing PNR relevant devices.

Chapter 5
Chapter 5 will conclude the thesis and suggest further development work resulting from the experimental developments described in the thesis.

[bookmark: _Toc413859207]Chapter 2: Photopolymerisable Polymers for Microstereolithography


[bookmark: _Toc413859208]Abstract

	Additive manufacturing and in particular microstereolithography techniques offer great potential for the fabrication of macro scale biomedical devices which also incorporate highly accurate micro scale features for their function(Melchels, Feijen et al. 2010). This technology is however limited by the availability of materials that are not only suitable for use in these system but exhibit adequate physical properties and biological response. A number of photopolymerisable materials are commercially available however their specific physical properties once cured and biological response is little understood. More advanced materials have been produced experimentally and have demonstrated both structuring potential along with positive biological response, they typically have a long synthesis timescales of multiple days which may limit their commercial viability (Elomaa, Teixeira et al. 2011).
The experimental work described in this chapter demonstrates the ability to synthesise photopolymerisable pre-polymers based on p(CL) and p(LA) that are suitable for the fabrication of biomedical devices using pattern projection microstereolithography and DLW lithography. The production of NGC structures using p(CL)MA is described in Chapter 3 and other devices using p(LA)MA is described in Chapter 4. This development of a novel microwave methodology for production of photopolymerisable polymers significantly reduces the timescale for the initial ring opening synthesis of the polymer from approximately 16 hours to 10 minutes. The pre-polymers also demonstrate structurability and a positive biological response and represent a significant advance for this technology both experimentally and for its commercial application.


1. Introduction


The ability to use microstereolithography for fabricating biomedical devices and scaffolds both experimentally and commercially is dependent upon the ability to acquire suitable bulk materials. Although lithography which utilises photopolymerisable polymers as a technique has been in use in various forms for approximately 20 years, currently the number of commercially available bulk materials has remains limited(Arcaute, Mann et al. 2010). This is partly due to the lack ofsuitable materials which are usually only available in experimental quantities but also the limited number of commercially available structuring systems on which they can be utilised.
For the development of the structuring systemused in this work and for the fabrication of initial device designs a commercially available photopolymerisable polymer was used, namely p(EG)DA (Sigma Aldrich, UK). This type of material has been used previously and has demonstrated adequate structuring potential(Arcaute, Mann et al. 2010) but is generally perceived as bioinert, offering only a limited biological response unless it is biofunctionalised (Tziampazis, Kohn et al. 2000) or mixed with another bioactive polymer to make acopolymer. In addition, the poor mechanical and subsequent handling properties ofthe p(EG)DA structures experienced during implantation in vivo asdescribed in Chapter 3 implied a requirement for softer materials with a lower elastic modulus such as those based on p(CL)and p(LA). Photopolymerisable PCL has also been used previously for the fabrication of solid structures by a commercially available stereolithography based additive manufacturing system (Elomaa, Teixeira et al. 2011), the highly porous structures matched the 3D model and the materials biocompatibility confirmed by the in vitro culture of NIH3T3 cells. p(LA) is an FDA approved, biodegradable, biocompatible with non-toxic degradation products (Gupta, Revagade et al. 2007).p(CL) and p(LA) have also been utlised for commercially available NGC devices specifically Neurolac® described in Chapter 1.
There are however a number of difficulties associated with using a p(CL)MA photocurable pre-polymers over those based on p(EG)DA used previously, most notably that it remains notreadily available commercially and therefore it must be synthesised. Due to this, a synthesis and functionalisation based upon methacrylation was developed for the production of photopolymerisable p(CL)MA and p(LA)MA.
Initially, preliminary work on producing photopolymerisable p(CL)MA was carried out using a previously established method of thermal synthesis requiring over 16 hours to complete. Other instances of this type of material have required 48 hours for synthesis (Arcaute, Mann et al. 2010). Recent advancements in polymer synthesis utilising microwave synthesis have been reviewed (Sosnik, Gotelli et al. 2011), highlighting the requirement for increased production rate and the possibilities the technique offers for producing suitable biomaterials. Initially, this work was conducted in our lab using a conventional domestic microwave. This method, in conjunction with a lack of chemical analysis, yielded pre-polymers of unknown and poorly repeatable character and thus a progression towards a more accurate, programmable microwave synthesis method along with characterisation of the pre-polymers was investigated. This method utilised a microwave digester (reactor) and following a period of experimentation it was found a liquid photocurable pre-polymers p(CL)MA and p(LA)MA could be produced, their eventual use and suitability as biomaterials is described in Chapter 3 and Chapter 4.
Ideal biomaterials for the 405nm sourced system would not onlybe photopolymerisable with similar polymerisation kinetics to low molecular weight p(EG)DA which was used to optimise the system and fabricate the initially preliminary devices. Ideal materials should be degradable, have a similar viscosity at room temperature and have adequate storage potential. The material should also have good physical properties in its polymerised form making it suitable for handling and ideally more closely matching the material properties of the native tissues the device is intending to mimic or be integrated within. Additionally, ease of material manufacture was desirable.

[bookmark: _Toc413859209]1.1 Aims and Objectives


This chapter describes the production of photopolymerisable bulk materials for use in the fabrication of biomedical devices and scaffolds using microstereolithography. These aim to meet the requirements for biocompatibility, degradability, storage potential and physical properties in their polymerised form.

[bookmark: _Toc413859210]2. Materials and Methods

[bookmark: _Toc413859211]2.1 Synthesis of Poly(caprolactone) Pre-polymers


Production of p(CL) pre-polymers was carried out using an existing method of thermally synthesis or using a newly developed microwave synthesis method.
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Reaction scheme 1:Synthesis of two arm polycaprolactone (PCL) via the ring opening polymerisation of ε-caprolactone with the multifunctional initiator molecule ethylene glycol with catalyst (stanneous octanoate). Microwave synthesis was at 200 W and 150°C for 8 minutes. Reaction was preceded by a preheat stage at 200W at 100°C for 2 minutes.
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Reaction scheme 2: Microwave synthesis of four arm polycaprolactone (PCL) via the ring opening polymerisation of  ε-caprolactone with the multifunctional initiator molecule pentaerythritol with catalyst (stanneous octanoate) at 150°C for 8 minutes following a preheat at 100°C for 2 minutes


Reaction scheme 1 describes the reaction of ε-caprolactone with the multifunctional initiator molecule ethylene glycol using microwave synthesis to yield a linear/two armed prepolymer. Reaction scheme 2 describes the reaction of ε-caprolactone with the multifunctional initiator molecule ethylene glycol using microwave synthesis to yield a linear/two armed prepolymer. For both 2-arm and 4-arm p(CL) prepolymers, microwave synthesis was carried using a CEM Discover microwave digester (CEM Corporation, Buckingham, UK). Energy input was 200W, reaction temperature was 150°C for 8 minutes and magnetic stir speed set ‘High’ with a 1 minute pre-stir. A preliminary preheat stage was included in the synthesis protocol with 200W energy input, a temperature of 100°C and a hold time of 2 minutes. Synthesis was carried out using 35mL attenuators. Tin(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma-Aldrich Company Ltd, UK) was used as a catalyst at 0.05g per gram of monomer/initiator mixture. The resultant pre-polymer was clear and remained liquid at room temperature.
Thermal synthesis was carried out by reacting ε-caprolatone monomer with initiators of either ethylene glycol or pentaerythritol to yield 2 or 4 arm pre-polymers respectively. Calculated weights of monomer and initiator where added to a glass beaker with 100mL of toluene and brought up to 150°C. Subsequently, 0.05g of tin(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma-Aldrich Company Ltd, UK) catalyst per gram of monomer/initiator mixture was added. The solution was reacted for 8 hours and allowed to cool. 


[bookmark: _Toc413859212]2.2Synthesis of Poly(Lactic acid) Pre-polymers


Production of p(LA) pre-polymers was carried out using an existing method of thermally synthesis or using a newly developed microwave synthesis method.

 (
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Reaction scheme 3: Microwave synthesis of four arm polylactone p(LA) via the ring opening polymerisation of  (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione with the multifunctional initiator molecule pentaerythritol with catalyst (stanneous octanoate) at 300W input, 150°C hold for 3 minutes. This was proceeded by a preheat at 100°C for 2minutes

p(LA) was produced via microwave synthesis in a  monomer to initiator ratio of 1:8. Calculated weights of (3S)-cis-3,6-dimethyl-2,5-dione monomer and the pentaerythritol were added to a 35mL attenuator along with a small magnetic stirrer bar. For the reaction, the microwave power input was 300W and a 3 minute hold time at 150°C. A preheat stage at 100°C for 1 minute was included prior to the reaction stage. The stirring was set to high throughout the reaction.0.05g of tin(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma-Aldrich Company Ltd, UK) catalyst per gram of monomer/initiator mixture was used as a catalyst. 


[bookmark: _Toc413859213]2.3 Methacrylate Functionalisation


Photopolymerisation functionality was added by methacylation of the terminal hydroxyl end groups.

 (
TEA
MAA
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)
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Reaction scheme 4: General methacrylation reaction scheme showing the polymers terminal OH end groups are methacrylate functionalised by reacting with methacrylic anhydride (MAA) in the presence of triethylamine (TEA), dichloromethane (DCM) was used as a solvent.


Pre-polymers synthesised in toluene were rotary evaporated under vacuum to remove solvent prior to methacrylate functionalisation. Pre-polymers were dissolved in anhydrous dichloromethane and added to previously cleaned and thoroughly dried glassware. The reaction vessel was kept darkened and cooled using an ice bath and the internal atmosphere was purged with nitrogen prior to the addition of TEA and MAA. A nitrogen bubbler was used throughout the reaction. The solution was continuously mixed via the use of a magnetic stirrer and stirrer bar. For 4 arm pre-polymers, 8 molar equivalents of methacrylic anhydride (Sigma-Aldrich Company Ltd, UK) and 8 molar equivalents of triethylamine (Sigma-Aldrich Company Ltd, UK) , were added to the reaction dropwise over 5 minutes. Solutions were reacted for 16 hours, the temperature being allowed to reach room temperature over the course of the reaction. Following this the pre-polymers were precipitated in liquid nitrogen cooled ethanol, the ethanol was poured off from the solidified pre-polymer. Any remaining solvent was removed by rotary evaporation. The pre-polymer samples were stored in amberglass vials at -4ᴼC prior to use.


[bookmark: _Toc413859214]2.4 Determination of Dispersity and  Pre-Polymer Molecular Weight using Gel Permeation Chromatography


Gel permeation chromatography (GPC) or (size exclusion chromatography, (SEC)) apparatus consisted of a Gilson auto injector (Gilson Inc, Wisconsin, USA), an Erma  ERC7512 refractive index detector (Erma Inc, Tokyo, Japan), a Waters HPLC pump model 515 (Waters Corporation, Massachusetts, USA), a Millipore Waters lambda-max model 481 spectrophotometer (Waters Corporation, Massachusetts, USA), a Phase Separations Ltd liquid flowmeter (Phase Separations Ltd, Deeside, UK), a Agilent technologies low molecular weight GPC column (Agilent Technologies UK Limited, Cheshire UK) and a computer running Cirrus GPC Online and Offline collection and analysis software (version 3.0 release 90 build 30.0.0188) (Varian Inc/Agilent, CA, USA). This equipment was setup and calibrated to run at an eluent flow rate of 1mL per minute. Polystyrene was used as a calibration standard. The setup was then allowed to run continuously for one hour prior to sample injection. Samples of  pre-polymer produced via both microwave and thermal reactions were taken post synthesis and subsequently dissolved in filtered chromatography grade tetrahydrofuran (THF) (stabilised with 250 parts per million butylated hydroxytoluene) at a concentration of 2mg of pre-polymer per 5mL of THF. Following this, 20µL of toluene flow rate marker was added, the sample was filtered and subsequently loaded into the auto-injector. Once the auto injector had been programmed, the sample was injected and data collection begun. Once processed and analysed, the eluent went to waste. Data was collected using GPC online and the data was analysed using GPC offline. The molecular weight and polydispersity index was calculated using the GPC offline software after first selecting the correct pre-polymer peaks.

[bookmark: _Toc413859215]3.Results

[bookmark: _Toc413859216]3.1 Synthesis of Polycaprolactone Pre-Polymers
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Figure 9: Figure 9 shows a photograph of p(CL)MA pre-polymers produced using the microwave synthesis methodology. The pre-polymers where colourless and remained liquid at room temperature.

Pre-polymers were synthesised using a CEM Discover programmable microwave digester using the described method or using a thermal synthesis procedure as described. A number of particular parameters were found to have an effect upon the synthesised polymers, including the type of synthesis protocol, the synthesiser used (dynamic, fixed power, fixed temperature), requirement for solvent, inclusion of pre-stir and/or pre-heat cycles, the type of reaction vessel (attenuator) used and the volume of reactants within the attenuator. After a period of experimentation the optimum settings for the synthesis protocol were found to be as those described previously. Thermal synthesis was carried out successfully. When compared the pre-polymers yielded from both production methods were similar in viscosity and appearance, both solidified at roughly the same temperatures (determined during the storage in fridge) and melted at the same rate and liquid at room temperature.

[bookmark: _Toc413859217]3.2 Determination of Molecular Weight and PDI of Refluxed and Microwave Synthesised via GPC in THF


The initial p(CL) pre-polymers produced using thermally synthesised (reflux) and microwave (domestic) synthesis had little to no characterisation and as such the ability to maintain consistent pre-polymer product and also validate that the synthesis method could not take place. Post-synthesis characterisation forms an important aspect of pre-polymer production as it ensures that the correct molecular weight pre-polymers are being produced for subsequent experimentation. It is hypothesised that the molecular weight and degree of branching within the photocurable pre-polymer will affect the subsequent mechanical properties once polymerised. Although these initial pre-polymers displayed the ability to be polymerised via the addition of a photoinitiator and exposure to ultraviolet irradiation, it was evident that due to the products discoloration following synthesis and functionalisation that the pre-polymers contained a high level of contaminants or the process was degrading the polymer to an extent it had become discoloured. The limitations of this particular production method were also indicated due to the polymers limited ability for photo curability using 477nm microstereolithography. Additionally, the original synthesis protocol used did not call for the use of nitrogen purging or dry solvents which is believed could significantly affect the performance of the final product. Initial work on this microwave synthesis method was carried out using a simple domestic microwave, however it was determined that this method gave a similar problem of a poorly defined synthesis method. In particular, it was difficult to determine the maximum temperature achieved and maintain this temperature for a fixed reaction time period. Additionally, the power input on the domestic microwave used could only be defined using a dial with simple ‘high, medium or low’ (or defrost) settings which do not accurately represent the actual power input. It is particularly important to define and control these parameters when synthesising pre-polymers via microwaving as the high power input and rapid reaction times can potentially lead to problems with the resulting product. Of particular concern was the potential for transesterification and ‘breaking up’ of the pentaerythritol initiated branched pre-polymers due to the high power input. This prompted investigation into the potential for microwave polymer synthesis using a more advanced, programmable synthesiser. This type of system provides the ability to more accurately control the final product by defining the microwave power input, maximum temperature achieved and temperature hold times but it also incorporates a magnetic stirrer and real time monitoring of the reaction. Additionally, there a number of synthesis methods it can be programmed to utilise, for instance this could be holding a maximum temperature for a fixed time period with a dynamically changing power input, or it could be programmed for a fixed power for a fixed time period and only monitor the temperature achieved. Following successful preliminary experimentation using this type of system, programmable microwave synthesis became the preferred method due to its ability to produce pre-polymers with limited discoloration but also its ability to rapidly produce product. 

Characterisation by gel permeation chromatography(GPC) or Size Exclusion Chromatography (SEC) was carried out on both thermally and microwave synthesised polymers with the intention of ascertaining the molecular weight of the pre-polymers in comparison to the theoretical molecular weight. This method makes use of a chromatography system developed to quantify the molecular weight due to the entropic interaction of the polymer with a medium contained within a column. The time taken for the pre-polymer dissolved within a liquid phase to travel through this column and be detected using refractive index detector relates to its degree of interaction with the column.
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Figure 10: Gel permeation chromatography trace of 1:8 initiator (pentaerythritol) to monomer ratio p(CL) pre-polymer produced using thermal synthesis via refluxing. The molecular weight of this polymer is 2733 g/mol, the polydispersity index is 1.19.
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Figure 11: Gel permeation chromatography trace of 1:8 initiator (pentaerythritol) to monomer ratio p(CL) pre-polymer produced using programmable microwave synthesis. The molecular weight of this polymer is 3154 g/mol, the polydispersity index is 1.19.
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Figure 12: Gel permeation chromatography trace of 1:16 initiator (pentaerythritol) to monomer ratio poly(caprolactone) pre-polymer produced using programmable microwave synthesis. The molecular weight of this pre-polymer is 5607 g/mol, the polydispersity index is 1.29.


Figures 10, 11and 12 show gel permeation chromatography traces of p(CL) pre-polymers synthesised using either thermal synthesis via refluxing, or those produced using programmable microwave synthesis. The predicted molecular weight for 4 arm branched p(CL) produced with a 1:8 initiator to monomer ratio where the initiator is pentaerythritol is 1050 g/mol. As can be seen in figure 13, the molecular weight of the reflux synthesised pre-polymer is 2733 g/mol and for microwave synthesised it is 3154 g/mol indicating that we have a discrepancy between the predicted and the actual Mw and also between the synthesis methodologies used. This has a number of potential origins, namely the synthesis method used and whether the reactant mixture was sufficiently dispersed or the calibration of the THF GPC is not suitable for molecules of such a small molecular weight. In some respects, the first problem has been addressed to some degree with the initial experimentation with the microwave synthesiser. It was found that when changing from the smaller volume attenuator to the larger when up scaling, the resultant product was considerably different. While using the synthesiser on dynamic mode, due to the matching of power input to temperature increase one would expect the product to be the same, this however was not the case. Due to this, settings that were optimised using the smaller attenuator could not be used and a re-optimisation for the larger vessel had to take place.


[bookmark: _Toc413859218]3.3 Requirement for Catalyst in Pre-polymer Microwave Synthesis
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Figure 13: A: 1:8 omit catalyst p(CL) microwave synthesiser hold temperature 160°C. B:1:8 omit catalyst p(CL) microwaved synthesiser hold temperature 190°C. C: 1:9 omit catalyst p(CL)  microwave synthesiser hold temperature 220°C D: 1:8 omit catalyst p(CL) microwave synthesiser hold temperature 250°C.


Of particular interest in moving from a thermal pre-polymer synthesis method to that using a programmable microwave synthesiser was the potential for eliminating the use of catalyst within the reaction. The rationale behind this was to not only make the process of production easier, but also the belief that it could potentially affect the performance of the materials when tested by in vitro cell culture and in vivo implantation. Figure 13 shows gel permeation chromatography traces of p(CL)pre-polymers produced by programmable microwave synthesis in monomer to initiator ratios of 1:8 where the initiator was pentaerythritol. Part A shows the trace of a hold temperature of 160°C, B of 190°C, C of 220°C and D of 250°C. It could be seen on all of these traces that polymerisation had not occurred. When compared to the gel permeation chromatography trace shown in figure 13 which shows 1:8 monomer to initiator p(CL) pre-polymer were the initiator was pentaerythritol and includes the use of stannous octanoate catalyst, the difference can be clearly seen. This result clearly indicates that this particular route of pre-polymer synthesis requires the use of a catalyst as increasing the reaction temperature beyond 250°C is unfeasible within the system being used. As such, further p(CL) pre-polymer synthesis will include the use of catalyst.


[bookmark: _Toc413859219]3.4 Confirmation of Methacrylation


Confirmation of methacrylation was conducted by determining the molecular weight of the pre-polymer both prior and post methacrylation stage using a 1:8 pentaerythritol initiated p(CL) pre polymer.

p(CL) Mw prior to methacrylation – 2000 g/mol-1 PDI -1.35
p(CL) Mw post methacrylation – 2500 g/mol-1PDI - 1.24

These results showed an increased value for the molecular weight following the methacrylation stage. This increase of 500 g/mol-1was conducive with the theoretical increase in mass following attachment of methacrylate end group on the4-arm pre-polymer. The PDI value reduced following the methacrylation stage due to the additional purification steps which removed the monomer.

Methacrylate end group attachment was also confirmed by FTIR with a ῡ 1640 cm-1.


[bookmark: _Toc413859220]3.5Photopolymerisation,Handleability and Storage


Post purification, the polymers were crudely assessed for their curability and handle ability in their polymerised form. This was conducted by the addition of approximately 0.5mL of the material with photoinitiator onto a glass microscope slide and exposing it to UV irradiation for 1 minute (method as per PDMS moulding). All methacrylated materials were found to be photopolymersable in this fashion. This method yielded a sheet of polymerised material that could be peeled off the slide and the handleability of the materials could be assessed. In this fashion, it was observed that the p(CL)MA material was the most pliable and could be bent around on itself without cracking. Visually, p(CL)MA was found to be colourless and transparent. The optical and physical properties of p(LA)MA where found to be very similar to that of p(CL)MA, it forming a pliable transparent sheet. The p(EG)DA material was found to be hard and brittle. It was not possible to manipulate the p(EG)DA material and thin sheets were prone to fracturing. Optically, p(EG)DA was colourless and transparent similar to the p(CL)MA and p(LA)MA materials.
Both p(CLA)MA and p(LA)MA pre-polymers were stored at 4°C for up to 6 months and prior to sue and performed constantly following storage.


[bookmark: _Toc413859221]4.Discussion


The ability to use microstereolithography for fabricating biomedical devices and scaffolds both experimentally and eventually commercially is dependent upon the ability to acquire suitable bulk materials. Photopolymerisable materials suitable for biomedical devices have been demonstrated previously(Elomaa, Teixeira et al. 2011), however long synthesis times are required for the polymer synthesis. One method for producing polymers suitable for biomedical devices is by microwave synthesis (Sosnik, Gotelli et al. 2011) which can offer both high reproducibility and greatly reduced synthesis times. The ability to move from a previously established thermal synthesis technique to a more rapid microwave synthesis technique for the production of photopolymerisable pre-polymers was developed for both p(CL)MA and p(LA)MA materials. A limited amount of polymer characterization was conducted on these materials using SEC/GPC and UV polymerisation which confirmed the materials ability to be photopolymerised. Molecular weight determination using SEC was used to determine the success of the methacrylation stage by the confirmation of an increase in molecular weight following the reaction. It is proposed that the reduction in PDI value was due to the increased number of purification stages which follow the methacrylation stage removing unreacted monomer. The ability of the microwave synthesised photopolymerisable p(CL)MA material to be structured using 405 nm microstereolithography along with its biocompatibility was demonstrated in Chapter 3 using in vitro cell culture and by the fabrication of NGC’s and subsequent in vivo implantation in a YFP PNI animal model. To the authors knowledge this is the first time a microwave synthesised pre-polymer material has been synthesised, functionalised to make it photocurable, utilised within a microstereolithography system and used to produce nerve guidance conduits which have been subsequently tested using a YFP PNI animal model. 
Photocurable p(LA)MA was used ina collaboration with Prof Maria Farsari and colleagues (Danilevicius, Georgiadi et al.), details of which can be found in Chapter 4 . The ability to synthesise this material using a rapid, microwave synthesis procedure reduced the initial synthesis time down from 16+ hours to approximately 10 minutes. From a research standpoint, the extended synthesis time is likely not a limiting factor in its use but in a commercial setting this would be a dramatic improvement in the cost effective production the bulk material. The material provided adequate properties and met many of the requirements of an ideal material including its structurability, appearance, more appropriate physical properties and improved handleability along with excellent storage potential.


[bookmark: _Toc413859222]5.Conclusion


· A microwave synthesis method was developed to produce p(CL)MA based photocurable materials for subsequent structure fabrication.
· The physical properties of the polymerised p(CL)MA material was qualitatively assessed, it being more pliable than commercially available p(EG)DA material.
· Partial characterisation of this pre-polymer was carried out by GPC assessment of the material.
· A microwave synthesis method was developed to produce p(LA) based, methacrylate functionlised photopolymerisable materials for subsequent structure fabrication by UV and microstereolithography.
· This material was successfully cured using UV and used in collaborative work described in Chapter 4.
· Microwave synthesis of pre-polymers significantly reduced the timespan for synthesis from approximately 16 hours to approximately 10 minutes.



[bookmark: _Toc413859223]Chapter 3:Utilising Microstereolithography for Peripheral Nerve Repair

This work was carried out in collaboration with Professor Fiona Boissonade and Mr Adam Harding at the School of Clinical Dentistry, University of Sheffield who conducted the in vivo testing of the NGC’s using a mouse common fibular nerve injury model. The author was responsible for the developing and fabricating structures using the 477nm system and constructing, developing and fabricating structures using the 405nm microstereolithography system, development of the device design and fabrication procedures, spin coating 2D structures, electrospinning of aligned p(CL) fibres, SEM imaging, the synthesis of the photopolymerisable polymers, along with in vitro cell and DRG culturing, immunolabelling and imaging. Parts referring to p(EG)DA in vitro testing, fabricating NGC’s using microstereolithography and in vivo testing were published in Biomaterials (Pateman, Harding et al. 2015).



[bookmark: _Toc413859224]Abstract

In this chapter the set up and utilisation of both a 477 nm and 405nm projection microstereolithography system in order to fabricate structures is described, the systems were utilised to fabricate structures for in vitro testing and nerve guidance conduits for use in an in vivo PNI animal model. The design and development 2D images for the construction of these 3D objects were also described. The photopolymerisable materials used were commercially available photopolymerisable p(EG)DA along with bespoke microwave synthesised photopolymerisable p(CL)MA. These materials were tested using in vitro cell culture of NG108 neuronal cells upon spin coated polymer samples and explant dorsal root ganglion culture on structured channel tube analogues. p(EG)DA and p(CL)MA material NGC structures were tested using an in vivo  YFP peripheral nerve injury model in mice. More advanced NGC’s incorporating structured intralumenary features or electrospun p(CL) fibres were also produced, the fibre incorporating NGC’s also being testing in vivo. The structuring characteristics of liquid photopolymerisable p(EG)DA were found to be excellent, the photopolymerisable p(CL)MA was found to be marginally more difficult and required slightly slower speeds and higher laser output powers. The in vitro cell culture upon p(EG)DA revealed adequate but inferior cellular adhesion and proliferation in comparison to TCP or spun coated p(CL)MA. The in vivo PNI results showed promising results in both p(EG)DA and excellent results for the p(CL)MA devices. The handleability of the p(EG)DA polymerised structures was the poorest, p(CL)MA devices being more pliable and resistance to fracturing and damage during manipulation. Overall, this work demonstrates the use of a new stereolithography system, materials and devices with a number of promising results for the production of PNI devices using a fabrication method that could easily be adapted for a wide range of applications.


1. Introduction


In its simplest form, the nerve guidance conduit is a hollow tube designed simply for the entubulation of both severed nerve ends. In this respect, it is limited in its functionality but satisfies the primary objective of the device which is as an alignment guide for the regenerating nerve (Heath and Rutkowski 1998). Whilst there are a number of commercially available devices, clinical testing has often resulted in inferior capacity for regeneration and limited overall functional repair when utilised for longer injury gaps when compared to nerve autograft. In light of this there have been a number of proposed advancements upon the basic hollow nerve guidance conduit design which typically involve the inclusion of intralumenary features designed to act as additional guidance cues for the regeneration nerve tips (Jiang, Lim et al. 2010). In addition there are a number of desirable qualities which can be incorporated into the devices specification such as improving material biocompatibility and limited host immune response, a controlled degradation rate to eliminate post-operative surgery to remove the device, a bulk material of native tissue matched mechanical properties and a surface conducive to host cellular integration.
The overall NGC design must seek to address the primary device requirement which is specifically that it must act as an alignment guide. It must have an appropriately proportioned internal diameter so that it closely matches that of the host nerve without inducing compression and its external diameter must be limited so it does not cause surrounding tissue damage and restrict movement. Additionally, the device design must be robust enough to allow handling during surgical implantation. Primary design requirements are of critical importance in order to produce a usable device. Secondary design requirements aim to improve device performance and regeneration efficacy, especially for longer nerve injury gaps. These include controlling the wall permeability in order to modulate the internal microenvironment and also incorporating intralumenary guidance features. Failure to incorporate these secondary features would not absolutely prevent the device from functioning but its performance may be hindered or limited. For longer injury gaps secondary design requirements become increasingly critical to positive device efficacy and consideration to incorporating them more important.
Microstereolithography is an additive manufacturing method utilising the spatially controlled cross-linking of a photopolymerisable pre-polymer in order to form a structure. It is also an additive manufacturing technique by which structures are formed in a layering fashion from the constituent bulk material. The key advantages of this being the ability to form geometrically complicated objects, such as hollow structures in a macro scale whilst incorporating micro scale features as well as greatly reduced material wastage (Melchels, Feijen et al. 2010). Many of these structures would be impossible to make using a subtractive manufacturing method such as CADCAM/CNC due to the inability to get into the location to remove material with a tool.  Although both systems are dependent on the irradiation of a photocurable bulk material containing a certain percentage of photoinitiator, microstereolithography techniques can be differentiated into two separate types due to the differing photopolymerisation mechanics they are dependent upon. Although the prospect has been highlighted (Melchels, Feijen et al. 2010), to date there has been very limited uptake of this type of technology for the fabrication of NGC’s in an experimental setting and no clinical implementation although its particular set of advantages make it a potential advantageous in this role however.
A more in depth discussion of commercially available and experimental NGC devices, materials and additive manufacturing methods including microstereolithography is presented in Chapter 1.

[bookmark: _Toc413859226]1.1Aims and Objectives

The objective of this work in this chapter was to design and fabricate relevant structures using photopolymerisable materials by microstereolithography and to assess them using in vitro cell culture and in vivo implantation.

[bookmark: _Toc413859227]2.Materials and Methods

[bookmark: _Toc413859228]2.1 Photocurable Pre-Polymer Synthesis


Synthesis of pre-polymers was as described in Chapter 2: Photopolymerisable Polymers for Microstereolithography. 

[bookmark: _Toc413859229]2.2 Device Design and For Microstereolithography


A number of different structures were designed for fabrication using either the 477 nm or the 405 nm microstereolithography systems. These devices included channels for the in vitro culture of dorsal root ganglion explants, nerve guidance conduits for in vivo implantation and as samples for the production of PDMS moulds. The establishment of a required specification was used to ensure the eventual device met the requirements that would be placed upon it, however designs were optimised during the experimental and optimisation phases to yield a suitable device.

[image: ]
Figure 14: Schematic diagram of an in vitro DRG culture channel design used during fabrication using microstereolithography. The structure was designed to allow the placement of an explant rat derived DRG in the centre for material biocompatibility testing by in vitro cell culture. The device design seeks to contain the DRG within the central trench of the channel, the flat base of the device allows it to be secured within a flat bottomed cell culture plate.


Channels for the in vitro culture of dorsal root ganglion were produced in accordance with the dimensions shown in the schematic diagram in figure 14. These channels were produced using both 477nm and 405nm microstereolithography setups using photopolymerisable p(EG)DA. The channel was designed and dimensioned to allow the placement of an explant rat derived DRG within the central trench of the channel in order to investigate the cellular response to the materials which have been fabricated into a device using microstereolithography. Additionally the device design incorporates a flat base of the device allowing it to be secured into a flat bottomed well plate.



[image: ]


Figure 15: Schematic diagram of a typical simple hollow type nerve guidance conduit design used during fabrication using microstereolithography. The original dimensions and design of this device where based upon the dimensions of devices previously used during the in vivo peripheral nerve injury model used for the assessment of the devices. 


The above figure shows a schematic diagram of a simple hollow type nerve guidance conduits produced using 477nm and 405nm microstereolithography in p(EG)DA and p(CL)MA photopolymerisable materials. This original device was based upon the dimensions and design of the devices used previously in the in vivo peripheral nerve injury model. From this original design a number of different device designs where developed which incorporate varying conduit wall thicknesses, lumen diameters, overall diameters and overall lengths. Modifications to the device designs were conducted in order to improve the structural integrity of the device and allow the selection of the optimum sized conduits depending upon the size and age of animal or the nerve being used for the experiment. This ability highlights the personalised device parameters that can be achieved using the technique. The design of the device was developed to yield a NGC which could be handled during implantation without damage and to satisfy the primary device requirement of an NGC which is to provide guidance for severed nerve ends by entubulation. In this regard, the devices wall thickness was optimised to be as thin as possible to improve host integration but be sufficient to yield suitable structural integrity for successful implantation.


[bookmark: _Toc413859230]2.3 Grayscale Images for Spatially Restricted Irradiation at the Fabrication Stage.



From the required specification, images used for the fabrication process where developed using Microsoft MSPAINT software. These images represent a two-dimensional cross section of the intended three-dimensional structure to be produced. The final dimensions of the device are in part dictated by the grayscale image but also by the microstereolithography setup itself. 
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Figure 16: Representation of greyscale image used for the fabrication of cell culture channel design. This design incorporates a flat base which allows securing of channel to bottom of the culture well. Image A shows a singular image. Image B shows an arrangement of multiple images for the fabrication of 4 channels simultaneously.


Figure 16 shows grayscale images of in vitro cell culture channels. These channels were designed for the testing of the photopolymerised materials in vitro by the culture of explant rat derived DRG’s in the centre of the device. The flat base allows or easier mounting of the structures within a culture plate.
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Figure 17: Representation of greyscale images used for the fabrication using microstereolithography. Image A shows an individual device. Image B shows the arrangement of multiple devices so 4 individual devices can be fabricated simultaneously.


Figure 17 shows grayscale images for the fabrication of hollow type NGC tubes used for the production of devices for assessment using the in vivo PNI animal model. In addition to the fabrication of individual devices it was possible to arranging multiple images on the same DMD array in order to fabricate multiple devices simultaneously, greatly increasing the production rate.
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Figure 18: Figure 18 shows the image required for producing an NGC which incorporates 7 individual intralumenary cavities. This image design was produced in order to ascertain the system ability to fabricate a more advanced NGC device which incorporated interlumenary features which remained continuous through the device.


Figure 18 shows a grayscale image of a NGC which incorporates intralumenary features, these being the 7 individual cavities within the device. The theory behind these features being that by increasing the surface area within the intralumenary cavity there is an increase in the degree of potential guidance cues for regenerating neurons and surface area for motile Schwann cells within the wound site.

The dimensions of the image in pixels dictate how many mirrors on the DMD array are tuned to reflect the image and partly dictates the final irradiated image size at the stage (in conjunction with the post DMD lens arrangement). The position relative to the entirety of the image i.e. the structures cross section image in black plus the remaining ‘canvas’ in white (where the ‘canvas’ is the remaining image area unoccupied by the cross section of the structure colored white) dictates the position of the structures cross section image on the DMD. The size of the image displayed on MSPAINT is calibrated with the dimensions of the structure produced whilst maintaining the setups lens arrangement. This process simply involved producing an image of known pixel dimensions and altering its size until the correct post fabrication structure specification dimensions were achieved. Recalibration of the grayscale images was required following modifications to the stereolithography arrangement. Similarly, by manipulating the image and maintaining the arrangement of the structuring system the dimensions of the final fabricated device could also be altered.


[bookmark: _Toc413859232]2.4 General Procedure For Fabrication Using 477nm Microstereolithography


The overall arrangement of the 477 nm microstereolithography system was previously established within the group by Dr Andrew Gill, however slight modifications to the arrangement and angle of lenses used was carried out in order to produce satisfactory results for NGC tube and cell culture channel fabrication.
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Figure 19: Photograph showing 477nm microstereolithography setup used for producing three dimensional constructs where A: 477nm laser source with beamLine indicated as the red line. B: indicating digital micromirror device (DMD) and C: A green mark indicating the stage at which the liquid pre-polymer solution is placed and curing occurs.


Figure 19 is a photograph of the 477nm microstereolithography setup used for the fabrication of structures for both in vitro cell culture and in vivo implantation. It was composed of the following components: Digital micro mirror (DMD) (Texas Instruments Incorporated, TX, USA), 150 mW 477nm laser source, a motorised z-axis translation stage and associated controller (Thorlabs Ltd, Cambridgeshire, UK), a computer running Windows XP, APT Software (Thorlabs Ltd, Cambridgeshire, UK) and assorted lenses and mirrors (Thorlabs Ltd, Cambridgeshire, UK). Figure 19 shows this particular setup with the various components labelled and the beam indicated in red and the stage/irradiation zone indicated in green.
Care was taken when preparing the system for use by ensuring the lenses within the system have been cleaned and the irradiated image at the stage was well resolved. Images were created using Microsoft MSPAINT as previously described and loaded onto the DMD using ALP-3 Basic version 1.0.03 (ViALUX, GmbH). Liquid photocurable p(EG)DA  prepolymer was prepared firstly by the addition of  2% (wt/wt) camphorquinone photoinitiator (Sigma Aldrich, UK) and subsequently shaken vigorously for one minute followed by fifteen minutes within a ultrasonic bath to ensure a homogenous distribution of photoinitiator. Following fabrication the structures were immediately submerged in denatured alcohol to remove any unreacted pre-polymer. If samples were to be used for in vitro cell culture or in vivo implantation they were left for at least 72 hours in denatured alcohol post production to allow the leaching of photoinitiator from the sample.

[bookmark: _Toc413859233]2.5 Fabrication Parameters for p(EG)DA NGC’s using 477nm Microstereolithogry


The parameters for the fabrication of NGC’s in photopolymerisable p(EG)DA using 477nm microstereolithography was a z-axis translation velocity of 0.05mmS-1 with a laser source output power of 80mW.

[bookmark: _Toc413859234]2.6 Developing a 405nm Microstereolithography System
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Figure 20: Image showing 405nm microstereolithography setups used for fabricating 3D constructs where A: 405nm laser source with beamLine indicates as red line. B: Indicating digital micromirror device and C: Motorised z-axis translation apparatus and attached metal stage upon which construct cures.


Figure 20 shows the 405nm microstereolithography setup used for the fabrication of three dimension structures. It was comprised of the following components: Digital Micromirror Device (DMD) (Texas Instruments Incorporated, TX, USA), 150 mW, 405 nm tunable laser source and associated proprietary software (Vortran Laser Technology Inc, Sacramento, CA, USA), motorised z-axis translation stage apparatus and attached metal stage (Thorlabs Ltd, Cambridgeshire, UK), a desktop computer running Microsoft Windows 7 in conjunction with an additional virtual instance of Microsoft Windows XP running the z-axis motor controller proprietary software (APT Software, Thorlabs Ltd, Cambridgeshire, UK), the DMD proprietary software (ALP3 Basic, Texas Instruments Incorporated, TX, USA)  and four lenses and one mirror (Thorlabs Ltd, Cambridgeshire, UK).
Its general construction and operation method was the same as that for the 477 nm microstereolithography setup because they are based on the same general principles. There are the same number both pre and post DMD lenses, however, the distances and relative angles between these lenses differed slightly due to differences in size of image that is displayed on the DMD array for the 405 nm system was smaller than that used for the 477 nm system and as such the area of irradiation incident on the DMD array was smaller.
The pre-DMD lens choice and arrangement was set up in such a way to produce an irradiation zone incident upon the DMD array only, maximizing the irradiation intensity and helping to eliminate unwanted reflections. Post DMD, the lenses were chosen and arranged in such a way as to capture the reflected spatially controlled image and collimate it prior to reflection by the mirror down to the stage. This beam alignment involved initially cleaning the lenses and mirrors using methanol soaked disposable lens cleaning cloths. Then an image, such as a channel or nerve guidance conduit tube was loaded onto the DMD. The laser source was then activated and the power set to 1mW. Wearing protective glasses a small piece of white paper was then used to follow the beam from the laser source in order to position the DMD. Post DMD, it was then used to position the final mirror that reflected the image down onto the z-axis translation stage. Depending on the size of the image on the DMD and the irradiation zone required at the stage, a number of lenses were needed to be placed between the laser source and between the DMD and final mirror. In order to build the system experimentation on the type of lens and also in order to set the position and angle of the lenses was required. This was to ensure that the beam was sufficient to completely irradiated the image area on the DMD device. Using the paper it is possible to gauge the degree to which the lenses were influencing the beam and also ensure the lenses were placed in line with laser beam. In a similar fashion, post DMD a number of lenses were needed to be placed prior to the final mirror to again bring the image into focus. Special attention was placed on ensuring the laser source power was set as low as permissible whilst adequately producing an image, that the laser beam is not observed directly and that another medium is used to observe the beam, such as the paper method described.


[bookmark: _Toc413859235]2.7 General Structure Fabrication Method using  405nm Microstereolithography


In order to fabricate a structure from a previously produced cross section image, liquid pre-polymer solutions of liquid photopolymerisalble p(EG)DA or pCL) were prepared via the addition of diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide/2-hydroxy-2-methylpropiophenone 50/50 (Sigma Aldrich, UK) photoinitiator at 2 % (wt/wt) and then vigorously shaken for one minute before being thoroughly mixed for fifteen minutes using an ultrasonic bath in order to ensure homogenous distribution of photoinitiator. The liquid pre-polymer solution was subsequently dispensed into a glass vial of a volume large enough to accommodate both the liquid and stage upon which the construct will be fabricated. Care was taken when choosing a suitable vial for this reason as both its internal diameter and internal height had to allow the complete submersion of the stage to a depth the same as the height of the object being fabricated. Additionally it was positioned as such to allow the motorised z-axis stage enough clearance when it moves to its lowest position so as not to contact the vial. Following this, the 405nm laser source was activated and the power was set to 1mW using the proprietary software, the aperture remained closed until its actual use however. The image of the cross section of the structure to be fabricated was then uploaded onto the DMD device using ALP-3 Basic version 1.0.03 (ViALUX, GmbH). The DMD mirror array was then set to reflect only the image that had been uploaded. The lenses were then cleaned using a methanol soaked disposable lens cleaning cloth to eliminate the accumulation of dust. Following this a small piece of white paper (approximately five centimeters by five centimeters) was placed within the irradiation zone at the stage. The paper was used to confirm that the lenses remained aligned correctly by confirming the irradiated image cast upon the paper remained clearly resolved. In order to test this, the aperture of the laser source was opened and the resultant image at the stage observed through the appropriate safety spectacles. If the image remained sufficiently focused then the fabrication process continued, if the image was blurred and poorly resolved it was likely the lenses had shifted in angle or position slightly or the lenses accumulated dust and required cleaning and/or realigning as described above. Following observation, the aperture was closed until further use. If the irradiated image at the stage was as desired, the vial containing the photopolymerisable pre-polymer solution was then be placed within the irradiation zone. Its position was of particular importance because the height of the liquid within the vial must have been at the point at which the irradiated image was of highest resolution. This was confirmed by opening the aperture on the laser source and using the small piece of white paper, the irradiated image was observed and if necessary the vials height or the height of the liquid within it was altered. Once complete the aperture was again closed and the microstereolithography setup was now ready to begin fabricating the structure. The height of focus was noted and the stage height was set to this.
The laser power source was changed to the input power required for the particular structure and material. The base of the stage was first completely submerged into the photocurable pre-polymer and subsequently positioned at the surface of the liquid pre-polymer and affixed to the z-axis motorised apparatus using double sided adhesive tape. The velocity of the z-axis translation and the total distance of travel were then set using the ALP software. The distance of travel controlled the depth to which the stage would descend into the liquid pre-polymer and thus dictated the length of the structure that would be fabricated. At this point the aperture could be opened and the z-axis translation set into operation. Once the stage had descended to its intended depth and following a timed three second delay to allow the final section of pre-polymer to cure, the aperture of the laser source was closed. At this point the metal stage was detached from the z-axis translation apparatus and immediately submerged into a large volume of denatured alcohol. The structure was subsequently removed from the metal stage using a sharp scalpel. If the fabricated structures were to be used for in vitro cell culture or for in vivo implantation, they were left for at least 72 hours to allow the sufficient leaching of photoinitiator and ensure that any unreacted pre-polymer had been completely removed from the surfaces of the sample prior to use.


[bookmark: _Toc413859236]2.8 Fabrication Parameters for p(EG)DA Channels and NGC’s Using 405nm Microstereolithography

The parameters for the fabrication of p(EG)DA channels was a z-axis translational velocity of 0.01-0.05mms‑1with a laser source power output of 5mW.

[bookmark: _Toc413859237]2.9 Fabrication Parameters for p(CL)MA NGC’s Using 405nm Microstereolithography

The parameters for the fabrication of p(CL)MANGC’s was a z-axis translational velocity of 0.01-0.05 mms-1 with a laser source power output of 30mW.

[bookmark: _Toc413859238]2.10 Three Dimensional Sample Preparation via Polydimethylsiloxane (PDMS) Mould-Ultraviolet Irradiation Curing

Initially, a sacrificial channel was created from p(EG)DA using the 477nm microstereolithography setup via the above method in order to act as a positive for the moulding procedure. The channel positive was left in a 70% (vol/vol) industrial methylated spirit in distilled water for 24 hours to remove any unreacted p(EG)DA material. The positive was then dried and glued down to a glass plate and Sylgard 184 silicone elastomer (Dow Corning Corporation, MI, USA) was prepared via kit instructions. The elastomer solution was added to the positive mould and placed into a vacuum oven and subjected to a reduced pressure for 24 hours. Subsequently, the sample was heated to a hold temperature of 60ᴼC for 3 hours to ensure full cure. The cured PDMS was then carefully removed from the p(EG)DA positive to yield a mould. Photopolymerisable p(EG)DA or p(CL)MA pre-polymer solutions where prepared with the addition of 2% (wt/wt) 2,4-dihydroxy benzophenone. Solutions were then added to the PDMS mould negative using a glass pipette and a glass coverslip placed on top to produce a flat base. Mould containing the pre-polymer/photoinitiator solutions were then UV irradiated using an ExFo Omnicure S1000100W mercury arc lamp (Jenton International, Whitchurch, UK) for between 2 minutes depending on pre-polymer solution. The sample were subsequently immersed in 70% IMS (vol/vol) until use.

[bookmark: _Toc413859239]2.11 Two Dimension Sample Production Using UV irradiation


Two dimensional samples were produced by first producing liquid solutions of various pre-polymers via the addition of diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide/2-hydroxy-2-methylpropiophenone 50/50 (Sigma Aldrich, UK) photoinitiator at 2 % (wt/wt). A number of different substrates were prepared for in vitro cell culture, including 13mm glass coverslips and TCP plates. The solution was then added to the particular substrate and irradiated using an ExFo model Omnicure S1000 100W mercury arc lamp (Jenton International, Whitchurch, UK) ultraviolet light source for 1-2 minutes depending on the thickness of polymer required. Confirmation of polymerisation was basically ascertained by eye and mild disturbance of the solid polymer surface. Samples were subsequently washed with and stored in 70% (vol/vol) industrial methylated spirit in water until required for use. 

[bookmark: _Toc413859240]2.12 Electrospinning of Aligned p(CL) Fibres


Aligned p(CL) fibres for insertion into the intralumenary cavity of microstereolithography structured NGC’s were produced using a previously established system and method (Daud, Pawar et al. 2012). Briefly, the system incorporated a high voltage supply (Genvolt UK) and a syringe pump (WPI EU) with fibre collection taking place at a motor powered (IKA Works) foil coated drum rotating at 2200rpm mounted to a base. A 20wt% solution of 80,000 g/mol-1 p(CL) (Sigma Aldrich) was dissolved for 24 hours in DCM (Fisher Scientific UK) and added to a 10mL plastic syringe (Becton Dickinson) with a blunted 20G needle mounted. The needle-collector distance was 20cm, the needle-collector voltage difference was 18Kv and flow rate was 6mL/h, operation time was approximately 5 minutes or sufficient to produce a thin layer of fibres upon the foil collector. 

[bookmark: _Toc413859241]2.13 SEM Imaging of Electrospun Fibres


Samples were mounted on aluminium SEM pegs using double sided adhesive electro-conductive pads and gold coated. SEM imaging of the aligned electrospun fibre was carried out using a Philips XL-20 scanning electron microscope (Koninklijke Philips N.V) operating at 15 kV. A low magnification image was taken to qualitatively ascertain the degree of fibre alignment, a high magnification image was taken to ascertain the fibre diameter by taking 10 individual measurements using ImageJ software (NIH) and these averaged to yield the average fibre diameter.

[bookmark: _Toc413859242]2.14 Incorporation of Aligned p(CL) Fibres into p(EG)DA NGC


	Once produced, aligned p(CL) fibres were added to the inner cavity of p(EG)DA NGC tubes. This was carried out by first taking from the aluminium foil collection sheet a smaller rectangular piece of material cut from the centre portion. The length of the sheet must be approximately three times the length of the tube in which it is to be placed to allow sufficient handling of the material. Following this, under a dissection microscope the fibres were delicately rolled into a bundle and a thin piece of cotton thread was tied around one end. Care was taken to ensure the knot was as tight as possible so the fibre bundle did not become loose but also to minimise the potential for splitting the tube as this was the largest part to pass through it. Following this, the thread was fed through the tube and the bundle pulled through. The ends were trimmed using a scalpel blade. 
	Two different fibre containing NGC’s were produced. These were either a ‘high’ or a ‘low’ fibre packing density. The higher density used a 30 mm wide sheet of material, the lower used a 15mm sheet equating to approximately half the amount on fibres.

[bookmark: _Toc413859243]2.15 In Vitro Culture of Neuronal Cells


NG108-15 neuronal cells were maintained in tissue culture polystyrene (TCP) treated ‘T75’ 75 cm2 flasks using 10mL Dulbecco’s Modified Eagles Medium (Biosera, UK) supplemented with 10% (vol/vol) foetal calf serum (FCS), 0.25 µg/mLamphotericin B, 2 mM glutamine and 100 units/penicillin and 100 µg/mLstreptomycin. Cells were passaged at a confluency of approximately 80% by first detaching the cells from the culture surface via vigorous tapping of the sealed culture flask (trypsinisation/EDTA addition was not required) followed by repeated pipetting using a 10mL pipette straw and automatic pipette to produce a homogenous cell suspension. Subsequently, the concentration of cells within the suspension was determined using a haemocytometer and a volumes containing 105 cells was transferred into a fresh T75 TCP flask along with 10mL of the culture medium. The neuronal cells were used experimentally within a passage number range from 10 to a maximum of 25 passages. In order to stimulate neurite extension, NG108-15 cells where cultured in Dulbecco’s Modified Eagles Medium (Biosera, UK) supplemented with0.25 µg/mLamphotericin B, 2 mM glutamine and 100 units/mLpenicillin and 100 µg/mLstreptomycin. Both for maintenance and experimentation, cells were stored within an incubator at 37°C in a humidified atmosphere of 5% CO2 and 95% air.

[bookmark: _Toc413859244]2.16 Confocal and 2-photon microscopy of neuronal and Schwann cells


Images were acquired using a Zeiss LSM 510 META confocal microscope (Carl Zeiss Ltd, United Kingdom) with 543 nm and 488 nm excitation lasers. Additionally a 2-photon mode-locked tuneable Ti-Sapphire laser was set at 750 nm emission (Chameleon Ultra II, Coherent Inc, Santa Clara, CA, USA) using Zeiss LSM Imager software. Three dimensional nerve channel structures containing DRGs cultured in standard 6-well plates were imaged using a 10x magnification Zeiss W Plan Achromat water-dipping objective lens. For imaging Texas Red labelled samples incident and excitation wavelengths λex = 543 nm / λem = 576 nm were used, and for imaging FITC-labelled samples incident and excitation wavelengths of λex = 488 nm / λem = 525 nm) were used. DAPI labelled nuclei were visualised using incident and excitation wavelengths of λex = 750 nm / λem = 480 nm. Images were captured as raw data files. Adobe Photoshop CS5.1 (Adobe Systems Incorporates, CA, USA), ImageJ (NIH, USA) or the ImageJ distribution Fiji (General Public License) post processing software was used as detailed (specific plugins used are indicated and cited in results).

[bookmark: _Toc413859245]2.17 Dorsal Root Ganglion Explant Extraction and Culture


Wistar rats were grown and sacrificed according to a schedule I procedure (cervical dislocation) in accordance to the Animals (Scientific Procedures) Act 1986. The animal was skinned and the complete spine was removed, cut longitudinally and with the aid of a dissection microscope the individual dorsal root ganglion were extracted using fine tip forceps. The explants were then trimmed and placed onto the experimental culture substrate. The liquid surrounding the ganglion was removed using a 20 µL pipette, the lid fixed into place and it was placed into a tissue culture incubator at 37°C and 5%CO2/95% air for 15 minutes. Subsequently, enough culture medium comprised of Dulbecco’s Modified Eagles Medium (Biosera, UK) supplemented with 10% (vol/vol) foetal calf serum, 0.25 µg/m Lamphotericin B, 2 mM glutamine and 100 unit/mL penicillin and 100 µg/mL streptomycin was carefully added to the well containing the samples using a 1mL pipette to just cover the ganglion, talking care not to disturb it. Samples were stored within an incubator at 5%CO2/95% air for 14 days with medium changes every 72 hours. 

[bookmark: _Toc413859246]2.18 Immunolabelling of dorsal root ganglion


Cells were fixed by immersion in a solution of 3.7 % (w/v) formalin (Sigma-Aldrich Company Ltd, UK) in distilled water for 15 minutes and then washed by immersion in phosphate buffered saline(PBS) three times. Subsequently, cells were permeabilised by immersion in 0.1 % (w/v) Triton X100 (Sigma-Aldrich Company Ltd, UK) in PBS and washed by immersion in PBS three times. Samples were then blocked with 5 % (w/v) bovine serum albumin (BSA) in PBS for one hour at room temperature (RT). Subsequently, neuronal cells were immunolabelled with an anti-βIII tubulin primary monoclonal antibody (Promega Corporation, Southampton, UK) at 1:500 in 1% (w/v) BSA in (PBS) for 1 hour at RTP, followed by 3 x 15 minute PBS washes. Samples were then immunolabelled with horse anti-mouse IgG secondary antibody conjugated to Texas Red (Vector Laboratories, Peterborough, UK) at 1:250 in 1% (w/v) BSA in PBS, followed by 3x 15 min PBS washes. Schwann cells were labelled with anti-S100 rabbit polyclonal IgG primary antibody (Dako.UK Ltd, Cambridge UK)) at 1:250 in 1% (w/v) for 1 hour at RTP, followed by 3 x 15 minute PBS washes.  Samples were then incubated with a fluorescein conjugated goat anti-rabbit IgG secondary antibody (Vector Laboratories, Peterborough, UK) at 1:250 in 1% (w/v) BSA in PBS for 1 hour, followed by 3 x 15 minute PBS washes. The nuclei of all cells were labelled using 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) at 300nM for 1 hour at RTP (Sigma-Aldrich Company Ltd, UK), followed by 3 x 15 minutes PBS washes.

[bookmark: _Toc413859247]2.19 MTT viability of neuronal cells


NG108-15 neuronal cell viability was measured using an MTT (3,4,5-dimethylthiazol-2,5-diphenyl tetrazolium bromide) assay. Cells were seeded on tissue culture plastic (TCP) or spin-coated p(EG)DA or p(CL)MA coverslips and in 12-well plates (1 mL, 1x104 cells/mL) for 24, 48 and 72 hours. After each time point culture medium was removed, cells were washed with PBS and 1 mL of MTT (0.5 mg/mL) was added. After 40 minutes the MTT solution was removed and 300 μL of acidified isopropanol (5 μL HCl in 5 mL isopropanol) was added. The formazan crystals resulting from MTT reduction were dissolved in ethanol and the solutions were well mixed and transferred into 96-well plates. Absorbance was measured at the wavelengths of 540 nm and referenced at 630 nm using a BIO-TEK ELx 800 microplate reader.

[bookmark: _Toc413859248]2.20 In vivo implantation of conduits in to a mouse common fibular nerve injury model


This method was carried out by A. Harding.Thy-1-YFP-H mice were obtained from a Home Office approved UK supplier (JAX® Mice, Maine, USA via Charles River UK Limited, Margate, UK.) and bred for experimental purposes. Experiments were carried out following UK Home Office project and personal licenses, with local ethical approval, in accordance with the Animals (Scientific Procedures) Act 1986. Fifteen mice were used: 10 thy-1-YFP-H (YFP+) and 5 C57B/6J (WT). WT mice were littermates of the YFP+ mice (as YFP+ mice are heterozygote for thy-1-YFP gene so offspring without the gene revert to the wild type strain, C57B/6J). The experimental model involved unilateral repair of the common fibular nerve in YFP+ mice with either a polyethylene glycol conduit or a graft taken from a WT littermate. The p(EG)DA conduit repair group consisted of 5 YFP+ mice and the graft repair group - 5 YFP+ and 5 WT mice.
For conduit repair, YFP+ mice were placed under general anaesthesia (2-3% isoflurane; Abbot Laboratories, England) and the right common fibular nerve exposed and carefully freed from the surrounding tissue. The nerve endings were trimmed to create a gap of 3 mm between the proximal and distal ends and a PEG conduit positioned with approximately 0.25 - 0.5 mm of each nerve ending inside. Fibrin glue (equal quantities of fibrinogen, 10 mg/mL, and thrombin, 40 units/mL; Sigma-Aldrich, UK) was then applied to the site and allowed to set for 5 minutes in order to secure the nerve endings and conduit in position. Once the conduit was secured, muscle and skin were sutured and a single dose of analgesic administered (0.01 mL buprenorphine hydrochloride 0.3 mg/mL; Vetergesic®, Alstoe Animal Health, UK). The mouse was subsequently placed in an incubator to recover.
For graft repairs a WT mouse was anaesthetised (Fluanisone, 0.8 mL/kg; Midazolam, 4 mg/kg; ip) and the right common fibular nerve exposed as in the conduit repairs. The nerve was then re-covered with the surrounding muscle to prevent it from drying out and a YFP+ mouse was placed under general anaesthesia (2-3% Isoflurane; Abbot Laboratories, England) and the common fibular nerve exposed, freed from surrounding tissue and a silicone trough placed beneath to provide support for the nerve endings and graft during the repair. The nerve endings were trimmed to create a gap of 3 mm between the proximal and distal ends and a sufficient length of nerve was taken from the WT mouse, immediately trimmed to size and positioned in the silicone trough. The YFP+ nerve endings and WT donor nerve graft were then aligned and fibrin glue applied at each junction and allowed to set for 5 minutes before the silicone trough was carefully removed. In the YFP+ mouse muscle and skin were sutured and a single dose of analgesic administered (0.01 mL buprenorphine hydrochloride 0.3 mg/mL; Vetergesic®, Alstoe Animal Health, UK) prior to the mouse being placed in an incubator to recover. The WT mouse was culled by cervical dislocation.
Following a recovery period of 3-weeks mice were re-anaesthetized (Fluanisone, 0.8 mL/kg; midazolam, 4 mg/kg; ip) and the common fibular nerve/conduit site exposed and freed from surrounding tissue. The skin was sutured to a brass ring to form a pool, which was filled with 4% (w/v) paraformaldehyde for 30 minutes to fix the nerve in situ. Following fixation the nerve was excised, any superfluous tissue removed (in conduit repairs the conduit was carefully removed by cutting in half lengthways with microscissors and gently removing nerve tissue mounted on a microscope slide using Vectashield® and the mouse culled by cervical dislocation.  

[bookmark: _Toc413859249]2.21 Image Acquisition and Processing


This method was carried out by A. Harding. Images of nerves were acquired by fluorescence microscopy (Zeiss Axioplan2 Imaging microscope with QImaging QI Click camera) using Image Pro-Plus software. Images were acquired (ex = 467-498nm / em = 513-556nm) using a 10x objective lens with 30 x 10 µm z-stack sections through the nerve.  From this, composite images were constructed. To obtain images of the full length of the nerve, z-sections were acquired from typically 8 to 10 adjoining microscope fields and composite images joined using Adobe Photoshop. The field of view number was sufficient to cover the length of the repair with a slight overlap. Minimal image processing with Adobe Photoshop was applied to the joined images used for analysis; this consisted of adjusting brightness/contrast and image exposure in order to improve axon clarity.

[bookmark: _Toc413859250]2.22 Image Analysis


This method was carried out by A. Harding. The interface between the proximal axon stump and the implant was determined by visual observation of the YFP fluorescent axons. A perpendicular line was drawn across the image at that point. Using this line at the repair start point as a reference, further lines were drawn at 0.5 mm intervals.  One 0.5 mm upstream step was made and the remainder up to a 4.0 mm post-repair, which corresponded to the implant distal stump interface (chosen to ensure the full length of repair was covered). A ‘sprouting index’ was calculated for each interval by counting the number of axons at each interval and dividing by the number of axons at the ‘pre-repair’ proximal stump interval, corresponding to native nerve. This gave an indication of whether the number of axons at a specific point had increased or decreased and allowed direct comparison between repairs.
Axons at the 4.0 mm interval were then traced back along their length to the graft start in order to calculate the number of unique axons successfully regenerating through the length of the graft. A total of 75% of the axons present at the 4.0 mm interval were traced and the trace finished either when the axons reached the repair start point or joined up with a branch point of a previously traced axon. In order to detect any differences in unique axon percentages throughout the entire length of the repairs, the number of unique axons at all other intervals was also calculated - additional axons were traced at any interval with fewer than 75% of axons traced.  The shortest direct route between the repair start and the 1.5 mm interval was measured along with the length of the traced axons over the same distance. This was used to calculate the percentage increase in average axon length per repair across the most disrupted portion in a typical repair. A shorter average axon length indicates a reduction in disruption in the early stages of the repair.

[bookmark: _Toc413859251]2.23 Statistical Analysis


This method was carried out by A. Harding. Statistical comparisons between groups were made using GraphPad Prism (version 5.00 for Windows; GraphPad Software, San Diego, CA). For the sprouting index and axon tracing comparisons, a 2-way ANOVA with Bonferroni post-tests was performed and for axon disruption comparisons a 2-tailed Student's t-test was used. Differences were considered significant when p<0.05.

[bookmark: _Toc413859252]3.Results

[bookmark: _Toc413859253]3.1 Nerve Guide Fabrication by 477nm Microstereolithography

Nerve guides were fabricated using the 477nm microstereolithography system as described.
[image: This-one-cropped]

Figure 21: Figure 21 shows a photograph of a NGC tube fabricated using 477nm microstereolithography. The yellow colouration is indicative of the camphorquinone photoinitiator requried for photopolymerisation. The overall device length is 5 mm, the minor deviations on the ruler are in mm.


Structures fabricated using 477nm stereolithography had a distinctive yellow colouration due to the camphorquinone photoinitiator used for the photopolymerisation. These devices were tested preliminarily in the in vivo PNI animal model and yielded sufficient handling properties with good reproducibility, however following the development of the 405nm microstereolithography system which does not utilise camphorquinone as a photoinitiator and was also able to photopolymerise p(CL)MA meant that fabrication using this system was ceased. 

[bookmark: _Toc413859254]3.2 Production Of Three Dimension Constructs via PDMS Moulding


Because of the inability of the 477 nm microstereolithography system to photopolymerise p(CL)MA materials, a second method of channel production was investigated. This was utilised to confirm the capacity for the synthesised photocurable p(CL)MA to be photopolymerised and qualitatively assess their subsequent physical properties and attempt to assess the polymerised materials biocompatibility using explant DRG culture. This process was a moulding technique utilising a polydimethylsiloxane (PDMS) mould and subsequently curing of the pre-polymer using UV irradiation. 
Following preliminary work involving the optimisation of the PDMS, moulds were produced using a p(EG)DA channel fabricated using the 477nm microstereolithography setup as described. It was then possible to cure the liquid pre-polymer into the desired shape using the mould and exposure to a UV irradiation source. Initially these samples appeared adequate and removal from the mould and subsequent physical manipulation indicated the samples had been successfully polymerised. However after mounting into a culture plate and beginning the culture of the rat derived explant dorsal root ganglion for one week the channels developed large cracks. There are a number of potential origins for these cracks such as swelling of the device once mounted, inhomogeneous polymerisation through the device due to mould or because of damage caused but not initially noticeable during removal of the device from the PDMS mould. These cracks dramatically affected the efficacy of the experiment due to the greatly impaired culture surface. The experiment was ceased, the overall result being the structures did not exhibit sufficient integrity for in vitro testing.

[bookmark: _Toc413859255]3.3 Evaluation of PDMS Moulded Channels Using Scanning Electron Microscopy


The PDMS moulding method used for the production of in vitro cell culture channels was investigated due to the inherent problems associated with the curing of the synthesisesd p(CL)MA pre-polymers using the 477nm stereolithography setup. Once these structures had been produced, it was observed that visually these structures appeared to have a slightly different surface topography than the original p(EG)DA strucutres on which they are based. In order to compare both the surface topography of the three dimension structures produced by microstereolithography and also those produced via the UV cured PDMS moulding, SEM of the devices was undertaken.





Figure 22: Figure 22 shows composite scanning electron microscopy micrographs of channels intended for in vitro culture of explant dorsal root ganglion produced by microstereolithography and by PDMS moulding. On the left is a p(EG)DA channel that was fabricated using a 477nm stereolithography setup. On the right is a p(EG)DA channel that has been produce via UV curing-polydimethylsiloxane moulding. It can be observed that the PDMS moulded channel has an irregular and less homogenous surface (highlighted by red arrows). Scale bars (2 mm) indicated in orange.


It can be seen from the SEM micrographs shown in figure 22 that the channels produced via PDMS moulding have a different surface topography to those produced by direct microstereolithography. It can be seen that whilst the overall dimensions of the PDMS moulded devices remain consistent with those of the microstereolithography fabricated device, they have a less homogeneous surface topography. Additionally, the longitudinally alligned ridges characteristic of the DMD array are not present. It is proposed that these differences in topography could potentially have an impact upon the adherence of the rat derive explant dorsal root ganglion and the subsequent migration of cells upon the surface. PDMS moulding was a technique envisaged to allow material biomcompatibility testing of p(EG)DA and p(CL)MA along with direct comparison between the two production methods prior to the development of a microstereolithography system capable of photopolymerisation of p(CL)MA. As such the structures must retain the comparable surface topography which they did not. Following the development of an improved microstereolithography setup based on a 405nm laser source and the problem of the PDMS moulded structures cracking during in vitro culture this processing route was ceased and further work utlising PDMS moulding was not undertaken.

[bookmark: _Toc413859256]3.4 Fabrication of In Vitro Culture Channels Using 405nm MicrostereolithographyAnd Characterisation


Whilst attempting to optimise the production of p(EG)DA structures using the 405nm microstereolithography setup a number of undesirable surface topographies were inadvertedely produced. It was found that these features were dependent upon two key microstereolithography parameters, specfically the laser input power and stage translation velocities used for fabrication.



Figure 23: SEM micrograph showing a longitudinally sectioned p(EG)DA DRG culture channel produced by a laser input power of 30 mW and a z-axis translational velocity of 0.03 mS-1. Multiple wave like features of approximately 100 µM height can be seen perpendicular to the stage translational velocity (red arrows). These features were an undesirable result of particular laser power and translation velocities and were eliminated in order produce a more uniform device that more closely matches the schematic design and prevent. 


Although the parameters which produced the wave like features yielded well polymerised structures which retained the physical properties required of the device, it was neccesary to eliminate these features. This was primarily because it was an uncontrolled and undefined variable affecting the device aesthestically and structurally meaning they did not accurately reflect the device design schematic. Additionally, because these ridges develope transversely across the DRG culture channel they could potententially adversely effect both the adhesion of the explant DRG within the channel and also degree of cell motility during in vitro cuture. These features, which can be seen in the figures below, appeared as relatively large scale ‘wave like’ ridge features perpendicular to the z translation velocity. In order to eliminate these features, (
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) optimisation of the laser source power in conjunction with the z axis translationvelocity was conducted.
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Figure 24: SEM micrographs of p(EG)DADRG culture channels produced using a 405nm microstereolithography setup with laser powers of 30mW, 15mW and 5mW with z-axis translation speeds of 0.05 mmS-1,  0.03 mmS-1, 0.02 mmS-1 and 0.01 mmS-1. It can be seen that channels with a more homogenous surface topography were produced by using reduced laser powers in combination with lower z-axis translation velocities.


It can be seen in the micrographs in figure 24 above that by altering to z axis translation speed with respect to the laser sources power and thus the intensity of irradiation that these undesirable features can be eliminatied. At the highest 
intensities and lower stage velocities, the ridges or ‘wave’ features are most profound. At the highest laser source irradiation and lowest speeds, the channels produced do not meet the required structural dimensions specified on the schematic diagram. It can be seen at laser source powers of 15mW and the higher translational velocities that the ridges are reduced and that at 5mW the ridges are all but eliminated. Additionally, it can be seen that at the lower laser source powers and lower z translation velocities that the channel deformaties seen at the low translational velocities and higher laser source powers are elimated.
This experiment shows a crucial and fundamental aspect of building and optimising a new microstereolithography setup. It ensures the structures it produces are as specified in the schematic diagrams with a high degree of accuracy and repeatability. In addition to eliminating the undesirable features as shown previously, determination of their sizes was undertaken. This was not only to accurately quantify the dimensions of these features, but also develop an accurate method for characterising intended surface topographies in future designs. 
In order to do this, a number of channels as produced in the laser source power vs z translation velocity were fabricated and sliced longitudinally (perpendicular to the ridge features). These channels were fabricated at a z translation velocity of 0.03mmS-1 and at laser source power of 5mW, 15mW and 30mW. Subsequently the sectioned channels were mounted as such to image the ridge features using channing electron microscopy onto their sectioned plane.
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Figure 25 shows scanning electron micrographs of cross sectioned channels produced using 405nm microstereolithography which have been subseqently manipulated using ImageJ. A line (red) has been fitted to base of the channel and multiple lines (blue) from this base line to the four largest ridge features added. Using ImageJ, the scale bar was used to calibrate the dimensions of these lines to the actual size of the features which have been tabulated and are shown next the micrographs. It can be seen that at the higher laser source power of 30mW the ridge features are the largest with an average of 85.9µm, at 15mW the average ridge size is 70.15µm and at 5mW the average ridge size was 9.2µm. In addition to the reduction in the regularity of ridge feature size with decreasing laser source powers, the regularity of the ridges dimensions appears to be reduced between 30mW in comparison with 15mW and 15mW in comparison to 5mW. This can be expressed by the higher standard deviation of 35.6 between the ridge sizes at 15mW in comparison to 12.4 and 0,64 for 30mW and 5mW respectively. 
The mechanism behind the production of these wave like ridge features is due the liquid pre-polymer curing not only at the surface but additionally at some distance adjacent to the intended irradiation zone. This could potentially occur either due to laser irradiation been scattered by the meniscus of the liquid pre-polymer or by the rapidly polymerising material. The profile of the ridges indicate a gradual buildup of material until a maximum point is reached after which there is a rapid tailing off of photopolymerisation. This indicates the unintended irradiation zone is gradually increasing as the stage is moving downward in to the material until which point photopolymerisation is prevented. This is likely because it has reached the maximum permissable distance from the intended irradiation zone at which the scattered light can trigger photopolymerisation. By reducing the laser source power and subsequent irradiation intensity at the intended irradiation zone, the ammount of potential scattered light is also reduced within the unintended irradation zone until which point there is insufficient to trigger signficant photopolymerisation so we do not see the effect taking place. Additionally, while it would be easier to imagine that material was only curing in one plane at the irradiation site, it is actually curing in an additional vertical plane, thus it is actually a ‘irradiation zone’ or ‘irradiation volume’. A higher irradiation zone intensity could potentially cure not only the material at the surface at a higher rate, but also cure liquid pre-polymer at a greater depth than the immediate surface. This, I believe, is what explains the differences between the topographies seen at varying laser powers. Also of interest is that the micrographs show that these ridge features are most distinct within the channels internal curvature hinting it is a component of the shape of the irradiation zones shape. This could have potentially arisen from interference due to the mirror array attempting to reflect a curved object which it in fact displays an example of aliasing. 
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Figure 26: The above scanning electron microscopy micrographs show the surface topographies of p(EG)DA channels produced using a 405nm microstereolithography at laser powers of 15mW and 5mW both at a z-axis translational velocity of 0.01mmS-1. Undesirable wave like features can be seen on the upper micrographs (red bracket) which have been eliminated by reducing the laser power. The horizontal lines seen on the lower micrograph are a characteristic of the DMD device array used in the microstereolithography system.


The scanning electron microscopy micrographs in figure 26 above show p(EG)DA channels produced on a 405nm laser microstereolithography setup at a z translation velocity of 0.01mmS-1 and laser source powers of 15mW and 5mW as indicated. I can be seen qualitatively that the ridges produced using a higher laser source power and thus higher irradiation intensity at the stage, produce surface ridge features. These ridges are eliminated by utilising lower laser source powers and stage velocities. Additionally, these micrographs highlight what is likely the limit to which this particular 405nm microstereolithography setup can produce a uniformly smooth surface. Evidence indicating this is shown on the micrograph at 5mW because this surface lacks the characteristic surface ridge features seen in the 15 mW produced channel, indicating a point at which the setup is optimal. Of further interest, the surface topography of both the 5mW and 15mW channels shows what look like aligned fibre like features in the direction of z-axis translation. These are actually additional raised ridges produced by each of the individual mirrors reflecting the channels image. While I believe this is the current limit at which this particular system can operate, these ridges could be reduced in size through further system development. This development would likely take place by manipulating the arrangement of lenses within the system to produce an effect where a larger area/number of mirrors on the array can be used to display the same image. This would effectively reduce the size of each individual mirror relative to the overall structures dimensions and by reducing the image size by changing the post-mirror array lens arrangement the image can be reduced to a point at which it matches that of the original irradiation zone.

[bookmark: _Toc413859257]3.5 In Vitro Culture of NG108-15 Neuronal Cells on Photopolymerisable Pre-Polymers


In order to assess the suitability for the photo polymerised p(EG)DA and p(CL)MA materials for use as potential biomaterials, NG108-15 neuronal cells  were cultured on 2D spin coated samples of the photopolymerised materials along with tissue culture plastic positive control for comparison.

 (
p(
EG)
p(
CL)
TCP
Secondary Only
 
Control
)
 (
Figure
 27
:
 
Confoca
l fluorescence m
icrographs of NG1
08-15 neuronal cells cultured on 2D surfaces
 of 
p(
EG), p
(
CL) and TCP
 positive control
. Cells have been labelled using 
-t
ubulin
-III. Scale bar = 200µm. It can be seen that positive cellular adhesion was possible on both photopolymerisable material surfaces with 
p(
EG)DA been the most limited and p(CL)MA  offering the most positive. Neurite extensions indicative of neuronal cells could be observed on both photopolymersible materials with 
p(
CL)MA producing the highest amount.
)	


Figure 27 shows fluorecent micrographs of NG108-15 neuronal cells which were cultured on photopolymerised p(EG)DA and p(CL)MA surfaces along with a TCP positive control. The cells were subsequently immunolabelled for -tubulin-IIII order to discern the degree of neurite differentiation, a characteristic indicative of neuronal cells. As can be observed in the micrographs, on all of the surfaces the cells have adopted a morphology indicative of neuronal cells, exhibiting a high cytoplasmic to cell surface area and expressing neurite extensions on all of the samples to a greater or lesser degree. Qualitatively it was observed that on average there was a greater cell number on the TCP than on the p(CL)MA, which in turn had a greater cellular presence than the p(EG)DA samples. Additionally, it can be noted that the cells expressed neurite extensions more readilly upon the p(CL)MA polymer than on either the TCP or the p(EG)DA samples and the distance between each individual cell body was also greater than the cells on the p(EG)DA and TCP, the cells on these samples appearing more congruent. However the clearly higher cellular density on the TCP samples made it more diffiult to discern individual neurite extensions. The immulabelling control confirms the labelling efficacy of the primary antibody.


Figure 28: Graph showing the average neurtite length in µm of neuronal cells cultured upon p(EG)DA and p(CL)MA photopolymerised polymers and TCP for 72 hours.

The neurite extensions were visualised by immunolabelling for-tubulin-III in order to discern neurite extensions. It showed the average neurite length of neuronal cells cultured on p(EG)DA was 131 µm, on p(CL)MA it was 180 µm and on TCP it was 170 µm. This data indicated a difference between the average neurite length of the neuronal cells cultured upon the polymerised p(EG)DA polymer relative to the p(CL)MA and TCP surfaces. It showed there was a marginal difference  in the average neurite extension length of the neuronal cells cultured upon p(CL)MA in comparison to the TCP, with cells cultured upon p(CL)MA exhibitingslightly longer extensions. The ability for the cells to express a neuronal type of morphology, indicated by the high surface area to cytoplasmic volume ratio and neurite extension suggests that whilst all samples provide this capacity that the p(CL)MA is the best photopolymerisable material for the cells to adopt it.


Figure 29: Graph showing the average number of neuronal cells based on the counting of individual nuclei per mm2 (n=3). It can be seen on this graph that TCP offers the most postive culture medium, p(CL)MA the second most and p(EG)DA the least.


Figure 29 shows the average number of individual neuronal cell nuclei present on photopolymerised p(EG)DA and p(CL)MA polymer samples and on TCP following a 72 hours in vitro culture. It shows the average number of individual cell nuclei present on polymerised p(EG)DA was the lowest at 118 cells/mm2, p(CL)MA was 229 cells/mm2 and TCP was 448cells/mm2. Both the photopolymerised materials supported cellular adhesion/proliferation, the data idicated that polymerised p(CL)MA was most conducive material for supporting cellular adhesion and proliferation, followed by p(EG)DA. 





Figure 30: Metabolic viability at 24, 48 and 72 hours neuronal cell culture on spin coated photopolymerisablep(EG)DA, p(CL)MA and TCP (n=3).

Figure 30 shows neuronal cell viability at culture times of 24, 48 and 72 hours on photopolymerised p(EG)DA, p(CL)MA and TCP. As can be seen at 24 hours and 48 hours there there was no significant difference between the three samples, indicating an equal ammount of viable, metabolically active cells on all of the material samples. Between 24 and 48 hours there was an increase in all of the absorbance readings, indicating a positive trend in the ammount of viable cells on each of the samples, which was indicative that not only were the cells viable and adherent to the surface but that it also supported cellular proliferation. At 72 hours, there was a slight difference between the p(EG)DA and p(CL)MA samples, although it was marginal. Between the p(EG)DA and p(CL)MA relative to the TCP surface there was a large difference in the amount of viable cells. This data follows that same trend as that seen by the average individual cell nuclei count in graph 32, that all the materials supported cellular adhesion/proliferation with TCP being the most conducive, followed by p(CL)MA, p(EG)DA being the least.
Determination of the capacity for the commercially available p(EG)DA and bespoke p(CL)MA photopolymerisable polymers to support cellular adhesion, neurite differentiation and for those cells to remain metabolicaly active provide a range of prelimanary indicators of a materials biomcompatibility and its suitability for use in a biomaterial context. In addition, whilst there may be considerable literature on the bulk materials, because they are been utilised in a microstereolithography system they must also contain a photoinitiator in order to make them photopolymerisable. The potential remains for the photoinitiator to leach out of the polymerised structure and they have often received significantly less experimental asessment. The ultimate goal of this work was also to establish the suitability of both the structuring methodology and the materials for the production of biomedical devices using explant DRG culture and using the in vivo model. Positive in vitro cell culture response was an initial indicator of this and important to establish before moving onto explant DRG in vitro culture and in vivo assement. 

[bookmark: _Toc413859258]3.6 In Vitro Culture of Rat Derived Explant Dorsal Root Ganglion on Poly(ethylene glycol) Structures Fabricated by Microstereolithography
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)Figure 31: Figure A. shows a composite confocal micrograph of a rat derived explants DRG cultured on p(EG)DA which has been fluorescently labelled for β-tubulin-III indicated in red, S100β indicated in green and deoxyribonucleic acid in blue (DAPI) B,C and D show images of three dimension projections of the ganglion within the channel produced by EDF FIJI plugin. The body of the explant DRG can be seen in the centre along with two distinct cellular outgrowths (orange arrows). Motile S100β positive Schwann cells can be seen within the channels cavity (yellow arrows). β-tubulin III positive neuronal cells can be discerned within the largest outgrowth (grey arrow). The three smaller images B, C and D show a 3D representation of the explant DRG body within the channels cavity produced the EDF software. In these images, the relative scale of the two cellular outgrowths can be observed (blue arrows).

Figure 31 above shows a larger composite image comprised of over 250 individual z stack micrograph slices taken of a DRG cultured on a p(EG)DA channel for 14 days. The images have been supermimposed to produce a  single composite 2D image. Images B, C and D are 3D reperensetations of the DRG within the channel and were produced from the same z stack using the EDF plugin (B. Forster September 2004). Following the 14 day culture the cells present were fluorescently labelled for multiple markers, namely the microtubule element β-tubulin III which is expressed exclusively within neurons, Schwann cells via labelling the S100β protein and all cellular DNA using DAPI. Following this, the samples were imaged using a Zeiss confocal microscope in a series of multiple slices referred to as a z stack image.
The resultant image is one which represents the explant dorsal root ganglion as a whole. It can be seen in the composite image that the ganglion had attached to the surface atleast two locations, toward the lower side of the channel and towards the right of the ganglion. It is assumed the DRG had also attached underneath, although it was not possible to visualise this. At these two locations there was a concentration of Schwann cells positively expressing S100β indicated in green. Additionally a number of beta tubulin III positively labelled cells indicative of neuronal cell were present, these can be seen at the larger extension towards the bottom of the image in close asosciation with the Schwann cells (grey arrow). Additionally, it could be seen that that there was a number S100β positive Schwann cells that had migrated from the DRG body itself  across the channel surface (yellow arrow). The migration of Schwann cells was a positive indicator of the materials suitability for the fabrication of a biomedical device, the surface being one that allowed cells to not only adhere but also migrate on. Although a great many cells labelled positive for S100β protein are present, there are few cells labelled positive for β-tubulin III. This is potentially because as is seen in native peripheral nerve regeneration, Schwann cells play an integral support and ‘pathfinder’ type role in neuroregeneration. Indeed it has been shown that Schwann cells often proceed the regenerating nerve growth tips. In this role, they will readilly dissociate themselves from the myelin sheath and damaged neurons and move outward from the injury site, in this case the spinal ganglion itself. By secreting soluble neurotrophic factors they act as guides for the negenerating neurons (Frostick, Yin et al. 1998). It is possible that effect was taking place on this sample and can be seen in the composite micrograph in the figure above with the Schwann cells moving outward to act as guides for the negenerating neuron tips. The close association between neuronal and Schwann cells could be seen at the bottom outgrowth (grey arrow) which may also suggest this mechanicsm is taking place. This was because the greater concentration of localised Schwann cells present mayhave been be stimulating the migrationof regenerating neurons outwardly from the DRG body.
The three dimension projections produced using the Extended Depth of Field program are a useful indication of the relative sizes of the channel and dorsal root ganlgion and their position with regard to each other. Additionally, they served as a useful guide to the relative size and dimension of the outgrowths seen in the composite micrograph.
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Figure 32
:
 
Figur
e showing a microstereolithography 
p(
EG)DA fabricated channel following the 14 day culture of a explant DRG. Neuronal cell have been fluorescently la
belled for β tubulin III in
dicated in
 red, S100β 
positive Schwann cells indicated in 
green and all cell nuclei (DAPI) in
dicated in
 blue.
 Many motile Schwann can be seen within the channel (yellow arrow) which have migrated from the main DRG body (blue arrow). The three smaller images B, C and D show a 3D representation of channel cavity produced using the EDF software. In these images a small portion of the smaller cellular outgrowth from the DRG can be observed (blue arrows) along with the relative positions of the cells.
)







Figure 32 shows another a composite confocal micrograph of the microstereolithography fabricated p(EG)DA culture channel following the 14 day in vitro culture of an explant rat derived DRG. This image shows a different position within the channel than the previous figure. This composite image was attained in the same manner by the superposition of a z stack as that for the central section image described previously. Figure B, C and D have been attained using the EDF plugin and show a 3D topographical representations of the channel. The degree of Schwann cell migration could be seen by the strong presence of S100β protein labelling (yellow arrows), these cells also exhibited an elongated morphology indicative of this cell type. There was a distinct lack of beta tubulin III positive staining, indicating that there had been no neuronal cell migration from the DRG body. The migration of Schwann cells from the body adds credibility to the proposition that these Schwann cells were acting in a ‘pathfinder’ type role by migrating away from the main spinal ganglion body. In this role, once a clear pathway had been established they could support and promote neuronal growth by secreting neurotrophic factors. 
In the three smaller images depicting three dimension projections of the channel as a whole it was possible to again appreciate how the labeled cells are positioned relative to the structure.
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Figure 33
:
 
Figure showing an arrangement of multiple comp
osite confocal images of a
 micros
tereolithography fabricated 
p
(
EG
)
DA
 channel upon which a rat derived explant dorsal root ganglion has been cultured
 for
 14 days and subse
quently fluorescently 
labelled for β tubulin III
 (neuronal cells)
 indicated in red, S100 
(Schwann cells) 
protein indicated in green and 
all cell by 
deoxyribonucleic acid in blue (DAPI).
 The explant DRG body can be seen in the centre of the culture channel (blue arrow), along with the two large cellular outgrowths (orange arrows) and many motile Schwann cells (yellow arrows) which have migrated 4 mm from the DRG body itself. Neuronal cells can be observed within the larger outgrowth (white arrow).  
The outer walls of the channel are indicated by the striped red sections above and below the micrographs.
) (
10 mm
)


The above figure shows an arrangement of multiple composite confocal images of a microstereolithography fabricated p(EG)DA channel on which a rat derived explant DRG was cultured for 14 days and was subsequently fluorescently labelled for β tubulin III expressing neuronal cells indicated in red, S100 protein positive Schwann cells indicated in green and all cell types by deoxyribonucleic acid in blue (DAPI). The outer walls of the channel are indicated by the striped red sections on the image, the explant DRG body itself can be seen in the centre.
 The individual images were arranged as such to show the complete channel upon which the explant ganglion had been cultured and allowed the determination of the degree of migration of the various cell types present with the ganglion. It can be seen that Schwann cells, immunolabelled by the presence of S100 protein and indicated in green, had migrated to a distance of 4mm from the main ganglion body. This substantial distance indicates a migration velocity of approximately 0.29mm per in vitro culture day, suggesting the surface provided a suitable surface for them to adopt a motile ‘pathfinder’ nature a key characteristic indicative of Schwann cells post PNI.

[bookmark: _Toc413859259]3.7 Fabrication of NGC’s by 405nm Microstereolithography

Utilising knowledge from literature and the requirements of the YFP mouse animal model to be used for the in vivo assessment of the guidance conduits, a suitable design and fabrication procedure was developed similarly to that done for the channel procedure described previously. This method was utilised to fabricate guides in photopolymerisable p(EG)DA in a number of different wall thicknesses and also devices which incorporated experimental intralumenary features.
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Figure 34: Scanning electron microscopy micrographs showing a thin wall p(EG)DA nerve guidance conduit channels fabricated using a 405nm microstereolithography setup. Image A shows the overall tube of length 4.71 mm with and overall diameter of 1.93 mm. Image B highlights the consistent wall of the hollow NGC device. Image C shows a higher magnification image of the device wall thickness of 55.9 µm.


Figure 34 above shows SEM micrographs of a thin wall NGC fabricated in p(EG)DA. The overall length was 4.71mm, its diameter was 1.93mm with a wall thickness of 55.9µm. This wall thickness represented the smallest wall thickness attainable whilst still producing a tube that could be handled sufficiently to allow mounting for imaging. The outermost surface of the tube showed distinct ridges perpendicular to the z-axis translation direction. This was likely due to minute vibrations causing a slight shift in the irradiated image zone during z-axis translation of the stage. Although useful as a test for the lower limit of what could be achieved using this setup, these devices yielded poor handling properties and were of insufficient physical integrity to be used for implantation studies.  A number of NGC’s were produced in varying wall thicknesses and lengths to allow utilised for in vivo implantation in the PNI model.




Figure 35: Scanning electron microscopy micrographs showing a p(EG)DA nerve guidance conduit which incorporates 7 discrete intralumenary channels fabricated using a 405nm microstereolithography setup. These channels increase the surface area available within the intralumnaery cavity to act as physical guidance cues for regenerating nerve yielding and are a potential design advancement beyond a simply hollow tube type NGC device. 


Figure 35 above shows a p(EG)DA experimental nerve guidance conduit produced using a 405nm laser source microstereolithography setup. It can be seen on the micrographs that this guide incorporated 7 discrete intralumenary cavities within the main device, these features remained continuous end to end. The diameter of the device was 2.12 mm, the diameter of each cavity was 580µm. It can be seen in the high magnification micrograph that the distinct patterning caused by the DMD mirror array which has been previously discussed. Incorporation of intralumenary features such as these aim to produce a more advanced device that may offer enhanced regeneration than a simple hollow tube type NGC by offering increased  physical guidance cues.
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Figure 36: Figure 36 show photographs depicting hollow type p(CL)MA NGC device which have been fabricated using 405 nm microstereolithography (red arrow). These devices were fabricated and supplied for assessment in a long PNI gap rat based in vivo model in collaboration with Dr Paul Knigham at Umea University, Sweden. The devices dimensions accurately match those required for this established model and the NGC’s lumen remains hollow with a continuous wall thickness.


In addition to the fabrication of p(EG)DA NGC’s by 405 nm microstereolithography was the production of p(CL)MA NGC’s. These devices were produced in the same dimensions as p(EG)DA devices for the in vivo YFP expressing mouse PNI animal model and also in different dimensions for subsequent biological assessment in a longer PNI gap in vivo model in rat established by Dr Paul Kingham, Umea University, Sweden. As demonstrated by the above photographs, accurate device fabrication of longer NGC’s was possible utilising the bespoke synthesised p(CL)MA photopolymerisable material. No system modifications or alterations were required besides changing the DMD grayscale image (in order to change the devices dimensions), input power and stage velocity highlighting the system’s capacity to utilise and rapidly switch between multiple different bulk materials.

[bookmark: _Toc413859260]3.8 Electrospinning Aligned p(CL) Fibres for Intralumenary Guidance


Electrospinning of p(CL) fibres was carried out in accordance with the described method, the process yielding a thin sheet of material, the fibres appearing well aligned.
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Figure 37: SEM micrographs of aligned electrospun p(CL) fibres. Image A is a low magnification image, image B is a high magnification image. The micrographs show the highly regular and aligned p(CL) fibres typical of electrospinning.


Figure 37 shows high and low magnification micrographs of electrospun p(CL) fibres which were to be incorporated in to the intralumenary cavity of a guidance conduit. Image A shows a thin layer of uniformly aligned fibres with a consistent fibre diameter, the individual fibres could be easily distinguished. Image B shows a high resolution micrograph of the fibres. Measurements taken from the micrographs using imageJ software gave an average fibre diameter of 7.9µm (σ = 1.25µm).

[bookmark: _Toc413859261]3.9 Incorporation of Aligned Electrospun p(CL) Fibres Into a p(EG)DA NGC Intralumenary Cavity


	Electrospun fibres were incorporated into the intralumenary cavity of a hollow photopolymerisable p(EG)DA NGCwhich was fabricated using 405 nm microstereolithography using the described method.
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Figure 38: SEM micrographs of hollow p(EG)DA NGC conduits which incorporate aligned electrospun p(CL) fibres within the devices internal cavity. It can be seen in both micrographs that aligned electrospun p(CL) fibres have been successfully incorporated within the hollow p(EG)DA NGC intralumenary cavity.


Figure 38 shows SEM micrographs of the high density aligned electrospun p(CL) fibre filled hollow p(EG)DA NGC’s. These devices were developed for and subsequently assessed using the same in vivo PNI injury model. The micrographs show different perspectives of the same device which has been cut to reveal the electrospun p(CL) fibres which were successfully incorporated within the intralumenary cavity. The fibres were longitudinally aligned in the lengthwise direction of the tube and serve to dramatically increase the intralumenary surface area available for physical guidance of cellular elements within the injury gap, particularly infiltrating motile Schwann cells. A high degree of fibre alignment was successfully retained by using the described production methodology, this been an important design feature of intralumenary guidance features which are designed to promote an enhanced post injury Schwann cell response (Chew, Mi et al. 2008). In addition to these higher packing density fibre filled conduits was the successful production of a number of lower density fibre filled conduits. These devices incorporated approximately half the number of fibres. Both high and low density fibre filled devices were subsequently assessed by implantation in the in vivo PNI injury model.

[bookmark: _Toc413859262]3.10 In Vivo Experimentation Using 477nm Microstereolithography Fabricated Nerve Guidance Conduits.


In vivo implantation and data acquisition was carried out by Mr Adam Harding. Initially, 477nm microstereolithography fabricated p(EG)DA nerve guidance conduits were fabricated and experimentally tested using an experimental in vivo PNI model. This model utilised a thy-1-YFP mouse which expresses yellow fluorescent protein (YFP) within their motor and sensory neurons and allowed accurate determination of post injury regeneration. The nerve was cut to simulate a 3 mm length PNI and a normal WT nerve graft implanted or a 5mm p(EG)DA nerve guidance conduit installed. Following a recovery period of 21 days the animal was sacrificed, the nerve removed and processed and subsequently imaged via confocal microscopy. From these images a composite image depicting the complete repair produced. In all cases animals recovered well with no signs of post-surgery self-mutilation or infection.
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 (
5 mm length
 NGC
)Figure 39: Figure 39 shows composite confocal images demonstrating the extent of regeneration following a induced peripheral nerve injury (red lines) and subsequent interventions of either installation of a 477nm microstereolithography fabricated p(EG)DA nerve guidance conduit or graft as labelled post 21 days recovery. The in vivo PNI models animal population expresses yellow fluorescent protein in neurons which allowed the degree of regeneration through the conduit to be accurately discerned. It can be seen that there was proximal end disruption (blue arrow) in both repair types along with distal end disorganistion in the autograft repair (purple arrow), although regeneration has been sufficient to cross the injury gap (orange arrows) in both repair types. Additionally, regenerated axons in the NGC could clearly be seen to be more spread-out than those in the autograft repair. Image courtesy of A. Harding.


Figure 39 above shows composite images of post injury regeneration which has taken place through a 477 nm microstereolithography fabricated hollow NGC device along with a typical graft repair for comparison. The PNI wound site and the location at which the p(EG)DA nerve guidance conduit or autograft repair was conducted is indicated by red lines. It can be seen that sufficient regeneration in order to cross the injury gap had taken place in both the autograft intervention and through the intralumenary region of the NGC device (orange arrows). Axon disorganisation was clearly visible at the proximal end in both repair types (blue arrows). Disorganisation at the distal end could also be discerned in graft repar (purple arrow) which was not present in the NGC repair. These positive preliminary results highlight the acceptability of the 477nm microstereolithography structuring system, polymerised photocurable materials used and the device design for the fabrication of NGC’s.
Following the development of a 405nm sourced microstereolithography system, all subsequent NGC’s were fabricated using the 405nm based system due to its ability to also utilise photopolymerisable p(CL)MA materials for the fabrication of structures.

[bookmark: _Toc413859263]3.11 In Vivo Experimentation Using 405nm Microstereolithography Fabricated p(EG)DA Nerve Guidance Conduits.


	5 mm length hollow type p(EG)DA NGC’s were fabricated by 405nm microstereolithography using the  method described previously in section  3.7 ‘Fabrication of  NGC’s by 405 nm microstereolithography’. These devices were subsequently assessed using the in vivo 3 mm PNI animal model utilised for the assessment of the 477 nm microstereolithography fabricated p(EG)DA hollow type NGC’s described previously. The experimental group size was 6 for p(EG)DA NGC implants in YFP+ mice and 6 YFP+ and 6 normal WT mice for the graft repair. In all cases animals recovered well with no signs of post-surgery self-mutilation or infection.
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Graft Repair 
5 mm length
 NGC
)Figure 40: Figure 40 shows composite confocal images demonstrating the extent of regeneration following a 3 mm induced peripheral nerve injury (red lines) and subsequent intervention by either the installation of a 5 mm length 405nm microstereolithography fabricated p(EG)DA nerve guidance conduit or a typical graft repair as indicated post 21 days recovery. A high degree of proximal end disruption was seen in the graft repair (blue arrow) which was not seen in the NGC repair. Although regenerated axons in the conduit appeared to be more spread-out than those in the graft repair(purple arrow), overall they appear to have taken a much straigheter path. Both interventions demonstrate regeneration sufficient to cross thePNI injury gap. Image courtesy of A. Harding.


	Figure 40 shows composite confocal micrographs demonstrating the degree of post injury axonal regeneration following a 3 mm induced PNI (red liens) in YFP+ mice and subsqeuent intervention by nerve graft or the implantation of a 405 nm microstereolithography fabricated hollow NGC deviceas indicated following a 21 day recovery period. Proximal end disruption could be seen in the graft repair (blue arrow) whichw as not present in the NGC, a positive results for the conduit indcating succesful axonal containment and guidance within the device. Additioanlly, axon disruption can be seen at the distal end of the graft repair (purple arrow), something that was not seen in the NGC implantation. Both intervention methods have yielded sufficient regeneration for the axons to cross the injury gap with the NGC results depicting a straighter more ordered path with a qualitatively favourable number of distal end axons in comparison to the graft repair. 

3.12 In Vivo Experimentation Using 405nm Microstereolithography Fabricated p(CL)MA Nerve Guidance Conduits.


	The fabrication of 5 mm p(CL)MA derived NGC’s using 405 nm microstereolithography and subsequent in vivo assessment was carried out. These devices were testing using the same in vivo PNI animal model used for the assessment of 477 nm and 405 nm microstereolithography fabricated p(EG)DA derived devices described previously. The animals used in this model express YFP in both motor and sensory neurons which allowed the accurate assessment of axonal regeneration following both graft an NGC implantation interventions. Experimental group size for the p(CL)MA NGC implantations  was  6 YFP+ mice. This was compared with a typical graft repair. In all cases animals recovered well with no signs of post-surgery self-mutilation or infection
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Figure 41: Figure 41 depicts composite micrographs of 6, 5 mm long 405nm microstereolithography fabricated p(CL)MA NGC implantation interventions (yellow lines) in a YFP+ 3 mm PNI (red lines) in vivo animal model and 1 typical graft repair (Brown line). Sufficient axonal regeneration was achieved in all NGC’s sufficient to cross 3 mm injury gap. Although there is some variability, axons appear more spread with a qualitatively higher presence in NGC’s relative to the typical graft repair. Image courtesy A. Harding.
	The fluorescent images above shown in figure 41 depict composite micrographs of 6, 5 mm long 405 nm microstereolithography fabricated NGC’s which have been implanted into the in vivo animal PNI model described and utilised previously for the assessment of 477 nm and 405 nm fabricated p(EG)DA derived NGC devices. The post implantation recovery period was 21 days. A typical graft repair is included for comparison. The animals used in this model express YFP in motor and sensory axons which allowed nerve regeneration to be clearly discerned. Regeneration through the intralumenary cavity of the NGC’s was observed to have taken place in all of the p(CL)MA NGC devices. NGC numbers 1, 3, 4 and 5 demonstrated a distinctly positive degree of regeneration and a large number of regenerated axons within the intralumenary cavity. All NGC interventions demonstrated sufficient axonal regeneration to cross the 3 mm PNI gap, although they appeared to be more closely packed than those resulting from the p(EG)DA NGC devices shown previously. In NGC numbers 2 and 6, it can be seen that although the number regenerated axons discernible within the intralumenary cavity is lower than in 1, 3 and 4 it is clear that those present had managed to cross the injury gap. Proximal end disruption could be seen (blue arrows) in NGC numbers 2, 4 and 6 in addition to that in the graft repair. 

[bookmark: _Toc413859264]3.13 In Vivo Experimentation Using Aligned Electrospun p(CL) Intralumenary Fibres in p(EG)DA NGC’s.


3 mm long NGC’s derived from photoolymerisable p(EG)DA were fabricated using 405nm microstereolithography into which  7.9 µm electrospun p(CL) fibres were incorporated into the intralumenary cavity in a ‘high’ and ‘low’ packing density as described previously. In these preliminary devices the intralumenary fibres were continuous to the open end of the device as shown in Figure 38. The efficacy of these more advanced NGC devices was by implantation into the YFP+ 3 mm PNI in vivo animal model used for the assessment of hollow  477 nm and 405 nm microstereolithography fabricated p(EG)DA NGC’s and 405 nm microstereolithography fabricated p(CL)MA NGC’s. Experimental group size was 3 YFP+ mice for ‘high’ packing density devices and 4 YFP+ animals for ‘low’ packing density devices. Following implantation, animals expressed no self-mutilation or infection. Post implantation recovery time was 21 days
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Figure 42: Fluorescent micrographs showing the proximal end of a vivo mouse PNI animal experimental model whose population express yellow fluorescent protein following the implantation of high packing density intralumenary p(CL) fibre containing p(EG)DA NGC’s. Orange line indicates NGC start. Image courtesy A Harding.


Figure 42 shows fluorescent micrographs of the proximal end of an in vivo mouse YFP PNI in which a higher density fibre filled NGC devices had been implanted. It can be seen that there was a high degree of axon disorganisation (blue arrows) and regenerating axons failed to extend into the p(CL) fibre filled intralumenary cavity (red line). One device failed during implantation and was eliminated from the experiment
Following the negative results from the high packing density intralumenary fibre filled devices, the design was modified by reducing the density of fibre packing within the NGC cavity to produce a set of ‘low’ packing density devices. Additionally, these devices were produced in 5 mm, with an initial gap to allow the placement of the severed nerve end in the cavity of the device and effectively entubulate it. These devices were subsequently assessed using the same YFP+ in vivo PNI injury animal model used previously for the high packing density NGC’s 
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Figure 43: Figure 43 depicts 4 composite micrographs of 405 nm microstereolithography fabricated p(EG)DA NGC’s (numbered  yellow) incorporating a ‘low’ packing density aligned 7.9 µm p(CL) electrospun fibres post two week recovery in YFP+ mouse 3 mm in vivo PNI model. NGC’s 1, 2 and 3 demonstrated sufficient axonal regeneration to cross the 3 mm injury gap (orange arrows). Proximal end disruption could be discerned (blue arrows) in NGC’s 2 and 3. NGC’s 1 and 2 demonstrated a particularly high level of axonal regeneration into the fibre filled intralumenary cavity. Limited axonal regeneration into the intralumenary cavity occurred in NGC 2 (purple arrow). Image courtesy A. Harding.

	Figure 43 shows the results from 4 ‘low’ density 7.9 µm diameter electrospun p(CL) intralumenary fibre filled p(EG)DA NGC’s following a 21 day recovery period after implantation in a YFP+ mouse in vivo PNI model. It was seen that in all samples axonal regeneration into the fibre filled intralumenary cavity had taken place, it was very limited in NGC number 2. In NGC number 4, although sufficient regeneration had taken place through the device to cross the injury gap it was limited to a small number of individual axons. NGC’s 1 and 3 demonstrated a high degree of axonal regeneration with a large number of axons regenerating sufficiently to crossing the injury gap. It is interesting to note that the individual axons are considerably more spread out than those seen in general for the previously tested 405 nm microstereolithography fabricated hollow p(CL)MA NGC’s. Additionally, the regenerated axons taking appear to have taken a more direct path through the intralumenary cavity than those resulting from the p(CL)MA derived NGC devices described previously, potentially guided by the incorporated fibres.

[bookmark: _Toc413859265]4. Discussion

[bookmark: _Toc413859266]4.1 Device Design

Device design and development was usually the most important stage during the production of a device for a number of reasons. Accurate information was required in order to ensure that the design would yield an eventual device that would meet the requirements placed upon it, whether this is the physical dimensions required, inherent features or sufficient strength to allow handling during surgical implantation. To ensure this was the case for the devices produced in this thesis academic literature provided information but also important information was provided by the eventual end user such as those conducting the in vivo experimental work using NGC’s.
Because of the experimental nature of the procedures, a considerable amount of design development work was undertaken for all structures as often it was operating at the limits of what the microstereolithography fabrication system was capable of achieving. The wide ranging capacity for structuring was  demonstrated by the fabrication of very thin walled NGC’s and also the thin walls of the spinal honeycomb device described in Chapter 5. Once the device design was developed and the structure fabricated, it was then compared to the device specification to ensure it met the original requirements. A clear design specification also allowed improved batch to batch reproducibility and ensured devices not matching the requirements could be discarded and the cause of the discrepancy investigated.

[bookmark: _Toc413859267]4.2 Fabrication of p(EG)DA structures using 477nm Microstereolithography

The 477nm microstereolithography system was previously established within the research group and its utilisation previously published (Ortega, Deshpande et al. 2013). Although this system had not been applied to the fabrication of NGC devices, the only modifications to the system required for this was the slight alteration in the angle of some lenses to improve the accuracy of the irradiated image at the stage along with periodic cleaning of the lenses. This system proved useful for the development of a structuring methodology for the fabrication of p(EG)DA NGC’s, such as those that were used initially for the in vivo YFP+ PNI injury model. This material has been generally perceived as providing limited biocompatibility and bioinert in nature. these devices provided positive results for axonal regeneration post injury and confirmed the suitability of p(EG)DA in this role as an NGC bulk material. However it was found that this system provided inadequate performance for the photopolymerisation of microwave synthesised p(CL)MA pre-polymers developed for use as potential NGC bulk material. This is not likely results of inadequate power or the arrangement of the system but is due to the camphorquinone photoinitiator used for fabrication by the 477 nm system, the absorption spectrum of which did not so closely match the laser source emission spectrum resulting in a limited efficacy of polymerisation.

[bookmark: _Toc413859268]4.3 PDMS Moulding


Due to the inability of the 477nm microstereolithography system to adequately polymerise the microwave synthesised photocurable p(CL)MA and prior to the evelopement of the 405 nm microstereolithography system a PDMS moulding procedure was developed in order to produce in vitro channels for the culture of explant DRG. These channels were designed to assess the biocompatibility of the material in vitro, prior to moving to in vivo experimentation in addition to confirming the ability of the material to be photopolymerised into a complex 3D structure. Qualitative assessment of these devices revealed they were significantly more flexible than similar channel produced from p(EG)DA. However during in vitro culture these channels developed large cracks which invalidated the experiment due to the impaired and differing culture surface topographies between the samples. There are two potential causes for this fracturing. The first was the possibility that due to pre-polymer adhering slightly to the sides of the mould that once cured it becomes especially difficult to remove from the mould. In order to remove it, the flexible mould had to be forcibly manipulated which may have caused slight surface fractures which opened up as the material swelled during in vitro culture. This was likely compounded because the channels are permanently fixed to the culture well plate preventing movement of the flat base but allowing movement/swelling of the upper surfaces. Alternatively, because the ultraviolet irradiation did not take place evenly throughout the structures cross section due not only to their thickness but also to the attenuation caused on one side by the mould itself meaning it was exposed to different levels of irradiation, affecting the level of crosslinking density within the structure. In conclusion, PDMS moulding of samples is still a potentially viable method for producing DRG culture channels although there is however further method development needed to ensure these channels have the desired lifespan and surface topography for further experimentation. The subsequent development of an improved microstereolithography setup using a 405nm laser source made this process redundant and further development of the process was ceased. When viewed comparatively, microstereolithography has the distinct advantage over the PDMS moulding technique because the photocurable liquid pre-polymer is exposed to an even level of irradiation through its entire cross section during its polymerisation, along with the general advantages of the technique, particularly its dynamic nature and ability to fabricate voids and hollows within the structure which would not be possible using PDMS moulding

[bookmark: _Toc413859269]4.4 Fabrication of Structures Using 405nm Microstereolithography.

405nm microstereolithography was employed to make a number of different structures including channel for DRG explant in vitro cell culture and NGC’s derived from p(EG)DA and p(CL)MA for in vivo implantation into a YFP+ mouse PNI animal model.
Whilst developing a fabrication procedure for the in vitro DRG culture channels the tendency for the system to produce undesirable surface features at certain powers and z-axis translational velocities was revealed. A period of investigation was undertaken in order to optimise the system and develop a suitable methodology which eliminated these features. These feature manifested as wave like ridge features appearing perpendicular to the stags translational movement direction. The exact cause of these ridges is not known but it is likely that they are a consequence of the mensicus of the liquid pre-polymer curing and slight abberations brought about by the microstereolithography setup. Evidence for this link between the meniscus and the ridge features is the shape of the ridge which have distinctly different gradients on either side of the ridge. The lower gradient indicates a gradual build up material as the menisus is curing at an increasing distance from the intended irradiation site until it reached a point beyond which would intiate photopolymerisation. At this point material is no longer cured and gave rise to a strikingly different gradient after the maximum as polymerisation returns to the intended irradiation zone. This is best seen in the samples produce using 30mW laser source power shown in Figure 25. With regard to the effect of laser source power, I propose the link between higher laser source power (and thus irradiation intensity) is the volume of curing material at the irridation site. While it would be easier to imagine that material was only curing in one plane at the irradiation site, it is actually curing in an additional vertical plane, thus it is actually a ‘irradiation volume’. A higher irradiation zone intensity could potentially cure not only the material at the surface at a higher rate, but also cure liquid pre-polymer at a greater depth than just at the immediate surface. This is likely  what explains the differences between the topographies seen at varying laser powers. Additionally, the micrographs show that these ridge features are only shown within the channels internal curvature hinting that components chape and thus the shape of the irradiation zones ina  contributing parameter the development of these ridges. This could have potentially arisen from interference due to the DMD devices discrete mirrors attempting to reflect a curved object which it in fact displays an example of aliasing.  
Figure 34 shows an experimental nerve guidance conduit fabricated in order to assess the lowest potential conduit wall thickness that could be produced using the 405 nm microstereolithography setup. This NGC had a wall thickness of 56 µm as indicated. The ability to produce conduits with an exceptionally thin wall thickness remains of particular interested for nerve guidance conduits mainly because the stiffness of the conduit could be tailored by changing the wall thickness and also if the overall diameter of the nerve guidance conduit is very close to that of the original nerve, the impact the extra volume created by the implantation of the device would have upon the host at the injury site could be minimised. This is especially important for peripheral nerve injury sites were the movement of the patient’s limbs has the potential to dislodge the conduit. One further important point with regard to the ability to tailor the conduits wall thickness is that it is theoretically possible for this microstereolithography setup to produce porous walled conduits by rapidly alternating the reflected image on the DMD with respect to time as the stage is moving. This method could be utilised to produce ‘windows’ within the wall of the conduit and by altering the overall wall thickness, the diffusion distance between the external and internal environment could be modulated.
Figure 35 highlights the ability for this system for producing experimental nerve guidance conduits which included intralumenary guidance features by the fabrication of a p(EG)DA NGC with 7 discrete guidance channels. An ever increasing body of published work suggests the advantages of incorporating intralumenary features within the conduits cavity to act as guidance cues or supporting structures for regenerating nerve tips of a damaged peripheral nerve (Jiang, Lim et al. 2010). These features must in turn have an internal cavity which remains hollow from one end of the conduit to the other so a regenerating nerve have an unimpeded path. In addition to the intralumenary features shown on the micrograph which comprises seven internal tubes, a wide range of internal features could be included, the only limit being the resolution achievable by the setup. It is likely however that there is an optimal size, shape, topography and number of intralumenary features that would promote regeneration before impeding it. This would be something that would require further development and comprehensive assessment in vivo beyond this the proposed design which was not tested biologically in order to determine and optimum design. While ultimately these features would need a thorough human clinical trial to confirm their advantages, their potential capacity for improving peripheral nerve repair could be preliminarily assessed using in vitro cell culture, including dorsal root ganglion culture, and implantation within an experimental animal model.

[bookmark: _Toc413859270]4.5 Electrospinning


Electrospinning is a well-established and proven method for the fabrication of aligned polymer fibres. Successful electrospinning of aligned p(CL fibres  was carried out which was followed by SEM imaging in order to accurately measure the individual fibre diameter and characterise the fibre sheet. It was found that diameter of these fibres was on average 7.9 µm, a diameter which has previously been proven to promote neuronal outgrowth (Daud, Pawar et al. 2012). These fibres were subsequently incorporated into the intralumenary cavity of p(EG)DA NGC’s in a ‘high’ and ‘low’ packing density as potential intralumenary guidance features. These devices were biologically assessed using the same in vivo YFP+ mouse PNI animal model utilised for assessing the hollow NGC devices.

[bookmark: _Toc413859271]4.6 Culture of NG108-15 Neuronal Cells on Photopolymerisable Pre-Polymers



The anti-beta tubulin III fluorescence microscopy imaging from the 2D in vitro cell culture of neuronal cells upon the polymerised photocurable materials suggests that the p(CL)MA material was a more ideal material for the culture of neuronal cells than the p(EG)DA polymerised materials surface, this behaviour would agree with the general acceptance that p(EG)DA based materials are limited at providing a surface for the culture of cells. Indeed they are often termed an anti-fouling surface due to this poor ability to allow material surface protein adsorption (Tziampazis, Kohn et al. 2000). However, the photopolymerisable p(EG)DA material used herein does support the culture of cells to a limited extent with approximate 50% the number of cells as on the p(CL)MA surfaces and 26% the number of cells on the TCP positive control surfaces. It is proposed this is because this material is slightly different than those typically used for an anti-fouling surface, typically p(EG)DA in a brush confirmation (Perrino, Lee et al. 2008), it being a photopolymerised methacrylated low molecular weight polymer and that this surface allows a greater degree of protein adsorption and subsequent cell adhesion. Naturally the TCP surface offers the greatest capacity for cell adhesion and proliferation having the greatest number of cells and MTT assay result, however it is interesting to note that this surface does not yield the greatest average neurite extension length, that being p(CL)MA. This is an important morphological indicator for materials suitability for use specifically in a PNI device setting. The TCP material in this instance was used as a positive control for the adhesion and ability to allow the expression of neurite extension in NG108 cells. Both the polymerised p(EG)DA and p(CL)MA material surfaces  have shown an adequate capacity for both supporting the adhesion and adoption of a morphology indicative of neuronal cells is a promising result when considering either of these materials for use in a peripheral nerve regeneration device such as a guidance conduit. 
The average cell count data further support the confirmation that the TCP surface is naturally the most ideal tested material for the adhesion and proliferation of NG108 cells, it yielding the highest result of individual cell nuclei as indicated in the graph, the second highest being p(CL)MA and lastly p(EG)DA. Again this data supports the general literature consensus that p(EG)DA is a relatively poor material for the culture of cells, however it did again provide a surface with a limited capacity for cell adhesion. MTT cell viability assay results for neuronal cells cultured for 24, 48 and 72 hours revealed that all the materials supported the adhesion and proliferation of this cell type, with the TCP positive control material yielding the greatest result and offering the best substrate, p(CL)MA was the next best and p(EG)DA was the worst although whilst still offering a surface that clearly supported cellular adhesion and proliferation. 
From this 2D data set it can be determined that the photocurable material which offered the greatest level of cellular adhesion was the 4 –arm polymerised photocurable p(CL)MA material and although the p(EG)DA did offer a suitable surface for cellular adhesion, it was more limited in capacity.

[bookmark: _Toc413859272]4.7 In Vitro Culture of Rat Derived Explant Dorsal Root Ganglion on p(EG)DA Structures Fabricated by Microstereolithography



Whilst useful for in vitro culture, the use of immortalised cell lines has that caveat that these cells are a limited representation of normal physiological cells with a biological response that may in turn differ. In a clinical setting these materials would be expected to interact with the patients primary cells and due to this, it is useful to utilise primary cells cell cultures for in vitro testing of biomaterials. As such, investigations into the ability for structures produced using microstereolithography were experimentally assessed in vitro using rat derived explant DRG’s, a technique finding increased use for testing PNI devices and materials (Kim, Haftel et al. 2008; Daud, Pawar et al. 2012). The DRG itself resides within the spine of a vertebrate such as a human or rat and is the site at which the cell bodies of neurons reside. Following extraction the ganglion retains the inherent capacity for nerve repair and when cultured on a device it exhibits a response similar to that seen within the gross peripheral nervous system following damage making a useful in vitro analogue to PNR. The dorsal root ganglion includes a number of different cell types, including neuronal cells, glial cells and other associated cell such as fibroblasts. 
Figure 31 shows a DRG which has been cultured upon a 405nm microstereolithography fabricated in vitro culture channel. It can be seen in the micrographs that there were a high number of Schwann cells which have emanated from the DRG body itself and have migrating across the polymerised p(EG)DA surface. This is a clear sign that they are responding well to the channels material surface chemically and topographically. Although there are many Schwann cells labelled positive for S100β protein, there are few cells labelled positive for β-tubulin III indicative of neuronal cells, seen within the the cellular extensions emanating from the DRG body. It is proposed that this is because as is seen in native peripheral nerve regeneration, that Schwann cells play an integral support and ‘pathfinder’ type role in neuroregeneration, something which has been shown with Schwann cells often proceeding the negenerating nerve growth tips (Frostick, Yin et al. 1998). In this role, they will readilly dissociate themselves from the myelin sheath and damaged neurons and move outwardwardly from the injury site, in this case the spinal ganglion itself. By secreting soluble neurotrophic factors they act as guides for the negenerating neurons. It is possible that this is demonstrating and an example of this effect, the Schwann cells were moving outwardly in order to act as guides for the negenerating neuron tips. The close association between neuronal and Schwann cells could be seen at the bottom outgrowth which may also suggest this pathfinder/supporting mechanism is taking place. The increased concentration of localised Schwann cells present in this location may have been sufficient in order to stimulate the migration of regenerating neurons outwardly from the DRG body.
Figure 36 also shows the active migration of Schwann cells across the photopolymerised p(EG)DA surface. Figure 37 shows the complete channel with DRG body in the centre shows the total extent of the Schwann migration on the surface, this being approximately 4mm from the DRG origin site. With increased culture time it is predicted that an increased number of motile Schwann cells could form a more dense population within the channel, secreting neurotrophic signalling factors and promoting neuronal regeneration from the DRG body outwardly to the outer ends of the channel. This data supports that shown by the in vitro culture of NG108-15 neuronal cells that this  photopolymerisable methacrylated p(EG)DA material does support the adhesion and motility of cells. The testing of the photopolymerisable p(CL)MA materials using this method would be an interesting comparison to this data because the 2D neuronal culture data indicates this material would offer a significantly improved surface for cell adhesion and proliferation. 

[bookmark: _Toc413859274]4.8 In Vivo Experimentation Using 477nm Microstereolithography Fabricated p(EG)DA Nerve Guidance Conduits.


In vitro cell culture of single cell types, co-cultures and primary cultures such as explant dorsal root ganglion are undoubtedly a useful technique for the assessment of a particular bulk materials ability support cellular growth and proliferation however in vivo testing is still the prime method one would choose for thoroughly determining the efficacy of a medical device barring a clinical trial. In vivo testing allows the nerve guidance conduits design to be tested within a complete living system, an approach that when combined with cell culture studies can yield a more complete understanding of the efficacy of a device and the materials used for its fabrication. This is mainly due to the limits in vitro cell cultures have in accurately producing a sufficient analogue of a complicated living system, especially when investigating advanced materials which may exhibit systemic toxicity or devices which incorporate macro scale design features.
It was initially hypothesised that a photopolymerised p(EG)DA based nerve guidance conduit may have a limited capacity for regeneration of the nerve, mainly due to the materials perceived poor ability to support cellular adhesion and migration in general and also the lack of in vitro experimental data of this particular material at the time. And although camphorquinone is often utilised in clinical dentistry it was unknown if the washing/leaching or washing procedure was sufficient to remove the required photoinitiator or indeed if this initiator would impede neural regeneration if it remained. It can be seen in figure 39 that the nerve has successfully regenerated within the intralumenary cavity to the extent that it has traversed the 3 mm PNI gap. This result also shows that the process used of washing the NGC’s following fabrication has not left any compounds behind, such as photoinitiators or un-polymerised bulk material that would adversely impede regeneration of the injured nerve. Following this experiment, increased in vitro assessment of the materials showed that the photopolymerised p(EG)DA material did produce a surface sufficient for the adhesion and proliferation of cells. Of note however is the molecular weight of the p(EG)DA bulk material being used to fabricate the conduits, which is relatively low with a molecular weight of 258 gmol-1. This low molecular weight and high level of crosslinking in the cured pre-polymer may mean the brushing effect which is commonly believe to affect cellular adhesion in polymers of higher molecular weights is likely limited and thus proteins more readily integrate with the surface, allowing cellular adhesion. Additionally, this experiment likely highlights the importance of the primary function of a NGC design as that of a guide and for modulating the intralumenary environment rather than providing high levels of cellular adhesion.

[bookmark: _Toc413859275]4.9 In Vivo Experimentation Using 405nm Microstereolithography FabricatedNerve Guidance Conduits.

	

Figure 40 shows a comparison between autograft intervention and 405 nm microstereolithography fabricated NGC implantation in a YFP+ mouse 3 mm PNI animal model following a 21 day post-operative recovery period. It could be seen on the micrographs that both intervention methods yielded axon regeneration sufficient to cross the injury gap. Additionally, there was multiple sites of axon disorganisation present within the graft repair and the NGC repair demonstrated better axon linearity between the severed nerve ends. Overall, it can be determined that in this model that the NGC repair has the comparable efficacy to the graft repair which was deemed a positive result for these experimental nerve guides, materials and production methodology. Results from this work have been published (Pateman, Harding et al. 2015)
	Figure 41 shows the results of six individual 405nm microstereolithography fabricated photopolymerisable p(CL)MA hollow NGC’s implanted in a YFP PNI animal model post 21 day recovery. This material was photopolymerisable, exhibiting the capacity to be fabricated using the same system although using a slightly different power and z-axis translation velocity settings. This material was custom synthesised and theoretically degradable through hydrolysis. The handling properties of the polymerised structures were a significant improvement over those found for structures fabricated from the commercially derived photopolymerised p(EG)DA material, the p(CL)MA based structures being less brittle and more flexible in its cured form. This was advantageous when handling the cured materials and may also provide an improved biological response of the device due to the better matching of the material physical properties to the native tissues. It is also proposed that these improved physical properties would also likely benefit its integration into the patient because it will yield more easily reducing the chance of dislodging the device and decreasing wound site irritation. 

[bookmark: _Toc413859276]4.10 In Vivo Experimentation Using Aligned Electrospun p(CL) Intralumenary Fibre NGC’s

The ability for future NGC’s to not only match but eventually outperform autograft for larger nerve injury gaps remains dependant upon the development of more advanced device features. An important potential advancement includes the incorporation of intralumenary features which can act as additional guidance cues for motile Schwann cells and regenerating nerve tips as discussed in Chapter 1. One type of intralumenary features of particular interest is fibres aligned longitudinally within the device, a feature technique which has been previously described (Schnell, Klinkhammer et al. 2007; Bockelmann, Klinkhammer et al. 2011; Daud, Pawar et al. 2012).
Figure 42 shows fluorescent micrographs of two higher density p(CL) fibre filled p(EG)DA based NGC devices which were implanted into a YFP PNI animal model following a 21 day recovery period. It was observed that there was very little axon regeneration and no axonal growth had extended into the intralumenary cavity in either of the samples. This was likely because the packing density of the p(CL) fibres within the device was too high, preventing the diffusion of signaling factors across the wound site and subsequently inhibiting the outgrowth of axons from the proximal end. Additionally, this high packing density likely inhibited the migration of Schwann cells within the intralumenary cavity and again limited the efficacy of the device.
Because the results yielded for the higher packing density NGC’s, a lower p(CL) fibre packing density device was constructed. These devices had approximately half the number of fibres than the higher packing density NGC’s. Figure 43 shows the results from 4 low density p(CL) fibre filled p(EG)DA NGC’s following a 21 day recovery period after implantation in a YFP+ mouse 3 mm PNI model. It can be seen that in all samples axonal regeneration had taken place although this was very limited in sample 2 and minimal in sample 4. In sample 1 and 3 there was a high degree of axonal regeneration with a large number of axons crossing the injury gap. It was interesting to note that the individual axons were considerably more spread out than those that were seen previously for the hollow p(CL)MA conduits but similar to those seen for the hollow p(EG)DA conduits. These results were a positive improvement over the higher p(CL) fibre packing density, indicating that the limited results for the original NGC’s was highly  dependent upon the fibre packing density although there remains some variability present in the regeneration seen in the devices. It is proposed that aligned fibre containing NGC’s will provide the capacity to regenerate large injury gaps although considerable device development and in vivo testing would be required to ensure the efficacy of the device. These preliminary results indicate the suitability of the materials and also highlight that regeneration is dependent upon the packing density of the fibres present within the intralumenary cavity. Further testing of the materials along with testing over longer injury gaps would ascertain whether the incorporation of these features is advantageous over hollow NGC’s. 

[bookmark: _Toc413859277]5. Conclusions

· 2D cultures of NG108-15 neuronal cells indicated that the photopolymerisable pCL) and p(EG)DA materials offer suitable surfaces for the adhesion and proliferation of neuronal cells.
· Based on average cell nuclei counts, photopolymerisable p(CL)MA offers the best photostructurable material surface for the culture of neuronal cells.
· Neurronal cell neurite extensions were greatest on polymerised p(CL)MA followed by TCP and finally p(EG)DA.
· The ability to extract explant DRG’s from adult rats along with sucessful immunolabelling and confocal imaging was demonstrated.
· A microstereolithography fabricated channel and subsequent explant DRG 14 day culture confirms p(EG)DA offers a suitable material for ceullar adhesion. 
· The motility of Schwann cells from the main body of approximately 4mm can be shown, indicating they have adopted a motile nature on the material. A close association between neuronal cells at the main adhesion/growth point suggesting an interaction between Schwann and neuronal cells.
· Both 477nm and 405nm microstereolithography fabricated hollow p(EG)DA NGC’s demonstrated effective regeneration in a YFP PNI model.
· The 405nm fabrication of photopolymerisable p(CL)MA hollow NGC’s demonstrated succesful regeneration in a YFP PNI model.
· Incorporation of eligned electrospun p(LC) fibre into the intralumenary cavity demonstrated allignmenet of regenerating axons with an efficacy dependant upon the packing density.

[bookmark: _Toc413859278]Chapter 4: Further Developments on Microstereolithography and Photopolymerisable Materials

Developments on the poly(HIPE) materials were carried out in collaboration with Prof Neil Cameron and colleagues at the Department of Chemistry & Biophysical Sciences Institute, University of Durham. The author was responsible for assisting in the production of the poly(HIPE) solution at KRI, the pattern projection microstereolithography structuring of the polymer into NGC type tubes and channels, discussing data and the frontispiece artwork. This chapter is adapted from the 2013 Advanced Materials publication titled ‘Macrostructuring of Emulsion-templated Porous Polymers by 3D Laser Patterning’ (Johnson, Sherborne et al. 2013)

Developments on the honeycomb spinal conduits was carried out in collaboration with Dr Lev Novikov and colleagues at the Department of Integrative Medical Biology at Umea University, Sweden who carried out the in vivo assessment on the device. The author was responsible for the development of the device from the original concept and its production including fabrication by microstereolithography and other described processes.

Work described on the development of a photopolymerisable p(LA)MA material was conducted in collaboration with Prof Maria Farsari and colleagues at the Institute of Electronic Structure and Lasers (IESL) and Department of Material Science and Technology at the University of Crete, Greece. The author was responsible for the polymer synthesis and. The structuring, degradation and cell culture work was carried out at the IOES and University of Crete, Greece. This chapter has been adapted from the 2014 Applied Surface Science publication, ‘The effect of porosity on cell ingrowth into accurately defined, laser-made, polylactide-based 3D scaffolds’ (Danilevicius, Georgiadi et al.).



[bookmark: _Toc413859279]Abstract

Improvement to the methods of object structuring in addition to the development of suitable materials are both essential elements for the advancement of experimental techniques but also for the eventual clinical application of microstereolithography by allowing economical manufacturing and positive device performance. As with most technologies, developments and improvements made in particular aspects can increase the general applicability of the technique. A structuring technique which can utilise a wide range of bulk materials is advantageous due to the ability to centralise production around one rather than multiple systems, potentially providing significant cost savings in equipment and training expenditure. This is also true for bulk materials which can be utilised by a number of different systems, especially when these must be clinically approved for biomedical device manufacture at considerable expense and also find clinical acceptance. Once a material has been approved for use, a highly applicable material would be advantageously placed within the market place both in a production cost setting by reducing the number of differing synthesis systems required but also due to the greater market coverage and potential uptake. This chapter focuses on alternative applications of the 405µm microstereolithography system beyond NGC’s, the utilisation of a material not developed specifically for the system and also the development of another photopolymersaible bulk material which was used on a DLW stereolithography system. This highlights the adaptability of the system and also of the materials developed in earlier chapters.
Photopolymerisable p(LA)MA developed for use in the 405nm system was used in a DLW system for structuring bone scaffold structures. Similarly, the 405nm µSL system was utilised for producing NGC type tubes using a high internal phase emulsion (HIPE) which is a highly porous materials that rely on the polymerisation of a curable pre-polymer in the presence of emulsified droplets within the solution, these droplets acting as a template medium of the system. 
[bookmark: _Toc413859280]1.Introduction


During the development of an experimental structuring system such as the 405nm pattern projection microstereolithography system described, it is usually most useful to focus on a singular application because this provides a set of specific requirements and a framework to guide the development. This is acceptable practice establishment of the technique but in order for the system to become clinically applicable both in a regulatory and commercial sense, it is beneficial that the system has a high degree of adaptability and applicability. This idea of increased applicability in this sense relates to the capacity for the same system to allow the fabrication of many different biomedical devices from a wide range of potential bulk materials. This is advantageous because if a system is too highly specialised around a particular application then this will limit its uptake directly to the rate of requirement to only that specific application. Additionally, it reasonable to assume that if a system has a high degree of applicability then this will likely incentivise further developments both from the original manufacturer seeking to expand the customer base but also by others seeking to utilise a readily applicable system in niche applications. This is something that has been seen in many industries but of particular relevance is the field of rapid prototyping, which have seen a relatively high degree of market uptake over the last few years with increasing predicted sales for what was only a few years ago a purely research tool. These systems were originally only manufactured for commercial sale by a small number of enthusiasts, often using crowdfunding. In the last few years however they have now become widely available from a number of different profit making manufacturers including seeking to develop the market for this technology beyond enthusiasts. This increasing market uptake is due to a number of factors and not exclusively new product appeal and equipment availability. These factors include the diverse range of objects that can be fabricated using similar systems, the rapidity of which object designs can be shared amongst a community of users usually by the internet, but also advancements made in supporting technologies such capture and analysis methods and the development in design development using CAM systems have been an important element in enabling customer uptake. Because of this, amongst 3D extrusion printer manufacturers there has been a general shift in the fabrication system toward a standard model which a high level of applicability, typically a heated extrusion nozzle mounted on a CNC controlled apparatus which deposits material on a stage below with systems differing little in overall design from each manufacturer. 

1.2 poly(HIPE)

For some applications it may be beneficial for a construct to have a highly porous nature. For instance when trying to create a device with a controlled permeability or perhaps if the overall bulk material is degradeable it would be possible to include factors that are released during its degradation.  These materials typically rely upon  High internal phase emulsion (HIPE) are highly porous materials that rely on the polymerisation of a curable pre-polymer in the presence of emulsified droplets within the solution, these droplets acting as a template medium of the system. Once cured, the droplet forming component is removed leaving a highly porous monolithic structure remaining. The structures pore size and density is determined by the character of emulsified droplets within the solution. The inclusion of a photo-polymerisable pre-polymer along with a suitable photoinitiatior component in a poly-HIPE emulsion system yields a material from which highly defined objects with a controlled porosity can be fabricated using stereolithography techniques. This could be described as complex microstructure object fabrication enabled by a macro scale additive manufacturing method. It combines the two techniques in order to overcome the lower limit of resolvable feature sizes for stereolithography by using a material readily suitable for integration into an established fabrication method. As such this combination of methods yields a powerful tool for experimental structure manufacture of structures where both the micro and macro scale features of said objects can be tuned independently. The ability of the material to be structured by photopolymerisation using pattern projection 405 nm microstereolithography was demonstrated by the successful fabrication of tubes and the attempt at fabricating channels. These materials may find application for the production of NGC’s due to their high internal and surface porosity for not only potentially housing a cell culture consisting of glial cells, but they may also be useful as a delivery mechanism for peripheral nerve regeneration enhancing drugs or modulating the intralumenary environment via a controlled diffusion through the NGC’s wall. 

1.3 Fabrication Of An Implantable Device For Repair Of The CNI

Injuries to the CNS are characterised not only by their often very serious and debilitating effects on the patient, but also by the lack of endogenous axonal regeneration mechanisms (Haggerty and Oudega 2013). The ability for CNS regeneration is well characterised in lower vertebrates, indicating a similar, though impaired innate potential may exist in higher vertebrates such as humans (Pale, Frisch et al. 2013). Because of this and the severity of the problem, addressing CNI is important research area and a number of cellular therapies have been investigated and reviewed (Oudega 2007) and drug and growth factor delivery systems (Moreno-Flores and Avila 2006) which can augment the regeneration potential for the host system. For large injury gaps in which a cavity has formed, there is the potential for using physical devices which can act as supportive structures, providing axonal guidance cues and a site conducive to regeneration. The similarity in design of these structures to NGC’s in both physical size and in the interest around incorporating intralumenary guidance structures, along with the adaptability of the system makes the cross section projection stereolithography setup an ideal tool for fabricating these devices for experimental use. In addition, the potential for of p(EG)DA as a biomaterial solution of central nervous system repair has been highlighted (Haggerty and Oudega 2013) due to its ability to be made degradeable and its functionalisation potential. This chapter focuses on the development of such a device incorporating a honeycomb like intralumenary structure from an initial concept and its production utilising projection microstereolithography described in Chapter 3. Devices were successfully fabricating to the required specifications in photopolymerisable p(EG)DA material, demonstrating high resolution potential of the system for producing macro scale structures with continuous, well-defined features down to 30 µm. The devices were subsequently assessed using an in vivo CNS injury animal model with promising preliminary results in which guided motor and sensory axonal regeneration and Schwann cell migration can be observed. Osteopathic surgery intervention, especially in cases in which bone have become heavily fragmented often requires the use of donor material for substitution into the wound site. There are a number of problems associated with the use of these types of materials, mainly due to the limited supply of donor material but also with increased surgical complication and risk. As such, there has been a great deal of investigation into the use of alternative therapies and procedures, including the use of implantable scaffolds and devices within the wound site. These scaffolds could be implanted as is, or could undergo a pre implantation in vitro cell culture period in order to establish a community of suitable cells, that scaffold acting as a vector into the host. A potential method for the production of these devices both for experimental and potential clinical application is the additive manufacturing technique of stereolithography, direct laser writing (DLW) being one of these.
Spinal cord injury, or SCI, is multifaceted problem comprised of an initial trauma induced primary legion which is  followed by a secondary legion formed due to the natural physiological response attempting to limit further damage to the wound site  (Vawda, Soubeyrand et al. 2014). A number of different methods for modulating this effect in order to improve clinical outcomes, including the therapeutic implantation of bone marrow derived stem cells (Novikova, Brohlin et al. 2011) but also the utilisation of implantable devices into the wound site including a device from aligned poly-l-lactic fibres (Hurtado, Cregg et al. 2011). This is similar to PNI regeneration NGC strategies in which these devices seek to improve efficacy by operating by two main mechanisms, the first by modulating the wound site environment, in this case limiting scar tissue formation, and providing a method by which cellular regeneration can be guided.
The design of this device (Figure 50) was provided by Dr Lev Novikov, UMEA University Sweden. This concept behind this device is that the intralumenary honeycomb matrix within the device provides a mechanism by which regeneration can be supported and guided within the wound site.  This could potentially take place due to the cell-material surface guidance cues with the material effectively acting as a ‘platform’ upon which cells could more easily migrate within the injury site. The choice of structures bulk material and its ability to support protein adsorption and thus cellular adhesion would likely have the greatest impact on this proposed action. Additionally, due to the implantation of the device the injury sites internal environment is modulated, with not only diffusible guidance factors being contained within the intralumenary regions within the structure but the prevention of ingress of unwanted cellular factors, maintaining only those cells relevant for CNS. The ability for p(EG)DA to support the adhesion and provide an adequate cellular response as demonstrated in Chapter 3 along with its ease of fabrication makes this an ideal material for the development of such a device and its preliminary testing.

1.4 Photopolymerisable p(LA)MA

One of the key advantages of additive manufacturing techniques is the adaptability to fabricating different structure designs along with the ability to use a range of different bulk materials. One of these characteristics that may differ is the molecular weight/polymer chain length which may result in changing the physical properties of the polymerised structure with the potential advantages for both handling and cellular adhesion. As long as their physical properties of the starting bulk materials, usually a liquid, and polymerisation method and kinetics remain similar the material is likely a good candidate for use in the technique. Thus once the apparatus has been assembled and calibrated, a large range of different materials can be utilised for the fabrication of structures and devices. Often all that is required, as demonstrated with our system, is adjustment of the laser source power, photoinitiator concentration or the z translation velocity. This is due to the slightly different polymerisation kinetics, potential light scattering of the polymerised material or the viscosity limiting the velocities and powers permissible to produce adequate structuring. This opens up the technique to a wide range of materials but also allows the production of bespoke materials for use in the technique, tailored to the specific requirements of the device.


[bookmark: _Toc413859281]1.1Aims and Objectives


This chapter contains work in three areas which focus individually on using advanced materials or structuring using lithography techniques beyond those described in previous chapters. The overall objective of the work described in this chapter was to demonstrate the adaptability of the materials and structuring solutions that had taken place whilst developing the system and materials for the production of NGC type tubes described in Chapter 3.

The capacity of the 405nm microstereolithography system to utilise a bulk material not originally developed for the system was demonstrated by combining the microstructuring technique of emulsion templating with p(HIPE) and macrostructuring technique of stereolithography to yield structures with both a highly porous internal microstructure with a complex spatially controlled geometry.

The high degree of adaptability and applicability of the system was demonstrated by using it to develop and fabricate a spinal regeneration device based on the concept provided. These devices were subsequently assessed for the regenerative efficacy using an in vivo CNI model.

The objective of this work was to use the microwave synthesis procedure developed for producing liquid photopolymerisable p(CL)MA and apply it to the production of photopolymerisable polylactide. This material was subsequently utilised in an experimental DLW structuring system for fabricating potential bone graft structures and scaffolds. 


[bookmark: _Toc413859282]2.Materials and Methods

[bookmark: _Toc413859283]2.2poly(HIPE) Preparation
HA (4.14 mL, 3.66 g), IBOA (1.58 mL, 1.56 g) and trimethylolpropane triacrylate (TMPTA) (1.28 mL, 1.41 g) were mixed together in a beaker. Hypermer B246 surfactant (0.21 g; 3 wt.% of the organic mass) was added and allowed to dissolve. The solution was transferred to a two-necked round-bottom flask, which was wrapped with foil to limit exposure to light. The solution was subjected to gentle agitation by an overhead stirrer (IKA RW 11 basic), and photoinitiator (a 50:50 blend of diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and 2-hydroxy-2-methylpropiophenone) was added (0.35 mL; 5% of the organic volume). The stirrer speed was increased to 350 rpm and 28 mL of water (for 80% porosity scaffolds) was added drop-wise via a dropping funnel over a period of approximately 5 minutes. The resulting HIPE was allowed to stir for a further 1-2 minutes after the water had been completely added.
[bookmark: _Toc413859284]2.3 Projection Microstereolithography of poly(HIPE)
The 405 nm microstereolithography setup for the structuring of objects from the p(HIPE) material was as described in Chapter 3. The settings used for the fabrication of NGC tubes was a z axis translational velocity of 0.5 and 0.8 mms-1and laser source output powers between 60 and 90 mW.
[bookmark: _Toc413859285]2.4 Spinal Device Design Development

	A conceptual design for an implantable spinal device for the regeneration of the central nervous system was provided by Prof Lev. Novikov. 
 (
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Figure 44: Conceptual image and design requirement details for a spinal repair device incorporating a honeycomb internal structure overlaid onto an immunolabelled cross section image of the cervical region in which the device would be implanted. The honeycomb internal structure is designed to increase the surface area within the device and provide guidance cues in order to improve the efficacy of regeneration at a CNI wound site.


A conceptual image of the device overlaid onto a micrograph of an immunolabelled cervical area into which the device would be implanted in addition to further information regarding the devices dimensional requirements was provided by Prof L. Novikov in the form of a image (Figure 44). This design showed a semi-circular device which incorporated a honeycomb feature design for the intralumenary cavity. Incorporating this feature not only greatly increases the internal surface area but also provides linear guidance between the open ends of the device. The dimensional requirements of the device were specified based on the ideal device size based on the wound site size used in the in vivo assessment.Similarly to the NGC structures, the devices where to be fabricated from photopolymerisable p(EG)DA so a thicker outer wall was included to help prevent fracturing of the device during implantation. A number of different honeycomb designs with varying densities were tested on the system, the optimum design was chosen based on the highest density honeycomb possible whilst maintaining accurate resolution of the polymerised structure. Care had to be taken to position the honeycomb within the cavity so as not to produce regions of overcure, something which is difficult due to nature of the rounded end which must transect a number of the individual honeycomb cells.
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Figure 45: Schematic diagram of the honeycomb spinal regeneration device developed from the original concept image. The schematic specifies the required final dimensions of the fabricated device including the overall height, length, width and conduit wall thickness.


Figure 45 shows a design schematic for the final CNI device design from which the grayscale image was developed.  This device shows a device that is 2mm in width, 3mm in length and 1.5mm in height with a wall thickness of between 50-100µm. 
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Figure 46: Multiple greyscale images honeycomb structure cross section images where developed and tested as potential designs for the spinal device. Using image A for structuring would yield a device which incorporated a lower density honeycomb features, conversely utilising image B should yield a device with a higher density. By this method the structuring limit was determined.


Figure 46 show the grayscale images which were required for uploading onto the DMD device in order to fabrication by microstereolithography. Multiple of these test images were created and used to determine the structuring limit of the system. The final design was chosen because it included the highest density honeycomb which the system could accurately produce. Image A shows the optimum image design, which was used for the eventual in vivo testing of the structures. Image B shows a higher density honeycomb feature test image, testing revealed this could not be resolved on the 405 nm system in its current form. 
The DMD will dynamically align the mirrors depending on the greyscale image resulting in the spatially restricted photpolymerisation of the bulk material. Black on the image will result in light reflection towards the stage whilst white will cause reflection away and is wasted. As can be seen on this image, there has been a slight change in the position of the honeycomb structuring, this is due to overcuring in the inner rounded portion which transect some of the individual honeycomb cells.

[bookmark: _Toc413859286]2.5 Spinal Device Sample Preparation using 405nm Microstereolithography

The overall setup of the 405nm microstereolithograpy system was as described in Chapter 3. In order to produce a uniform surface this was found to be 35 mW with an optimum z axis translational velocity of 0.015 mmS-1. Devices were produced in overall lengths of 6 mm and 10 mm, 6mm samples yielding 1 device once laser cut, 10mm samples yielding 2.

[bookmark: _Toc413859287]2.6 Laser Cutting of Structure


To ensure the devices were all of equal length the devices were mounted on a custom made positional jig constructed from glass microscope slides, the devices were subsequently trimmed using a laser cutter. This also ensures a clean face because the point at which the attach to the stage there is often a certain amount of over-curing due to reflected laser light from the stage and is likely compounded by the more detailed nature of the internal honeycomb features. The system used was a EpilogLaser Legend Series Mini18 40W CO2 laser engraver/cutter (EpilogLaser, USA), proprietary system settings used were 5% power, 55% speed with 9 cutting passes run sequentially.

[bookmark: _Toc413859288]2.7 Device Preparation and Cervical Injury Model Implantation

The devices were assessed for their biocompatibility and ability to elicit CNS regeneration using an in vivo rat CNS injury model and immunohistochemistry and imaging technique by Dr Lev Novikov and colleagues (Karalija, Novikova et al. 2014). Initially, devices were initially prepared by coating with laminin. Then under general anaesthesia, a CNS injury was initiated by initially performing a cervical laminectomy and subsequently a stab wound in the C3 spinal cervical segment. Following this a hemisection was performed on the spinal cord using Vannas scissors at the wound site and the devices installed. The operation was finished by closing the wound site. Recovery time was 2 weeks and 4 weeks, at which point the animals were sacrificed and the device harvested. The animals used were10-12 week old Sprague-Dawley rats, the experimental procedures being conducted in accordance with Directive 2010/63/EU of the European parliament and of the Council on the protection of animals used for scientific purposes and also approved by the Northern Swedish Committee for Ethics in Animal Experiments (no. A36-12).
Devices were removed and processed for discerning 5HT positive axonal arborisations, CGRP positive sensory axons, GFAP positive astrocytes, OX42 positive microglial cells and P75 positive Schwann cells.

[bookmark: _Toc413859289]2.8Synthesis of poly(lactic acid) pre-polymer

Production ofp(LA)MA pre-polymers was carried out using an existing method of thermally synthesis or using a newly developed microwave synthesis method.
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Reaction scheme 1:
 Microwave synthesis of four arm polylactone p(LA) via the ring opening polymerisation of  (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione with the multifunctional initiator molecule pentaerythritol with catalyst (stanneous octanoate) at 300W input, 150°C hold for 3 minutes. This was proceeded by a preheat at 100°C for 2minutes
)

p(LA) pre-polymer was produced via microwave synthesis in a  monomer to initiator ratio of 1:8. Calculated weights of (3S)-cis-3,6-dimethyl-2,5-dione monomer and the pentaerythritol were added to a 35mL attenuator along with a small magnetic stirrer bar. For the reaction, the microwave power input was 300W and a 3 minute hold time at 150°C. A preheat stage at 100°C for 1 minute was included prior to the reaction stage. The stirring was set to high throughout the reaction.0.05g of tin(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma-Aldrich Company Ltd, UK) catalyst per gram of monomer/initiator mixture was used as a catalyst. 

p(LA) pre-polymer was produced via microwave synthesis using a CEM Discover microwave digester (CEM Corporation, Buckingham,UK) in monomer to initiator ratio of 8:1 by reacting (3S)-cis-3,6-dimethyl-2,5-dione (l-lactide) monomer with pentaerythritol (Sigma-Aldrich, UK). The dry monomer and initiator components were added to a CEM Corporation proprietary attenuator vessel in addition to 10 mL of toluene. Immediately before the reaction, 0.05 g of tin(II) 2-ethylhexanoate (Sn(Oct)2) (Sigma-Aldrich, UK) catalyst per gram of monomer/initiator mixture was added to the attenuator and distributed by stirring. A multiple microwave synthesis program was developed which included a one minute preliminary pre-stir stage, a primary reaction stage of one minute at 100°Cfollowed by a secondary reaction stage at 150°C for three minutes. 

[bookmark: _Toc413859290]2.9 Methacrylate functionalisation of poly(lactic acid) pre-polymer
 (
Reaction scheme 2:
 The pre-polymers terminal OH end groups are methacrylate functionalised by reacting with methacrylic anhydride (MAA) in the presence of triethylamine (TEA), dichloromethane (DCM) was used as a solvent.
)

Toluene solvent was removed by rotary evaporation prior to methacrylate functionalization. Pre-polymers were subsequently dissolved in dry dichloromethane and added to previously cleaned and thoroughly dried glassware. The reaction vessel was kept dark, cooled using an ice bath and its internal atmosphere was purged with nitrogen via a nitrogen bubbler throughout the reaction. The solution was continuously mixed via the use of a magnetic stirrer plate and stirrer bar. For 4 arm pre-polymers, 8 molar equivalents of methacrylic anhydride (Sigma-Aldrich, UK) and 8 molar equivalents of triethylamine (Sigma-Aldrich, UK) were added to the reaction drop wise over 5 min. Solutions were reacted for 16 h. Subsequently the pre-polymers were precipitated in absolute ethanol cooled with liquid nitrogen. Following this, ethanol was poured off from the solidified pre-polymer, it was allowed to melt and the precipitation purification procedure was repeated two further times. After the final precipitation, any remaining solvent was removed by rotary evaporation. The pre-polymer samples were stored in amberglass vials at −4°C prior use. Material characterization by1H NMR spectroscopy has been shown previously [35].


[bookmark: _Toc413859291]2.10 Degradability Testing, Cell Culture and p(LA)MA Structuring


The degradation testing, cell culture in 2D and 3D structures along with the DLW structuring was carried out in Crete by Maria Farsari and colleagues. This work was published in Applied Surface Science and this should be referred to for Material and Methods information (Danilevicius, Georgiadi et al.).

[bookmark: _Toc413859292]3.Results

[bookmark: _Toc413859293]3.1 Fabrication of a highly porous wall NGC in p(HIPE) in p(HIPE) material  using 405 nm microstereolithography

	The fabrication of NGC type structures was undertaken using the described method. These tubes were easily handled post fabrication.

[image: ]

Figure 47: SEM images of polyHIPE tubes created using a cross section projection 405nm stereolithography method. A and B: 90% IBOA; C and D: 80% EHA.  B and D show detail of top surface of A and C respectively. Here it can be seen that the devices retained their hollow tube like macro structure whilst also incorporating highly porous  micro scale nature characteristic of p(HIPE).


In figure 47 it can be seen that the surface porosity is indicative to that of the typical internal porous nature of the poly-HIPE material. During optimisation, z translational speeds in the range of 0.05 to 0.8 mms-1, with varying laser source powers between 35 mW and 90 mW where tested, the structures being assessed qualitatively at the  time for the ability to resolved the desired structure. The optimum settings for the fabrication of these tubes was found to be those between 0.5 and 0.8 mms-1and laser source output powers between 60 and 90 mW. The macro scale of the fabricated tube constructs showed a similar average void diameter to that of conventionally cured UV poly-HIPE material. 



Figure 48: SEM micrograph  of poly(HIPE) channel structure. This image shows an attempt to fabricated a DRG culture channel similar to those produce previously in p(EG)DA and described in Chapter 3. It can be seen in this image the that device fabricated in p(HIPE) material has a poorly defined structure when compared to those fabricated using p(EG)DA material.


In addition to the fabrication of the NGC type tubes structures, the structuring of channels was attempted for potential testing in a similar manner to the p(EG)DA channels described in chapter 3. Figure 48 above is a SEM micrograph of one of these channels. As can be seen the definition of the channels is poor in comparison to that produced in p(EG)DA and p(CL)MA structures. A number of z axis translational velocities from 0.05mms-1-0.14mms-1and beam source power outputs from1mW to 40mW were tested, with varying degrees of resolution attained, this being the optimum at 35 mW laser power output and 0.1mms-1 although it was still poor in comparison to structures fabricated from the p(EG)DA material.



Figure 49:Average void diameters of conventional and μSL cure polyHIPEs. Void diameter as determined by SEM as an average of 100 voids measurements; statistical correction of (2/(30.5)).


Additionally, regardless of the emulsion composition or resultant porosity the average void diameter was found to be approximately the same. A proposed mechanism for this is the mechanics behind the individual droplet formation and stability within the emulsion limiting the droplet size to a finite range. The mechanical properties of the tubes were found to resemble that of bulk polymerised poly-HIPE materials with EHA based materials being elastic in nature due to its low Tg.

[bookmark: _Toc413859294]3.2 Design Optimisation

From this concept, a structure design cross section was designed. This was subsequently uploaded on the DMD in order to be fabricated using the projection microstereolithography system. 



Figure 50:  SEM micrograph of ‘flash cure’ of Honeycomb device design. These flash cures where used to determine whether the density of the honeycomb grayscale part of the image was suitable for the fabrication of the device. If the image density was too high the intralumenary features would be overcured and lack resolution.

An experimental stage was carried out in which the intralumenary honeycomb design was altered in various aspects, in particular the spacing between each honeycomb cavity and its relative position with the wall of the structure, the honeycomb feature wall thickness and individual cavity area. Various overall device wall thicknesses were tested and it was found that if the wall thickness was too thin the structure would become very weak, making it difficult to handle without fracturing, too thick it would impinge upon the intralumenary cavity volume available and potentially reduce the regenerative capacity of the device. It was found that increasing the individual cavity spacing too high would detrimentally reduce its overall structural integrity. This is something which would also limit the available surface area within the cavity which could potentially act as guidance. A number of different honeycomb feature wall thicknesses were attempted, the lower limit which could be reliably and reproducibly structured was chosen. Through this process a device design was arrived at which would aim to maximise the available area of honeycomb feature within the device whilst not reducing it to a point of potentially detrimentally affecting potential regeneration. The ideal cross section dimensions arrived at were 60µm outer wall thickness, 30µm honeycomb wall thickness.

[bookmark: _Toc413859295]3.3 Structuring Optimisation and SEM Imaging


	In order to optimise the fabrication procedure, a period of testing was undertaken. The power and z axis translation velocity was varied within a finite range and the structure assessed using SEM to ascertain the optimum settings.
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Figure 51: SEM micrographs showing results of power/z axis velocity optimisation of 405nm microstereolithography fabricated spinal regeneration structures. The z axis translational velocity required optimising in order to produce adequate structuring and resolution of the intralumenary features. It can be seen that at lower velocities, lower laser powers did not yield sufficient curing suggesting a lower limit for the power input for the fabrication of these devices.


Figure 51 shows the results of an optimisationtest for determining the fabrication parameters for the spinal devices in photopolymerisable p(EG)DA. It can be seen that even at lower z axis translation velocities and lower laser powers the internal honeycomb features failed to polymerise. If the power and velocity was increased above 20mW the interalumenary features were better, although not completely resolved suggesting a lower limit to the power input required to successfullyproduce the features at above 20mW. Increasing this to 25mW for the same velocity produced only a marginally better object resolution. Finally, increasing the power to 30mW and reducing the velocity produced an almost completely resolved structure. The optimal parameters were found to be 35mW and a z axis translational velocity of 0.015mms-1.

[bookmark: _Toc413859296]3.4 Structuring and SEM Imaging of Device

The devices were successfully fabricated in accordance with the described method above in p(EG)DA. Utilising lower photo initiator concentrations of around 2 wt% yielded poor resolution of the fine honeycomb intralumenary features within the resultant structure. The devices and structuring protocol demonstrated the ability to not only fabricate individual devices but also exhibited excellent structure reproducibility between samples of the same and different batches. It was found that by arranging multiple cross sectional images on the stage that up to four devices could be fabricated at the same time. Structuring time for the 3mm long devices individually was found to be approximately 8 minutes including setting up of the stage. By utilising the arrangement method this structuring time was brought down to approximately 2 minutes for each device.



 (
A
)
 (
B
)[image: REPHC1 measured]
[bookmark: _GoBack][image: HPSS1Ameasured]

Figure 52: SEM images of honeycomb spinal structures. Image A: showing the overall structure with and its dimensions. Image B shows a higher magnification close-up of the internal honeycomb features within the structure with the wall thickness dimension indicated.

Figure 52 shows SEM images of one of the honeycomb intralumenary feature containing devices fabricated in photopolymerisable p(EG)DA using 405nm microstereolithography. As can be observed in these images both the wall and honeycomb features are well resolved and accurately reproduced. The lines perpendicular to the structuring direction which can be observed most noticeably in the honeycomb features in Figure 52 B are characteristic of this type of system and represent the individual mirrors on the digital DMD system. The overall width of the device was measured to be 2034µm, height 1054µm, an outer wall thickness of 60µm and an internal honeycomb wall thickness of approximately 30µm. Devices were produced in a variety of lengths ranging from 2 to 10mm and subsequently trimmed down using a laser cutter. The honeycomb structure remained consistent even with the longest structures, once they had been trimmed. The device was handled in the laboratory using a pair of tweezers in order to mimic the type of handling it would undergo during the in vivo implantation procedure. The device performed well during these basic handling assessments, the structure could be manipulated easily without cracking or fracturing.

[bookmark: _Toc413859297]3.5 Laser Cutting of Structures


Laser cutting of structures was employed to ensure a uniform overall length and ensure a clean face at both ends of the device.

[image: C:\Users\Tif\Documents\University\PhD\Laser Cutter\CAM01023.jpg]

Figure 53: Figure 53 shows a photograph of devices mounted to a custom made fixture designed to align up to 12 devices in order to permit laser cutting simultaneously.


Figure 53 above shows 12 individual honeycomb spinal devices mounted to a custom made fixture. This fixture was designed to allow the simultaneous cutting of the devices using a laser cutter once the correct cutting parameters had been optimised using individual structures. The laser cutter successfully cut the devices, causing no deformation and allowed a rapid rate for this process. The time taken to cut an individual device was approximately 1 minute which includes mounting the devices to the jig and completing the cutting and approximately 5 seconds for each individual device if 12 devices are cut simultaneously. There was a minimal amount of discolouration caused to the top of the devices which can be seen on the photograph, this gradually disappeared once the devices were transferred into absolute ethanol in which they were stored prior to usage and was not found to be detrimental to the performance of the device.


[bookmark: _Toc413859298]3.6 In Vivo Spinal Injury Model

	This work was carried out by Dr Lev Novikov and colleagues at UMEA University, Sweden.Devices were prepared and implanted as described before being removed and processed for discerning 5HT positive axonal arborisations, CGRP positive sensory axons, GFAP positive astrocytes, OX42 positive microglial cells and P75 positive Schwann cells.
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Figure 54
:
 Image showing CNS regenerations at 2 week post implantation of honeycomb structure device. A: Green indicates motor 5HT 
axons,
 red indicates glial fibrillary acidic protein. B: Green indicates OX42 
microglia,
 red indicates sensory calcitonin gene-related peptide axons D: Green indicates Schwann cell P75 neurotrophin, red indicates glial fibrillary acidic protein. Discontinuous white indicate individual honeycomb cavities. 
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Figure 54 shows the fluorescent micrographs results from a 2 week implantation of the honeycomb spinal regeneration devices in a mouse based CNS injury animal model. Image A shows 5HT positive motor axons which can be observed to be migrating through the intralumenary regions within the device (white arrow) from the rostral to the caudal location to the centre region of the device equal to approximately 1-1.5mm. GFAP positive astrocytes in red can be seen to remain within the natural physiological location and have not migrated to the same degree as the 5HT positive motor neurons and are not present within the device cavity. Image B shows OX42 labelled microglia in green which can be seen to have migrated from the caudal site into the device at least as far as the CGRP positive sensory neurons shown in red. Image C shows P75 labelled Schwann cells in green and GFAP positive astrocytes in red. It can be observed that that there has been extensive migration of Schwann cells throughout the intralumenary honeycomb cavities of the device. At the dorsal root C6 region, it can be seen that Schwann cells have curved around the opening of the device before entering the device, indicating at the guidance nature of these features. GFAP astrocytes in red can be seen within the intralumenary cavities of the device however they have not migrated to the same extent as Schwann cells.
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 Image showing CNS regenerations at 4 week post implantation of honeycomb structure device. A: Green indicates motor 5HT 
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Figure 55 shows the fluorescent micrograph results from a 4 weekimplantation of the honeycomb spinal device in a rat based CNS injury model. Image A shows CGRP positive sensory axons indicated in green and OX42 positive microgliain red. It can be observed that extensive sensory axonal regeneration has taken place throughout the device from the dorsal to the rostral location (white arrows). Microglial presence is also seen through the device. It can be seen that both sensory axon and microglial have migrated along the outer wall of the device. Image B Shows extensive P75 positive Schwann cell in green with extensive presence throughout the device, migrating from both the dorsal and rostral sites (white arrows). It can be seen thatthe Schwann cells have adopted a distinctive elongated pattern parallel to the intralumenary channels of the device. There is very limited astrocyte migration in the device from their normal physiological locations. Image C shows extensive regeneration of 5HTpositive motor through the device, not quite reaching the dorsal region. It can be seen that at 4 week there has been a distinct loss of motor neurons at the dorsal region, their presence visible in the bottom right at the same location as the astrocytes.

[bookmark: _Toc413859299]3.7 Pre-polymer


A liquid p(LA) based) pre-polymer was synthesised and subsequently methacrylate functionalised using the described microwave synthesis method to yield a photo-polymerisable pre-polymer suitable for use in stereolithography. The photocurable pre-polymer produced was colourless and liquid at room temperature. When stored at 4°C the polymer solidified and became cloudy in appearance. The ability of the pre-polymer to be polymerised by photocuring was determined by UV curing as described in the PDMS moulding technique in Chapter 2. The storage ability of the material was demonstrated by its ability to be photopolymerised after approximately 6 months of storage was observed using UV curing by the same method. This was also demonstrated by the successful transportation and subsequent use by colleagues in Crete. In its polymerised form the material was clear and colourless.

[bookmark: _Toc413859300]3.8 Degradation

The degradability of the material was initially established by preparing thermally polymerised 10x1mm discs of the material and measuring the mass loss over a time period. In these sample structures it was observed to be 5% after the first week and 27% loss at week six. This degradation rate would indicated with these sample structures would being to lose integrity after approximately 2-3 months, a point at which one would expect wound site integrity of the host tissues to be approaching a point at which the device is no longer required. However, because the degradation rate is dependent upon the degree of crosslinking density of the polymerised polymer, something which can be affected by both the method of curing whether thermal or photo polymerised it only confirms the capacity for degradation and cannot be used to indicate the rate of degradation of the photo polymerised structures.

[bookmark: _Toc413859301]3.9 Structuring and Cell Culture in 3D

[image: ]

Figure 55: Figures show DLW fabricated p(LA)MA woodpile structures in 70%, 82%, 86% and 90% porosity upon which cells have been cultured for 2 weeks, 3 weeks and 6 weeks.


Figure 55 shows SEM micrographs of macro scale woodpile type structures fabricated using the photopolymerisable p(LA)MA material using DLW. These structures were well resolved and show the precisely controlled structuring capabilities of the technique. In order to fabricate these structures, a single laser scan with a laser write velocity of 1-3mm/S and laser output of 15mW was used. Total structuring time for the 70% porosity woodpile was approximately 3.5 hours and 1h for the 90% porosity woodpile. Because of the scale and complexity of the structures it would be difficult to produce these in any other technique than a stereolithography technique, especially using a subtractive manufacturing method. 

Upon these structures, pre-osteoblastic MC3T3_E1 cells were cultured for 2 weeks, 3 weeks and 6 weeks.  It can be observed that cells ultimately adhered and upon all of the porosity structure, with the greatest overall adherence occurring on the scaffolds from 82 – 90%. At 2 weeks, 82 – 90% porosity structures show a number a greater degree of cellular adherence and proliferation conducive to the low seeding density of the structures. Three weeks shows continued cellular adherence and proliferation, the cells beginning to form discontinuous ‘sheets’ or layers between the individual pores of the structures. This can be observed in particular in the 86% porosity sample and least in the 90% sample however greater cellular growth deeper within the structure may have occurred. At 6 weeks all samples bear a markedly similar appearance with a high level of cellular presence observable within the pores of all the structures. A very limited degree of cellular presence can only be observed on the 70% porosity at 6 weeks and overall these samples performed poorly in this test.
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Figure 56: Show confocal fluorescence micrographs triple stained MC3T3-E1 pre-osteoblastic cells cultures upon 86% porosity woodpile structures after differing culture times. (A) 24 hours in culture. (B) 4 section Z –stack after 2 week culture. (C) 4 section Z-stack after 3 week culture.


Figure 56 shows confocal fluorescence micrographs of MC3T3-E1 pre-osteoblastic cells cultured upon DLW fabricated p(LA)MA woodpile structure of 86% porosity for, 24 hours (A), 2 weeks (B) and 3 weeks (C). Cells were labelled using DAPI for cell nuclei (blue), actin filaments by phalloidin (red) and focal adhesion points by vinculin (green arrows). The polymer appeared green, likely due to the polymer itself, insufficient washing/removal of fluorescent molecules or potentially some remaining photoinitiator presence within the polymerised polymer. Cellular adhesion to the fibres (green lines) along with cellular spreading across the bars of the woodpile lattice structure could be seen at all time points. An increasing density of cells conducive with increasing culture time could be seen, again confirming cellular proliferation was taking place upon the construct.

[bookmark: _Toc413859302]4. Discussion



The objective of the work described in this chapter was to demonstrate the capacity for some of the materials developed and also the structuring system successfully used for the fabrication of NGC’s as described in Chapter 3 and published (Pateman, Harding et al. 2015) to be experimentally applied to other problems and situations. It is desirable to establish whether a system, even though it may be at an experimental stage has the potential to becomea widely applied clinical procedure and be utilised on a mass production scale. If for instance there are multiple technological solutions available for a given problem, the solution with the greatest amount of adaptability and applicability should be favoured for research and also see the greatest level of uptake once developed.
The ability for the 405nm cross section projection patterning microstereolithography system to utilise a different bulk material other than those that was specifically developed for it was demonstrated by successfully curing NGC like structures using two types of photopolymerisable polyHIPE (Johnson, Sherborne et al. 2013). These structures displayed adequately reproduced overall structure dimensions which contain both a highly porous internal and surface microstructures indicative of poly-HIPE materials. This type of structure would be of potential benefit for the fabrication of NGC’s due to its soft and pliable nature confirmed during handling, one of the key problems highlighted during the in vivo implantation work using p(EG)DA based NGC’s. There is also the capacity to potentially house a culture of glial cells within the devices structure, a potential which has been previously proposed as an advantageous feature (Melchels, Feijen et al. 2010). Additionally, if a degradation mechanism could be incorporated within the monomer system and the intra-void connectivity could be accurately determined and tuned it could become a mechanism of controlled drug release incorporated within the polymerised structure. This method would require that the emulsion droplet phase be made up of the required drug system requiring delivery as it would become trapped within the monolithic structure; however, the controlled release of this as the bulk structure gradually degrades would be an interesting and likely highly advantageous feature for the efficacy of an NGC to promote regeneration post transplantation. 

One of the key advantages of the microstereolithography system developed for the fabrication of NGC devices is its adaptability and its capacity to produce macro scale structures in the range of millimetres, with individual features down to a scale of 30µm. This makes it especially useful for the production of experimental biomedical devices that require features on both these dimension scales, such as spinal conduits, where an element of cellular interaction for inducing guidance is desirable. In particular for this application, it is desirable for the honeycomb wall size to remain to a minimum so it may provide the necessary guidance cues and wound site environment modulation but will not block the intralumenary space and potentially impair regeneration. It is acknowledged that the p(EG)DA material is perhaps not an ideal material solution for a biomedical device such as this, mainly due to its inability to be degradable in this form, but also because it is a brittle material meaning great care must be taken during the implantation phase and manipulation of the device once polymerised. The requirement for device degradation can be clearly demonstrated by observing the Figure 9 and Figure 10, where it is clear that if this device was removed from the patient it would result in the loss of all regenerating axon within the device and leave a large injury gap. As such, a device in this form would have to remain in the patient following recovery; whether this would be an acceptable alternative would require more thorough testing of the devices in extended in vivo trials where the any detrimental effect to the animal could be observed. The stiff nature of the device and intimate location in which it would reside could potentially cause further damage not only to the regenerated spinal cord but also to the localised wound site tissues, limiting movement and potentially causing future damage. Where a device is intended to be implanted and remain within the patient but must degrade away to prevent this problem, it would be desirable for the device to degrade away at a controlled rate as the integrity of the regenerating wound site increases, something which could be achieved both through bulk material design and/or controlling the crosslinking density through the polymerisation regime.
	The internal honeycomb structuring shown here has been demonstrated to be highly resolved with individual wall thicknesses of approximately 30µm and it remains continuous throughout the structure once the devices have been trimmed to size it was noted that the face of the device in immediate contact with the stage yielded a poorly resolved surface. It is proposed this is due to the reflective nature of the metal used for the stage, once the device has descended further into the liquid pre-polymer this aspect is no longer a problem. 
Polymerised p(EG)DA has a rigid and relatively brittle nature, something which had previously caused difficulty during the installation of the hollow NGC tubes in the in vivo model. However in these devices, the internal honeycomb structuring developed increased the devices’ overall integrity and yielded a device more resistant to fracturing, and cracking during handling although it was noted that attempts to trim the structures using a scalpel blade often caused significant damage to the structure, ultimately preventing its use.Although the material used was a contributing factor, it must be highlighted that the very nature of the structures themselves with internal walls of only 30 µm would mean great care would have to be taken in trimming them regardless of the material choice, however a move to a more flexible material such as photopolymerisable p(CL)Ma or p(LA)MA described in Chapter 2 would improve this aspect of the devices. This aspect was eliminated during the production process by the adoption of a laser cutting stage to cut the devices to the final length.
In order to produce a structure with a smooth, uniform finish to the outside with an internal structure that is well defined and remains continuous throughout the structure, careful setting up of the microstereolithography system and a process of system setting optimisation was undertaken. Of particular interest during this development was the need to introduce a higher photoinitiator concentration than that used previously for the fabrication of photopolymerisable p(EG)DA. The proposed reasoning being that the higher photoinitiator concentration produced a more opaque pre-polymer which limits polymerisation to the spatially restricted irradiation zone. Obviously it is desirable to limit the amount of photo initiator present within the structure, especially as the biocompatibility of this component has not been assessed. Once this was complete, the uniformity and reproducibility of the devices was excellent. A structuring time of under 7 minutes per device was acceptable for research purposes and relatively rapid when compared to DLW stereolithography techniques which often require multiple hours for structure fabrication of a similar size (Danilevicius, Georgiadi et al.). Additionally it was found that this structuring time could be greatly reduced by the arrangement of multiple cross sections to approximately 2 minutes per device. Although laser cutting was employed in this instance, it is suggested this could be eliminated by the development of a non-reflective stage, something which could be easily integrated into the existing system once a suitable stage material was found. Limited testing of this concept was conducted using a number of materials including dark plastic tape and black plastic adhered to the stage, structure adherence was found to be unsatisfactory however so laser cutting was employed. 
These promising preliminary results for the cervical spinal regeneration highlight the potential for this microstereolithography fabricated device and also the devices design. 
The clinical desire for the rapid production of patient specific structures in biologically relevant materials is real and pressing, a problem additive manufacturing technologies aims to address. One of the main shortcomings of these solutions is due to limited availability of suitable materials that are not only suitable in their pre and post polymerised form but are able to be utilised by such systems. Additionally, many of these materials are developed for use on one specific structuring system with requirements such as curing rate or viscosity that would prevent them been readily utilised in another system. One of the clinical problems that these systems seek to address are those where the use of autograft material may be preferential but in which sufficient material cannot be harvested. One such instance is that of bone grafts, were due to injury or disease a patient requires surgical intervention in order to replace or supplement the lost or degenerated bone. Normally this material would be acquired from the host following an injury but often the limited availability and suitability of this material is often insufficient to yield an optimum repair. Additionally, there are limitations to the use of cadaveric use materials due to disease transfer and the potential to elicit an undesirable immune response. If the material isn’t available from the host or is in too limited in supply, an alternative approach would be the use of a scaffold or structure which could provide the necessary physical support to aid in the integration of the wound site for improved host wound healing, but may also potentially act as a vector for the therapeutic delivery of cells to the injury site. One method could utilise cells derived for the patient, removed by biopsy shortly after injury and cultured in vitro upon the scaffold for implantation later on.
In this chapter, the author has demonstrated the ability to synthesise a p(LA)MA based pre-polymer using a novel microwave synthesis technique and subsequently methacrylate functionalised to yield a photocurable pre-polymer. This material, although initially intended to be used on the 405 nm microstereolithography system was actually provided to colleagues in Heraklion, Greece for use in their DLW stereolithography system, the material showing adequate potential for storage and transport in its uncured, liquid form. The material was confirmed as degradable in a PBS solution, with a rate dependent upon the method by which it has been cured. Through this collaborative work this material demonstrated its post polymerisation degradability, ability to be structured using DLW structuring and its biocompatibility by in vitro cell culture. Thermally cured material yielded a higher degradation rate, DLW photopolymerised material degrading slower. Complex woodpile structures were produced using DLW with varying porosities upon which pre-osteoblastic cells have been successfully cultured for up to 6 weeks, highlighting the biocompatibility of the material. The ability for both the bulk material itself to support the growth and proliferation of cells was tested along with the effect the porosity, modulated by the density of the lattice comprising the woodpile structure, has on this growth. It has been previously shown that the ingrowth of bone is heavily dependent upon the character and dimensions of interconnecting pores within the cells immediate locality (Karageorgiou and Kaplan 2005). For in vitro culture mediums, this is likely a product of greater structure porosity providing a more optimum environment for cellular growth and proliferation due to the increased oxygenation and nutrient bulk transfer within a more porous structure. This is something that was confirmed by our findings because the 70% porosity structures elicit a pore cellular response at all of the time points whereas between 82% - 90% porosity a positive cellular growth and proliferation was observed. For in vivo, the positive effect this greater porosity has on vascularisation at the wound site has been investigated and an important consideration if considering fabricating a device for assessment in vivo. Although a positive biological response is desirable, reducing the structure porosity invariable affects the structure integrity. This may impact upon the suitability of the material for certain therapeutic applications were there may be a minimum requirement for the overall structure strength, this however would have to be addressed for a specific situation however. Another important affect for osteogenesis is the fibre diameter, the influence of which was negated by maintaining it at through the structures and modulating the porosity by changing the inter-fibre distance.  
This work establishes this material the microwave synthesis technique as a potential method for producing suitable biocompatiable, photocurable biomateriasls for use in photocuring additive manufacturing techniques along with techniques such as PDMS moulding or thermally curing.

[bookmark: _Toc413859303]5.Conclusions


The adaptability and wide ranging applicability of both the materials and structuring system developed has been demonstrated by:

Photopolymerisable p(LA)MA

· The ability to synthesise using a novel microwave system a photocurable poly(lactic acid) based material with the ability to sturctured using a DLW system. The material had adequate storage potential and degradation dependant upon the curing mechanism.
· This material was subsequently used for the fabrication of complex geometry woodpile structures for use as experimental bone graft scaffolds using DLW technique.The biocompatibility of the material was confirmed by the in vitro culture of MC3T3-E1 pre-osteoblastic cells in both 2D and 3D with an observed positive cellular response.
·  In 2D was demonstrated by the observation of a spread cellular morphology and cellular proliferation at 3 and 8 days.
· DLW fabricated woodpile structures with varying porosities from 82% to 90% supported cellular growth, with 86% porosity structures exhibiting the most positive cellular response.

Photopolymerisable p(HIPE)
· Photopolymerisabe poly-HIPE solutions were prepared containing either elastic (EHA) or rigid (IBOA) monomers with mechanical properties matching those predicted by those monomers for the NGC tubes.
· These materials were cured into a variety of micro and macro scale objects using a 405 nm microstereolithography cross section projection stereolithography system for NGC type tube fabrication.
· Attempting to structure tubes in this material yielded structures with limited definition compared to those made using photopolymerisable p(EG)DA or p(CL)MA.
· The proposed mechnicasm for this is the high viscosity of the material compared to p(EG)DA/p(CL)MA allowing further polymeristion of p(HIPE) in the imimediate vacinity to the inrradiated zone.
· Once polymerised they exhibited a highly porous internal microstructure indicative of cured poly-HIPE materials, the pattern projection production a surface more akin the internal porous structure.
Spinal Conduit Device
· A honeycomb internal structure containing device for use in spinal regeneration was developed from an initial concept into a design suitable for pattern projection microstereolithography fabrication.
· These devices were made in methacrylated p(EG)DA with approximately a 7 minute production time for a single device 6mm long. Improved production rates of under2 minutes per device were achieved by arranging multiple images on the same fabrication stage.
· Uniformity in overall length was acheived by utilising a laser cutting stage for device fabrication.
· The efficacy of feature reproduction was assessed using SEM and shows acceptable resolution with intralumenary cavities remaining continuous through the structure once they hadd been cut.
· The biocompatability and capacity to promote regeneration were assesed by implantation into a spinal injury model,results indicating  regeneration of both motor and sensory axons, Schwann cell migration through the internal structuring being observed using immunolabelling and subsequent confocal microscopy.


[bookmark: _Toc413859304]5: Thesis Summary and Conclusions


[bookmark: _Toc413859305]1. Thesis Aims and Objectives


The primary aim and objective of the work described in this thesis was to develop, utilize and ascertain the suitability of microstereolithography and photopolymerisable materials for the fabrication of NGC’s. This involved the construction of a microstereolithography system with the main requirement that it was able to fabricate structures meeting the requirements of an NGC device. These requirements were specifically that it be able to achieve a suitable micro and macro scale structuring resolution to allow the fabrication of the whole construct, but allow the incorporation of micro scale intralumenary features within the cavity. The objective for the developed materials was that they could be not only utilised within the microstereolithography system but also be suitable in a biomedical application. This was specifically that they offer suitable biological response in vitro and in vivo. 
Additionally, a secondary objective of this work was to demonstrate the inherent adaptability and high level of applicability both the structuring system and materials developed.

The original hypothesizes established in Chapter 1 where:

1. A microstereolithography structuring system can be utilised as a viable production methodology for NGC’s with sufficient micro and macro scale resolution and which demonstrate comparable device performance to autograft in an in vivo PNI injury model. 

2. Photopolymerisable materials suitable for fabrication by microstereolithography which also demonstrate adequate biocompatibility and cellular response during in vitro cell culture could be developed.

3. A microstereolithography system previously developed specifically for the production of NGC’s can be sufficiently applicable to be utilised for the fabrication of other biomedical devices.

These hypotheses where tested experimentally by:

1. The construction and development of a microstereolithography structuring system which allowed the fabrication of hollow type NGC type devices which met the physical device design requirements. Suitable photopolymerisable bulk materials where acquired and also developed for device fabrication. Using this system and materials, NGC devices where designed, fabricated and their performance tested using anin vivo animal PNI model as described in Chapter 3. Hollow tube type NGC devices fabricated from p(EG)DA and p(CL)MA exhibited comparable regenerative capacity to autograft repair. Devices which included intralumenary p(CL) aligned fibres demonstrated regenerating axon alignment conducive with the fibre direction with performance dependent upon the packing density of the fibres and with generally fewer axons crossed the injury gap in comparison to hollow fibre and autograft. Therefore hypothesis 1 is accepted.

2. The suitability of the materials utilised for the fabrication of these biomedical devices was demonstrated using both in vitro using neuronal and DRG culture in addition to in vivo PNI injury model testing. Photopolymerisable p(EG)DA and p(CL)MA surfaces permitted cellular adhesion of neuronal cells and cells derived from explant DRG’s during in vitro culture as described in Chapter 3. NGC’s fabricated from these materials demonstrated comparable regenerative capacity to autograft repair during in vivo testing as described in Chapter 3. Additionally a photopolymerisable p(LA)MA material permitted cellular adhesion and proliferation of pre-osteoblastic cell on 2D films and on complex 3D woodpile structures as demonstrated in Chapter 4. Therefore hypothesis 2 is accepted.

3. The adaptability of the system will be tested by the fabrication of experimental spinal regeneration devices and utilising a novel photopolymerisable material not originally developed for the system. Additionally, the materials demonstrated a wide ranging applicability by utilising them in an experimental DLW stereolithography system.

[bookmark: _Toc413859306]2.Thesis Summary

2.1 PNI and NGC Devices
The anatomy and physiology of peripheral nerve has been discussed in Chapter 1, both in terms of its overall function and the debilitating effects of injury or disease on an individual so as to highlight the importance of restoring the continuity of function. The scope of the problem has been previously shown to affect many thousands of people globally annually (Taylor, Braza et al. 2008), resulting in both personal and economic hardship. These types of injuries often exhibited scar tissue formation, limited axonal regeneration and result in a failure to yield an acceptable degree of reinnervation (Gaudet, Popovich et al. 2011).Because of these inherent limitations, following injuries of this type it is usual that some type of surgical intervention is required in order to yield a positive patient outcome(Deumens, Bozkurt et al. 2010). Autograft intervention currently remains the ‘gold standard’ surgical intervention, however NGCs are developing into an advantageous alternative due to advancements made in materials science, fabrication techniques and NGC designs. NGC devices are designed to entubulate the damaged nerve and provide an environment for improved regeneration. The clinical consensus remains that these devices typically exhibit poorer intervention to autograft for healing large injury gaps, continue development of both the materials used and the device design could improve their efficacy to yield a more advanced and preferential intervention for PNI which matches or even exceed the efficacy of autologous autograft whilst maintaining the advantages of an implantable device, mainly eliminating the requirement for donor nerve. A number of experimental hollow conduit devices have demonstrated outcomes comparable to autologous autograft including hollow PHB composed in long injury in rabbit (Young, Terenghi et al. 2002), for silk fibroin comprised NGC’s (Yang, Ding et al. 2007) in a long gap injury model in rat and for silk fibroin fibre filled decellularised vein NGC’s for long gap injury model in sheep(Radtke, Allmeling et al. 2011). The work described in this thesis similarly demonstrates the comparative regenerative capacity of hollow conduit devices comprised of p(EG)DA to autologous nerve graft(Pateman, Harding et al. 2015) and additionally those comprised of p(CL)MA as described in Chapter 3. Additionally, these devices where fabricated using an experimental microstereolithographic system which provides both a rapid production rate with an inherent capacity for patient specificity due to adaptability both in terms of dimensional specificity and overall device design.


2.2 Microstereolithography and Photopolymerisable Materials


In the last few decades there have been rapid developments in the field of additive manufacturing technologies for the fabrication of devices and constructs for both medical and non-medical use. This technology, unlike subtractive manufacturing which relies upon removing material from a larger block or casting, builds up the structure from the starting bulk material by either tracing or continuously curing layers of the structures cross section(Pham and Dimov 2001). Microstereolithography is an additive type structuring technique which relies upon the curing of a functionalised photopolymerisable pre-polymer in a spatially controlled manner whilst offering a high resolution in both the micro and macro scale(Melchels, Feijen et al. 2010). The specific advantages, disadvantages, broader applications and prospective alternatives to microstereolithography as a structuring method are discussed in greater detail in Chapter 1. The primary disadvantage and limiting factor of this type of technique is the current lack of availability of suitable bulk materials that can be utilized in such a system, especially those appropriate for constructing a biomedical device. This is a considerable problem for both the experimental and also the potential commercial application of the technique and as such was a key aspect of discussion in Chapter 1 and development work in Chapter 2.In addition to the photopolyermisable requirement demanded by the structuring system, ideally these materials should exhibit optimal mechanical properties so as to more closely emulate the native tissues and degrade controllably, releasing physiologically tolerant products, desirable properties which are common to the majority of biomedical devices. Importantly for this type of material as well, in order for effective translation out of the experimental setting the material must be stable enough not only for use but also enable ease  of storage prior to use, something which was demonstrated during the collaborative work during which material was successfully sent from the UK to Greece and remained viable for the fabrication of devices (Danilevicius, Georgiadi et al.). The development of a rapid and effective microwave methodology for the synthesis of pre-polymers which can be subsequently functionalised to allow photopolymerisation was demonstrated in Chapter 2. These polymers where subsequently structured using an experimental405nm microstereolithography system as described in Chapter 3 and also using a DLW system (Danilevicius, Georgiadi et al.) as described in Chapter 4.

2.3 Experimentation Using Vitro Cell Culture and In Vivo Implantation 


In Chapter 3, the materials developed in Chapter 2 were experimentally assessed by the in vitro cell culture with relevant cell types upon these material substrates. The culture of neuronal cells upon p(EG)MA and p(CL)MA has been shown to provide a positive surface for the adherence and proliferation of neuronal cells and in the case of p(CL)MA shown a greater degree of neurite extension expression in comparison to TCP positive control culture surfaces. The in vitro culturing of dorsal root ganglion has hinted at the innate, highly motile nature of Schwann cells and can be seen by the velocity and extent of migration from the main ganglion body. The imaging of large three dimension structures such as those fabricated and producing a three dimension projection is a novel technique and relies on recent developments with regards to post processing imaging technology, namely the Extended Depth of Field program(Alex Prudencio 11 July 2011). The projections it can produce have allowed a new perspective on the structures produced and the relation of the cultured ganglions. This was evident in the ability to visualise in three dimensions the macro scale outgrowths emanating from the ganglion main body in addition to the micro scale individual cells.
In addition, the production of photocurable pre-polymer based nerve guidance conduits for in vivo animal model experimentation has shown successful neural regeneration following an induced peripheral nerve injury. Much of this preliminary work utilised photopolymerisable p(EG)DA as a bulk material, a material which is somewhat disadvantageous as it makes the fabricated structures quite brittle, adversely affecting the ability to handle the conduits. This makes implantation an especially difficult task, especially when the nerves are small such as the sciatic nerve within a mouse. Further work on the synthesis of photopolymerisable p(CL)MA to bring these pre-polymers up to a standard where they can be more readily cured by microstereolithography is a primary goal as it will allow the production of much softer conduits. The development of a novel microwave synthesis production method greatly reduced the production time of the polymer, bringing the potential for the commercialisation of the technology closer due to the improved economic viability of producing suitable materials.  In the case of p(LA)MA, the capacity for degradation was demonstrated with a rate dependent on the method of polymerization (Danilevicius, Georgiadi et al.). Although the materials described in this thesis where developed primarily for the fabrication of NGC’s, structures to be used in cell culture and other biomedical devices, because the manufacturing methodology remains the same the materials could be readily applied in a vast range of other applications due to versatility and adaptability of the manufacturing methodology. Due to this, the research and development of suitable materials for use in these systems has been increasing at a similar rate.
The in vitro culturing of dorsal root ganglion has hinted at the innate, highly motile nature of Schwann cells and can be seen by the velocity and extent of migration from the main ganglion body. This technique of imaging large three dimension structures such as those produced and producing a three dimension projection is a novel technique and relies on recent developments with regards to post processing technology, namely the Extended Depth of Field program(Alex Prudencio 11 July 2011). The projections it can produce have allowed a new perspective on the structures produced and the relation of the cultured ganglions. This is evident in the ability to visualise in three dimensions the outgrowths emanating from the ganglion main body. 
In addition, the production of photocurable pre-polymer based nerve guidance conduits for in vivo animal model experimentation has shown successful neural regeneration following an induced peripheral nerve injury. Much of this preliminary work utilised photopolymerisable p(EG)DA as a bulk material, a material which is somewhat disadvantageous as it makes the fabricated structures quite brittle, adversely affecting the ability to handle the conduits. This makes implantation an especially difficult task, especially when the nerves are small such as the sciatic nerve within a mouse. Further work on the synthesis of photopolymerisable p(CL)MA to bring these pre-polymers up to a standard were they can be more readily cured by microstereolithography is a primary goal as it will allow the production of much softer conduits. The development of a novel microwave synthesis production method greatly reduced the production time of the polymer, bringing the potential for the commercialisation of the technology closer due to the improved economic viability of producing suitable materials. 

2.4 Other Advancements on Microstereolithogarphy and Materials


As described previously, a particular advantage of additive manufacturing technologies in general is the inherent versatility and high degree of applicability to new applications they offer. The inherent versatility is one of the 405 nm microstereolithography systems key advantages because of the potential for not only for producing bespoke, patient specific medical devices tailored to their particular requirements, but also because in a clinical setting one machine could satisfy the production requirements of different biomedical devices. The adaptability of the technique was demonstrated in Chapter 4 by the ability to develop and fabricate an experimental device for a different application which incorporates a honeycomb internal structuring for the repair of the CNS. This work was carried out in collaboration with Dr Lev Novikov and colleagues at the Department of Integrative Medical Biology at Umea University, Sweden. The preliminary in vivo implantation results yielding promising results for these experimental devices. The changeover time from fabricating a NGC to the fabrication of a spinal conduit device is approximately 2 minutes with the capacity for simultaneous multiple structure fabrication remaining, assuming that the relevant images for the devices have been designed previously.
Additionally for the technique of microstereolithography, due to the mechanism of action the materials can find applicability in a number of different manufacturing systems such as DLW as shown in Chapter 4 along with pattern projection and UV curing as shown in Chapter 3. A microwave synthesised photopolymiersable p(LA)MA material was used in collaboration with Prof Maria Farsari and colleagues at the Institute of Electronic Structure and Lasers (IESL) and Department of Material Science and Technology at the University of Crete, Greece. Through this work the material was shown to be structurable by using a DLW stereolithography system to fabricate structures for potential bone graft applications, these materials demonstrated positive cellular response during in vitro  testing with pre-osteoblastic cells(Danilevicius, Georgiadi et al.).

3. Thesis Conclusions


Chapter 1

· The historical perspective of PNI as a clinical problem (Schmidt 1993), the classification of peripheral nerve injuries (Sunderland 1951),the limitations of innate physiological regeneration along with surgical (Rowshan, Jones et al. 2004)and implantable biomedical conduit devices are discussed and highlighted (Deumens, Bozkurt et al. 2010).
· A number of manufacturing methodologies are discussed with microstereolithography in particular highlighted as an advantageous technique for NGC fabrication (Melchels, Feijen et al. 2010).
Chapter 2

· A novel microwave synthesis method was developed for the rapid production of p(CL)MA and p(LA)MA photopolymerisable pre-polymers. The application of this methodology for biomedical uses has been previously discussed (Sosnik, Gotelli et al. 2011) and has been applied for NGC fabrication by microstereolithography in this work. 

Chapter 3

· A 405nm cross section patterning microstereolithography system was constructed in the described arrangement. This system has been used for the fabrication of nerve guidance conduits in a number of different photopolymerisable acrylate based materials including p(EG)DA, p(CL)MA. p(EG)DA  and p(CL)MA materials have been experimentally assessed using in vitro cell culture techniques demonstrating positive cellular adhesion for both material substrates. p(EG)DA devices were subsequently tested in vivo with comparable results to graft repair. This work utilising p(EG)DA was published in (Pateman, Harding et al. 2015) along with p(CL)MA materials and devices described in Chapter 3.
· The potential for inclusion of intralumenary guidance features was investigated by incorporating them into cross section during projection structuring, or by inclusion of electrospun p(CL) fibres in Chapter 3. These more advanced yielded mixed results following in vivo implantation although they did demonstrate a clear efficacy dependent upon the fibre packing density, a feature requiring further experimental work to optimize. This importance of incorporatingintraluminal fillers is discussed more thoroughly in Chapter 1 but has been previously highlighted as an important feature of advance NGC devices (Jiang, Lim et al. 2010).


Chapter 4

· The system was also used to fabricate experimental spinal regeneration constructs consisting of a semi-circular design with a honeycomb internal structure. The preliminary results indicate the efficacy of these devices as regeneration enhancing due to the efficacy of CNS injury gap regeneration. Biomedical devices for CNS repair have been previously reviewed (Haggerty and Oudega 2013), highlighting p(EG)based hydrogels as a potentially optimal material although in a in situ polymerisable injectable form. Devices that offer specific, aligned  guidance cues similar to the devices fabricated in Chapter 4have also been investigated (Hurtado, Cregg et al. 2011), this feature suggested as an advantageous feature for potential biomedical devices of this type.
· Photopolymerisable p(LA)MA material synthesised in Chapter 2 was demonstrated by the fabrication of ‘woodpile’ type structures as potential bone grafts using a DLW system, degradable and biocompatible by in vitro cell culture(Danilevicius, Georgiadi et al.). 
· The adaptability of the 405 nm system developed was demonstrated by the development and ready utilisation of a novel photopolymerisable p(HIPE) bulk material for the fabrication of NGC type tube structures (Johnson, Sherborne et al. 2013).



[bookmark: _Toc413859307]Future Work


Following the work described in this thesis, there are a number of immediately obvious aspects for which further investigation and development would yield useful advancements for the technique and materials.
The production of microwave synthesised pre-polymers suitable for photopolymerisation developed and described in Chapter 2 and subsequently utilised in Chapters 3 and 4 would benefit from further work in a number of ways. Firstly, this should be by broadening the chemical characterisation of the pre-polymers by utilising a number of additional characterisation techniques such as MALDI, NMR and FTIR. Although this has been carried out to a limited extent by GPC and by confirmation of the functionality of the material by its capacity to be photopolymerised in Chapter 2, a more comprehensive characterisation of both the pre-polymers and subsequent material surface chemistry would be valuable basis for further development of the materials. Although currently bespoke synthesis of the photopolymerisable pre-polymers is required due to the restricted availability of suitable materials for use in the system, one of the useful avenues that this opens is the ability to modulate the molecular weight of the pre-polymer by altering the initiator to monomer ratio. This method has been investigated previously (Elomaa, Teixeira et al. 2011) and was briefly investigated during the development of the materials described in this thesis and If optimized would be a very useful method to modulate the mechanical properties of the photopolymerised materials and devices fabricated from them. It was found that a move to softer materials greatly improved the handle ability of the p(CL)MA and p(LA)MA based structures during fabrication in vivo, a more detailed and accurate regime of mechanical testing would be a useful indicator of the extent to which these properties have changed  and yield a quantitative optimum value. This would also allow a better comparison when considering materials applicability when trying to mimic the mechanical properties of the native tissue. 

	The incorporation of intralumenary fillers in the NGC’s cavity has been previously discussed and established as an important feature of a more advanced NGC device (Pabari, Yang et al. 2011). This feature was investigated in Chapter 3 by the incorporation of aligned electrospun p(CL) fibres which have been previously shown to offer directed regeneration (Daud, Pawar et al. 2012) into hollow p(EG)DA conduit devices used successfully previously within the in vivo PNI model(Pateman, Harding et al. 2015). These experimental devices yielded mixed results with the most effective devices been those with a lower fibre packing density which produced highly directed axonal regeneration although to a lesser degree that that produced by the hollow devices. Building upon this preliminary work would be the accurate determination of the actual intralumenary fibre count along with further repetition of the in vivo experimentation in order to establish sufficient statistical power. Following this, optimisation of this fibre packing density would fully realise the potential for improving the efficacy of the device this feature could yield. Additionally to this lumen filler work involving fibres, it was intended that the incorporation of intralumenary guidance features which have been fabricated into the NGC’s such as those used for the honeycomb device would be experimentally assessed using the YFP animal model used for the hollow devices.

A preliminary device design incorporating intralumenary features for the repair of spinal injuries was described in Chapter 4. Biomedical devices which incorporate aligned guidance features have been previously highlighted as potential solutions to the problem of CNS injury repair(Hurtado, Cregg et al. 2011).  These experimental structures where produced from p(EG)DA material and served as a useful indicator to the microstereolithography systems ability to achieve the required structure resolution and also establish the efficacy of the devices honeycomb internal structuring in vivo. Although the initial results are promising, there is a large amount development work that could potentially take place on these devices, especially by utilising the more biologically relevant materials such as the p(CL)MA, p(LA)MA described in Chapter 2 and by optimisation of the internal features of the device.
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The peripheral nervous system has a limited innate capacity for self-repair following injury, and surgical
intervention is often required. For injuries greater than a few millimeters autografting is standard practice
although it is associated with donor site morbidity and is limited in its availability. Because of this, nerve
guidance conduits (NGCs) can be viewed as an advantageous alternative, but currently have limited efficacy
for short and large injury gaps in comparison to autograft. Current commercially available NGC designs rely
on existing regulatory approved materials and traditional production methods, limiting improvement of
their design. The aim of this study was to establish a novel method for NGC manufacture using a custom
built laser-based microstereolithography (uSL) setup that incorporated a 405 nm laser source to produce 3D
constructs with ~50 pm resolution from a photocurable poly(ethylene glycol) resin. These were evaluated
by SEM, in vitro neuronal, Schwann and dorsal root ganglion culture and in vivo using a thy-1-YFP-H mouse
common fibular nerve injury model. NGCs with dimensions of 1 mm internal diameter x 5 mm length with
awall thickness of 250 pm were fabricated and capable of supporting re-innervation across a 3 mm injury
gap after 21 days, with results close to that of an autograft control. The study provides a technology platform
for the rapid microfabrication of biocompatible materials, a novel method for in vivo evaluation, and a
benchmark for future development in more advanced NGC designs, biodegradable and larger device sizes,

and longer-term implantation studies.

© 2015 Published by Elsevier Ltd.

1. Introduction

Peripheral nerve injury is often a very serious, debilitating
condition that affects 1 in 1000 patients [1—3]. In addition to the
consequences of such injuries for the patient, it impacts consider-
ably on health care expenditure, reduced employer output and loss
of earnings. Due to the debilitating nature and prevalence of these
types of injuries, there are a number of established techniques for
the treatment of peripheral nerve repair. For small nerve injury
gaps, the coaptation of the two severed nerve ends via direct
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suturing is common. For larger gaps this technique is frequently not
possible or results in increased tension along the re-joined nerve,
decreasing blood flow to the injury site, diminishing the regener-
ative capacity and overall surgical outcome [4]. In these cases
autologous nerve grafts are the current gold standard [5], but are
associated with a number of major disadvantages, including donor
site morbidity and increased surgical complications.

An alternative approach to peripheral nerve repair of short
injury gap is to utilise an implantable entubulation device known as
a nerve guidance conduit (NGC). These devices are designed not
only to act as a guide for the regenerating nerve end, but also to
modulate the internal environment and to promote host regener-
ation [1,2,6]. A small range of commercially available devices exists,
fabricated from FDA approved materials [1]. While these devices
show similar efficacy to autograft surgery for short injury gap
repair, their efficacy for gaps beyond =20 mm is limited [7]. This is
believed to be due to their simple structural design, which for




image134.jpeg
78 CJ. Pateman et al. / Biomaterials 49 (2015) 77—89

commercial NGCs is a hollow tube, but also the bulk material
properties. Synthetic NGC materials typically include polymers
such as poly(lactic-co-glycolic acid) and their derivatives [8] and
poly(caprolactone co-glycolic acid) [9]. The only naturally derived
material used commercially to date is collagen [1], although spider
silk is being investigated experimentally [10]), as are polymers
produced by bacterial fermentation e.g. polyhydroxyalkoanates
[11].

Commercial NGCs do not presently incorporate structures
within the device lumen for potentially improving micro-structural
guidance. This is partly due to the production techniques utilised
and their need for scalability, which are typically of an extrusion or
injection moulding approach. These have limitations in the ability
to create feature sizes of micrometer dimensions for production of
clinically relevant sized devices. This limits the ability to incorpo-
rate micrometer sized structural features in to the wall [ 12] or intra-
lumenary space [13]. Intraluminal channel features and guidance
scaffolds are being researched [2,14]. The incorporation of features
experimentally by electrospinning or channel formation has been
reported, with improved neuronal and Schwann cell organisation
both in vitro [9,13,15,16] and in vivo [ 10,16—19]. Given these findings
and the unique micro-structured organisation of peripheral nerve,
a need exists for scalable fabrication techniques that extend beyond
that of traditional extrusion processes for creating biocompatible
nerve guides manufactured with micrometer resolution.

Microstereolithography (uSL) is an additive manufacturing
technique offering the ability to produce devices with an intricate
internal structure by solidifying a liquid photocurable resin via
irradiation. If used in conjunction with a moveable stage, the
technique provides an ability to control the region of irradiation
and produce macroscopic scale objects. The technique is advanta-
geous in the ability to create scaffolds and devices containing
intricate microstructures using resin pre-polymers under CAD/CAM
control. It is also amenable to scale-up for mass production upon
optimisation of the processing conditions, with automated and
simultaneous object production on the same setup. This technique
is, however, currently limited to a small number of biocompatible
materials, but is finding use in the moulding of biomaterials [20],
and its ability to directly cure structures within a liquid pre-
polymer greatly simplifies the fabrication technique.

The aim of this study was therefore to design a laser-based
microstereolithography setup for the accurate fabrication of a
basic-design experimental guidance conduit for peripheral nerve
repair using a low molecular weight photocurable liquid pre-
polymer based on poly(ethylene glycol) (PEG). Following fabrica-
tion, the dimensions of the NGC was assessed using scanning
electron microscopy. The NGC materials were then tested in vitro
using nerve cell cultures (neuronal cells, Schwann cells and dorsal
root ganglion) and in vivo using a short gap repair model in thy-1-
YFP-H mice (YFP+). The YFP+ transgenic mouse strain possesses a
population of fluorescently labelled peripheral axons, which has
enabled successful visualisation and quantification of axon regen-
eration across sites of nerve injury [21], but has not previously been
used to assess NGCs. The present study is therefore the first to
report on the manufacture of nerve guides out of a biocompatible
material by 3D micro-structured printing, together with evaluation
using in vitro and in vivo studies.

2. Materials and methods

2.1. Two dimensional material sample production using spin coating and UV
irradiation

Two-dimensional samples were produced by first surface functionalising 13 mm
glass coverslips with methacrylate groups by immersing samples for 30 minina 3:1
sulphuric acid and hydrogen peroxide Piranha solution. Following this, the glass
coverslips were washed in deionised water and dried before being immersed into a

10% (v/v) of methacryloxypropyltrimethoxysilane (MAPTMS) (Sigma—Aldrich, UK)
in toluene for a minimum of 24 h. MAPTMS functionalised samples were washed in
isopropanol (IPA) and dried immediately prior to mounting to the spin coating
apparatus. Following this, a solution of photocurable poly(ethylene glycol) diacrylate
(PEG-DA, 250 g/mol, Sigma Aldrich, UK), which is a viscous liquid at room tem-
perature and in this context is the prepolymer, was prepared together with the
addition of 2% (wt/wt) diphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide/2-
hydroxy-2-methylpropio-phenone 50/50 (Sigma Aldrich, UK) photoinitiator, as
described previously [22]. A small amount of solution was then added to a MAPTMS
functionalised 13 mm glass coverslip using a glass pipette, the spin coater initiated
and 3 s thereafter the sample was irradiated using an EXFO model S1000 100 W
mercury arc lamp (Photonic Solutions Ltd, UK) ultraviolet light source for 30 s.
Samples were subsequently washed three times and stored in fresh IPA until
required for use. Immediately prior to use, the polymer-coated coverslips were
removed from IPA and washed using sterilised PBS before transferring into a 12-well
culture plate for in vitro cell culture.

2.2. Invitro cell culture of neuronal cells on 2D material surfaces

NG108-15 neuroblastoma x glioma rat/mouse hybrid neuronal cells (from
Public Health England, Salisbury, U.K) were maintained in tissue culture polystyrene
(TCP) treated T75 flasks using 10 mL Dulbecco's modified Eagles medium (DMEM,
Biosera, UK) supplemented with 10% (v/v) foetal bovine serum (FBS), 0.25 pg/mL
amphotericin, 2 mm L-glutamine, 100 units/mL penicillin and 100 pg/mL strepto-
mycin. Cells were passaged after reaching a surface confluency of approximately 80%
by mechanical removal from the culture surface. Cell number was determined by
haemocytometer and a volume containing 1 x 10 cells was transferred into a fresh
T75 flask along with 10 mL of culture medium. Neuronal cells were used experi-
mentally within passages 15 to 25. In order to stimulate neurite extension, NG108-15
cells were cultured in DMEM supplemented with 0.25 pg/mL amphotericin, 2 mm -
glutamine, 100 units/mL penicillin and 100 pg/mL streptomycin (i.e. under serum-
deprived conditions). For in vitro cell culture, seeding density was 25,000 cells per
well (on 13 mm glass coverslips in a 24 well plate) for 12, 24 or 72 h in differentiation
medium. Cells were cultured a humidified atmosphere incubator at 37°C (5% CO/
95% air).

2.3. Three dimensional sample preparation using 405 nm microstereolithography

A 405 nm microstereolithography setup was used to fabricate three-
dimensional structures, comprising of the following components: a Digital Micro-
mirror Device (DMD) (Texas Instruments Incorporated, TX, USA), 100 mW 405 nm
tunable laser source and associated proprietary software (Vortran Laser Technology
Inc, Sacramento, CA, USA), motorised z-axis translation stage apparatus and
attached metal stage (Thorlabs Ltd, Cambridgeshire, UK), controlled via proprietary
software for the z-stage (APT Software, Thorlabs Ltd, Cambridgeshire, UK), as
described previously [23]. The process and experimental setup is illustrated in Fig. 1.
The DMD beam was expanded and the light pattern projected into the photocurable
resin using an assembly of lenses and mirrors (Thorlabs Ltd, Cambridgeshire, UK).
The lenses where aligned as such to produce a well-resolved image upon the
fabrication stage. Bitmap images used for the fabrication process were created using
commercially available software (e.g. Microsoft Paint). The size of the image dis-
played on the software was calibrated with the dimensions of the structure pro-
duced. This process involved producing an image of known pixel dimensions and
measuring the resultant structure size.

In order to fabricate a structure, the liquid pre-polymer solution of PEG-DA
(250 g/mol, Sigma Aldrich, UK) was prepared via the addition of diphenyl-(2,4,6-
trimethylbenzoyl)-phosphine  oxide/2-hydroxy-2-methylpropiophenone 50/50
(Sigma Aldrich, UK) photoinitiator at 2% (wt/wt) for the 405 nm laser and then
vigorously shaken for 1 min before being thoroughly mixed for 15 min using an
ultrasonic bath to ensure homogenous distribution of photoinitiator. The liquid pre-
polymer PEG-DA solution was subsequently dispensed into a glass vial of a volume
large enough to accommodate both the liquid and the stage upon which the
construct was fabricated.

To produce a nerve guidance conduit from the PEG-DA prepolymer a cross
section bitmap image of the fabricated structure was initially uploaded onto the
DMD device using ALP-3 Basic version 1.0.03 (ViALUX, GmbH). To start the pSL
experiment the laser shutter was opened and the z-axis translation stage set into
operation. Once the stage descended to its intended depth a timed 3-s delay was
introduced to allow the final section of pre-polymer to cure and laser shutter was
closed. The main parameters influencing the structural quality of the NGC construct
are the laser power and the z-translation speed. In general, the highest resolution
structures were obtained with low input powers (1-5 mW) and low z-translation
speeds (0.01-0.05 mm/s). After the uSL process was finished the metal stage was
detached from the z-axis translation apparatus and immediately submerged into a
large volume of denatured alcohol (90% ethanol/10% methanol). The structure was
then removed from the metal stage using a scalpel. If fabricated structures were to
be used for in vitro cell culture or for in vivo implantation, they were left for at least
72 h in ethanol to permit dissolution of the photoinitiator and to ensure that any
unreacted pre-polymer had been completely removed from the surface of the
sample prior to use.
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Fig. 1. Schematic diagram illustrating the microstereolithography approach used. A liquid pre-polymer PEG-DA solution plus photoinitiator were placed into a glass vial with an
integrated a z-axis translation stage. To produce a nerve guidance conduit from the PEG-DA prepolymer a cross section bitmap image of the fabricated structure was uploaded onto
the DMD device, the laser shutter opened and the z-axis translation stage set into operation. Once the stage descended to its intended depth a timed 3-s delay was introduced to
allow the final section of pre-polymer to cure to PEG. Main parameters influencing the structural quality were laser power and z-translation speed. Highest resolution structures
were obtained with low input powers (1-5 mW) and low z-translation speeds (0.01—0.05 mmy/s). The surface topography of channels and tubes produced showed the presence of
aligned grooves in the z-axis direction (showed in Fig. 3D), which arises via pixilation of the DMD device, which consists of 20 pm size mirrors on a 1:1 object-to-image size ratio.

2.4. Sample fabrication by microstereolithography

Two types of structures were fabricated: 1) channels for the culture of dorsal
root ganglion explants for in vitro evaluation and 2) nerve guidance conduits for
in vivo implantation and evaluation. Channels for the culture of dorsal root ganglion
were produced (Fig. 3) using a 405 nm pSL setup from low molecular weight PEG-DA
as described above. The design resulted in a 2 mm diameter half-circular trench
within a 3.5 mm width, 2 mm height and 10 mm long rectangular block of PEG, with
the bottom of the well having the same curvature of a 1 mm internal diameter tube.
A number of different experimental designs were considered with varying di-
mensions of the nerve guidance conduit wall thickness, internal lumen diameter,
overall length and outer wall diameter. This was primarily to permit selection of an
optimum sized conduit for the in vivo nerve implant site. The internal diameter was
selected to ensure a close fit to the entubulating nerve (the mouse common fibular
nerve used in the in vivo injury model), while the wall thickness was optimised to be
the minimum thickness to ensure good surgical handling. Smaller wall thicknesses
rendered the NGC too fragile to handle, and the optimum size for implantation was
deduced to be 1 mm in diameter, 250 um in wall thickness and 5 mm in length for a
3 mm nerve injury gap (Fig. 3).

2.5. Mechanical testing of PEG nerve conduits

Conduits of 1 mm internal diameter, 250 pm wall thickness and 5 mm in length
manufactured by microstereolithography above were mechanically tested by
compression and analysed using a 450 N load cell in a Bose ElectroForce 3200 load
frame system (Bose Ltd, Kent, UK). PEG conduits were placed vertically between two
stainless steel compression plates (shown in Fig. 4a) and a compression rate of
0.1 mmy/s was applied to the samples until failure occurred. Datasets of three in-
dependent nerve guide tests were collected, exported and analysed using Origin-
Pro8 (OriginLab, Stoke Mandeville, Buckinghamshire, UK) with average Young's
modulus, percentage compression to failure and maximum stress to failure
calculated.

2.6. Dorsal root ganglion explant extraction and in vitro culture

Male Wistar rats were grown and sacrificed according to a schedule I procedure
(cervical dislocation) in accordance to the Animals (Scientific Procedures) Act 1986.
The animal was skinned and the complete spine was removed, cut longitudinally
and with the aid of a dissection microscope the individual dorsal root ganglion
(DRG) were extracted using fine tip forceps. The explants were then trimmed and
placed onto the experimental culture substrate (NGC channel). The liquid sur-
rounding the ganglion was removed using a 20 pL pipette, the lid fixed into place
and placed into a tissue culture incubator at 37°C and 5% C0/95% air for 15 min.
Subsequently, enough culture medium (comprised of DMEM supplemented with
10% (v/v) foetal bovine serum, 0.25 pg/mL amphotericin B, 2 mm glutamine,
100 units/mL penicillin and 100 pg/mL streptomycin) was carefully added to the well
containing the NGC/DRG samples using a 1 mL pipette to cover the ganglion, taking
care not to cause physical disturbance. Samples were cultured in a humidified
incubator at 37°C (5% CO2/95% air) for 14 days with a medium change every 72 h.

2.7. Immunolabelling of neuronal cells, Schwann cells and dorsal root ganglion

Cells were fixed by immersion in a solution of 3.7% (w/v) formalin (Sigma-
—Aldrich Company Ltd, UK) in distilled water for 15 min and then washed by

immersion in phosphate buffered saline (PBS) three times. Subsequently, cells
were permeabilised by immersion in 0.1% (w/v) Triton X100 (Sigma—Aldrich
Company Ltd, UK) in PBS and washed by immersion in PBS three times. Samples
were then blocked with 5 % (w/v) bovine serum albumin (BSA) in PBS for 1 h at
room temperature (RT). Subsequently, neuronal cells were immunolabelled with
an anti-BIII tubulin primary mouse monoclonal antibody (Promega Corporation,
Southampton, UK) at 1:500 in 1% (w/v) BSA in (PBS) for 1 h at RTP, followed by
3 x 15 min PBS washes. Samples were then immunolabelled with horse anti-
mouse IgG secondary antibody conjugated to Texas Red (Vector Laboratories,
Peterborough, UK) at 1:250 in 1% (w/v) BSA in PBS, followed by 3 x 15 min PBS
washes. Schwann cells were immunolabelled with anti-S100p rabbit polyclonal IgG
primary antibody (Dako UK Ltd, Cambridge, UK)) at 1:250 in 1% (w/v) for 1 h at
RTP, followed by 3 x 15 min PBS washes. Samples were then incubated with a
fluorescein conjugated goat anti-rabbit IgG secondary antibody (Vector Labora-
tories, Peterborough, UK) at 1:250 in 1% (w/v) BSA in PBS for 1 h, followed by
3 x 15 min PBS washes. The nuclei of all cells were labelled using 4', 6-diamidino-
2-phenylindole dihydrochloride (DAPI) at 300 nm for 1 h at RTP (Sigma—Aldrich
Company Ltd, UK), followed by 3 x 15 min PBS washes.

2.8. Confocal and 2-photon microscopy of neuronal and Schwann cells

Images were acquired using a Zeiss LSM 510 META confocal microscope (Carl
Zeiss Ltd, United Kingdom) with 543 nm and 488 nm excitation lasers. Additionally,
a 2-photon mode-locked tuneable Ti-Sapphire laser was set at 750 nm emission
(Chameleon Ultra III, Coherent Inc, Santa Clara, CA, USA) using Zeiss LSM Imager
software. Three dimensional nerve channel structures containing DRGs cultured in
standard 6-well plates were imaged in PBS in situ using a 10x magnification Zeiss W
Plan Achromat water-dipping objective lens. For imaging Texas Red labelled samples
incident and excitation wavelengths Aex = 543 nm/Aey, = 576 nm were used, and for
imaging FITC-labelled samples incident and excitation wavelengths of Aex = 488 nm/
Aem = 525 nm were used. DAPI labelled nuclei were visualised using incident and
excitation wavelengths of Aex = 750 nm/Aep, = 480 nm. Images were captured as raw
data files. Adobe Photoshop CS5.1 (Adobe Systems Incorporates, CA, USA), Image]
(NIH, USA) or the Image] distribution Fiji (General Public Licence) post-processing
software was used as detailed below (plugins used are indicated and cited).

2.9. MTT viability of neuronal cells

NG108-15 neuronal cell viability was measured using an MTT (3,4,5-
dimethylthiazol-2,5-diphenyl tetrazolium bromide) assay. Cells were seeded on
tissue culture plastic (TCP) and spin-coated PEG coverslips and in 12-well plates
(1 mL, 1 x 10* cells/mL) for 24, 48 and 72 h. After each time point, culture medium
was removed, cells were washed with PBS and 1 mL of MTT (0.5 mg/mL) solution
was added. After 40 min the MTT solution was removed and 300 pL of acidified
isopropanol (5 pL HCl in 5 mL isopropanol) was added. The formazan crystals
resulting from MTT reduction were dissolved in ethanol and the solution mixed and
transferred into 96-well plates. Absorbance was measured at 540 nm and referenced
at 630 nm using a BIO-TEK ELx 800 microplate reader.

2.10. In vivo implantation of conduits in to a mouse common fibular nerve injury
model

YFP+ mice were obtained from a Home Office approved UK supplier (JAX® Mice,
Maine, USA via Charles River UK Limited, Margate, UK.) and bred for experimental
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purposes. Experiments were carried out following UK Home Office project and
personal licences, with local ethical approval, in accordance with the Animals
(Scientific Procedures) Act 1986. Eighteen mice aged between 12 and 18 weeks old
were used: 12 YFP+ and 6 C57B/6] (WT). WT mice were littermates of the YFP+ mice
(as YFP+ mice are heterozygote for thy-1-YFP gene, so offspring without the gene
revert to the wild type strain, C57B/6]). The experimental model involved unilateral
repair of the common fibular nerve in YFP+ mice with either a polyethylene glycol
conduit or a graft taken from a WT littermate. The PEG conduit repair group con-
sisted of 6 YFP+ mice and the graft repair group — 6 YFP+ and 6 WT mice.

For conduit repair, YFP+ mice were placed under general anaesthesia (2—3%
isoflurane; Abbot Laboratories, England) and the right common fibular nerve
exposed and carefully freed from the surrounding tissue. The nerve endings were
trimmed to create a gap of 3 mm between the proximal and distal ends and a PEG
conduit positioned with approximately 0.25—0.5 mm of each nerve ending inside.
Fibrin glue (equal quantities of fibrinogen, 10 mg/mL, and thrombin, 40 units/mL;
Sigma—Aldrich, UK) was then applied to the site and allowed to set for 5 min in order
to secure the nerve endings and conduit in position. Once the conduit was secured,
muscle and skin were sutured and a single dose of analgesic administered (0.01 mL
buprenorphine hydrochloride, 0.3 mg/mL; Vetergesic®, Alstoe Animal Health, UK)
prior to the mouse being placed in an incubator to recover.

For graft repairs, a WT mouse was anaesthetised (Fluanisone, 0.8 mL/kg; Mid-
azolam, 4 mg/kg; ip) and the right common fibular nerve exposed as in the conduit
repairs. The nerve was then recovered with the surrounding muscle to prevent it
from drying out and a YFP+ mouse was placed under general anaesthesia (2—3%
Isoflurane; Abbot Laboratories, England) and the common fibular nerve exposed,
freed from surrounding tissue and a silicone trough placed beneath to provide
support for the nerve endings and graft during the repair. The nerve endings were
trimmed to create a gap of 3 mm between the proximal and distal ends and a suf-
ficient length of nerve was taken from the WT mouse, immediately trimmed to size
and positioned in the silicone trough. The YFP+ nerve endings and WT donor nerve
graft were then aligned and fibrin glue applied at each junction and allowed to set
for 5 min before the silicone trough was carefully removed. In the YFP+ mouse
muscle and skin were sutured and a single dose of analgesic administered (0.01 mL
buprenorphine hydrochloride, 0.3 mg/mL; Vetergesic®, Alstoe Animal Health, UK)
prior to the mouse being placed in an incubator to recover. The WT mouse was
culled by cervical dislocation.

Following a recovery period of 3 weeks (21 days) mice were re-anaesthetized
(Fluanisone, 0.8 mL/kg; midazolam, 4 mg/kg; ip) and the common fibular nerve/
conduit site exposed and freed from surrounding tissue. The skin was sutured to a
brass ring to form a pool, which was filled with 4% (w/v) paraformaldehyde for
30 min to fix the nerve in situ. Following fixation the nerve was excised and any
superfluous tissue removed. In conduit repairs the conduit was carefully removed by
cutting in half lengthways with microscissors, gently removing the nerve tissue and
mounted on a microscope slide using Vectashield® and the mouse culled by cervical
dislocation.

2.11. Image acquisition and processing

Images of nerves were acquired by fluorescence microscopy (Zeiss Axioplan2
Imaging microscope with QImaging QI Click camera) using Image Pro-Plus software.
Images were acquired (Aex = 467—498 nm/lem = 513—556 nm) using a 10x
objective lens with 30 x 10 um z-stack sections through the nerve. From this,
composite images were constructed. To obtain images of the full length of the nerve,
sections through the Z-axis were acquired from typically 8 to 10 adjoining micro-
scope fields and composite images joined using Adobe Photoshop. The field of view
number was sufficient to cover the length of the repair with a slight overlap. Min-
imal image processing with Adobe Photoshop was applied to the joined images used
for analysis; this consisted of adjusting brightness/contrast and image exposure in
order to improve axon clarity.

2.12. Image analysis

The interface between the proximal axon stump and the implant was deter-
mined by visual observation of the YFP fluorescent axons. A perpendicular line was
drawn across the image at that point. Using this line at the repair start point as a
reference, further lines were drawn at 0.5 mm intervals. One 0.5 mm upstream step
was made and the remainder up to a 4.0 mm post-repair, which corresponded to the
implant distal stump interface (chosen to ensure the full length of repair was
covered). A ‘sprouting index’ was calculated for each interval by counting the
number of axons at each interval and dividing by the number of axons at the ‘pre-
repair’ proximal stump interval, corresponding to native nerve. This gave an indi-
cation of whether the number of axons at a specific point had increased or decreased
and allowed direct comparison between repairs. Axons at the 4.0 mm interval were
then traced back along their length to the graft start in order to calculate the number
of unique axons successfully regenerating through the length of the graft. A total of
75% of the axons present at the 4.0 mm interval were traced and the trace finished
either when the axons reached the repair start point or joined up with a branch
point of a previously traced axon. In order to detect any differences in unique axon
percentages throughout the entire length of the repairs, the number of unique axons
at all other intervals was also calculated. Additional axons were traced at any

interval with fewer than 75% of axons traced. The shortest direct route between the
repair start and the 1.5 mm interval was measured along with the length of the
traced axons over the same distance. This was used to calculate the percentage in-
crease in average axon length per repair across the most disrupted portion in a
typical repair. A shorter average axon length indicates a reduction in disruption in
the early stages of the repair.

2.13. Statistical analysis

Statistical comparisons between groups were made using GraphPad Prism
(version 5.00 for Windows; GraphPad Software, San Diego, CA). For the sprouting
index and axon tracing comparisons, a 2-way ANOVA with Bonferroni post-tests was
performed and for axon disruption comparisons a 2-tailed Student's t-test was used.
Differences were considered significant when p < 0.05.

3. Results

3.1. Biocompatibility and differentiation testing of photocured
poly(ethylene glycol) using 2D neuronal cell culture

NG108-15 neuronal cells were cultured on spin-coated films of
the photocured PEG, versus cells grown on tissue culture poly-
styrene (TCP) for comparison. Neuronal cells were grown for 2 days
in serum-containing medium to permit adhesion and proliferation,
followed by 1 day in serum-deprived deprived medium to
encourage differentiation. Fig. 2A and B shows confocal micro-
graphs of neuronal cells grown on flat TCP and spin-coated pho-
tocured PEG surfaces. Neuronal cell nuclei were directly labelled
with 4/,6-diamidino-2-phenylindole (blue) and indirectly immu-
nolabelled for the neuronal marker B-tubulin-III (red), which spe-
cifically identifies neurite formation. Qualitatively, no differences
were observed between neuronal cells grown on TCP versus PEG at
24 or 48 h, but after 72 h less cells were observed. Measurement of
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Fig. 2. Confocal micrograph images of NG108-15 neuronal cells grown on: (a) tissue
culture polystyrene or (b) poly (ethylene glycol) for 72 h in vitro (bar = 100 pm). Nuclei
were directly labelled with 4’,6-diamidino-2-phenylindole dihydrochloride (blue) and
B-tubulin III immunolabelled (red) to reveal neuronal phenotype and neurite forma-
tion. (c) Metabolic viability assay (MTT) of NG108-15 cells grown on PEG compared to
TCP after 24, 48 and 72 h of culture and (d) maximum neurite length of neuronal cells
cultured on PEG versus TCP after 72 h.
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cell viability was in broad agreement, with no significant difference
in activity at 24 and 48 h, but a reduction on PEG compared to TCP
at 72 h (Fig. 2C). Neuronal cell differentiation was also quantified,
identified as maximum neurite length per neuronal cell, which
revealed no significant difference between cells grown on PEG
(mean + SD = 1312 + 12,6 pum) versus TCP
(mean + SD = 170.2 + 10.7 pm) at 72 h (Fig. 2D). Experiments were
terminated at 3 days as neurite length is physically impaired at

higher cell densities, preventing accurate interpretation.

3.2. Production of three-dimensional constructs by
microstereolithography and mechanical testing

In order to permit evaluation of lithography structured devices
prior to in vivo implantation, rat-derived dorsal root ganglion cul-
tures were studied in vitro. To enable this, hemisphere ‘trench’
channel structures were produced (see Fig. 3C). The design
comprised a 2 mm diameter half-circular channel within a 3.5 mm
width, 2 mm height and 10 mm long rectangular block of PEG. The
structure was devised so that the bottom of the well had the same
curvature of a 1 mm internal diameter tube. This design also had

the advantage of being easily secured to the base of a standard 6-
well culture plate, limiting its movement whilst in culture and
permitted sample imaging using an upright fluorescent microscope
without the need for preparative histology. The stereolithography
process was optimised by comparing the reproducibility of micro-
structures contained within the PEG cured objects (described
below).

The same setup was used to build the nerve guidance conduits.
Fig. 3A and B shows a poly(ethylene glycol) nerve guidance conduit
fabricated using a 405 nm microstereolithography setup for im-
plantation into a in vivo YFP fluorescent axon mouse peripheral
common fibular nerve injury model. The resultant PEG was heavily
cross-linked, with tubes undergoing no observable swelling upon
immersion in water. The structures were 5 mm in length, outer
diameter 1.5 mm and internal diameter 1 mm (hence a wall
thickness of 250 pm). During the experimental optimisation, a
protocol was devised to speed up production by arranging multiple
images on the DMD. In this way five structures could be produce
simultaneously. The time frame of the entire fabrication process
took approximately 5 min including setting up the stage, struc-
turing and polymerisation time and final washing, which equates to

Fig. 3. (a) Optical and (b) scanning electron microscopy images of typical PEG nerve guidance conduits of 5 mm in length x 1.5 mm in diameter and a wall thickness of 250 pm
(used in the in vivo analyses). (c) and (d) SEM images of a set of trenches 5 mm long, written with 5 mW laser power and a write speed of 0.01 mm/s, (c) at a magnification of 13x
and (d) 200x. (e) An experimental PEG nerve guide made with a wall thickness of 50 um to illustrate the resolution capability of microstereolithography.
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a production rate of one structure per minute. This is of note and
highlights a major advantage of projection microstereolithography
as a production method, in that it is both a relatively rapid and up-
scalable process upon construction and calibration of the equip-
ment and processing conditions. Additionally, the dimensions of
the conduits could be modified by adjusting the dimensions of the
structure in cross section and images uploaded onto the DMD,
without any additional changes to the setup.

Of interest, the surface microtopography of both the channels and
the tubes showed the presence of aligned channel (or groove) fea-
tures in the z-axis direction (Fig. 3D), which arose from the pixilation
of the DMD device, which consists of 20 pm size mirrors on a 1:1
object-to-image size (illustrated in Fig. 1). This translated in to
aligned printed microstructures of the same size as the individual
mirrors. Thus, as the z-axis layers were written repeatedly, the result
was a surface microstructure of parallel channels of the same
magnitude. Reducing the object to image size reduced the pixilation
effect and consequently the surface feature size observed, which in
the illustrated structures were =20—25 pm in width, running along
the long axis of the tube. When using optimal laser power and write
speed conditions, the effect was found to be reproducible.

Mechanical testing of PEG nerve conduits is shown in Fig. 4,
where conduits were placed vertically end-on and compressed at a
rate of 0.1 mm/s (Fig. 4A). Conduits had an average Young's
modulus of 470.0 + 24.3 MPa, average percentage compression to
failure of 4.5 + 0.9% and an average maximum stress to failure of
11.46 + 1.30 MPa. A typical profile of compression to failure is
shown in Fig. 4B, illustrating the elastic region, yield and failure
points. PEG conduits failed consistently by cracking. The data for
each conduit (n = 3) and average values are shown in Fig. 4C.

3.3. Invitro cell culture — 3D dorsal root ganglion culture

The in vitro culture of DRG explants is a reported method for the
assessment of peripheral nerve related devices, drugs and com-
pounds. Our method utilised a 405 nm microstereolithography
setup for the fabrication of specially designed in vitro culture
channels, which allowed DRG bodies to be placed in the central
channel. This experiment was designed to investigate the interac-
tion of Schwann cells and neuronal cell neurites arising from the
ganglion cell body with the photocured PEG used for the device. If
the photoinitiator used for fabrication, the PEG-DA itself or any
remaining unreacted pre-polymer produced a localised toxic
environment this would result in very limited cellular adhesion or
migration from the DRG body.

Fig. 5A shows a 2-photon composite z-projection image of a rat-
derived spinal DRG cultured on a 405 nm fabricated PEG channel
for 14 days. S1008 labelling of Schwann cells was identified in green
and B-tubulin-III labelling of neurites in red. Nuclei were labelled
using 4/,6-diamidino-2-phenylindole. It was observed that the DRG
body attached to the PEG channel culture surface, indicating
adherence to the culture surface. Positive labelling of Schwann cells
identified a maximum migration distance of 9.5 mm either side of
the cell body after 14 days (Fig. 5B, tiled images, not to linear scale).
It was also observed that many Schwann cells and neurites had
migrated distally from the DRG body and had adhered to the sides
of the PEG channel. A smaller DRG body extension was observed
growing outwards with a cone shape along the base of the channel.
These extensions were also identified arising from the larger DRG
body, interacting with the material surface in the 3D rendered
images (Fig. 5B). The directed migration of these features was

b 15
g P
= -10- g
a o~
Q
5 /,«'*"
-5+ / e
»
f
0 L] ] L] L]
0.00 -0.01 -0.02 -0.03 -0.04
Strain
C
Tube number Youngs modulus % Compression to Maximum stress to
(MPa) failure failure (MPa)
1 497.1 5.3 12.65
2 462.9 4.8 10.08
3 450.1 3.5 11.65
Mean 470.0 4.5 11.46
Standard
deviation 24.3 0.3 180

Fig. 4. (a) Mechanical compression testing was undertaken by placing conduits vertically end-on using a 450 N load cell in a Bose ElectroForce 3200 and a compression rate of
0.1 mm/s applied. (b) A typical stress (MPa) strain curve illustrating the elastic region, plastic region, yield point and fracture point. (c) Data for each conduit (n = 3) and the average
values of Young's modulus, percentage compression to failure and maximum stress to failure (MPa) are shown.
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Fig. 5. (a) 2-photon microscopy z-projection of a rat dorsal root ganglion explant cultured in vitro for 14 days on a PEG channel fabricated by microstereolithography (illustrated in
Fig. 3c) showing ganglion body adhesion, and lateral neurite and Schwann cell migration. Nuclei were directly labelled with 4',6-diamidino-2-phenylindole dihydrochloride (blue),
B-tubulin 1II immunolabelled to reveal neurite formation (red) and S1003 immunolabelled to reveal Schwann cells (green). (b) A tiled image showing the relative position of the

ganglion along the 10 mm length of the channel (not to linear scale).

presumed to arise due to the presence of the =20—25 pum parallel
channels identified in the lumen wall (Fig. 3D).

3.4. YFP+ mouse common fibular short gap injury model

Implantation of a PEG guidance conduit in to a 3 mm mouse
common fibular injury site is illustrated in Fig. 6A. All animals
recovered well from the initial surgery with no signs of autotomy or
infection. In graft-based control repair, disorganised axons were
frequently observed at the interface between the proximal nerve
ending and the graft, and this was observed in all graft repairs in
the present study (Fig. 6B, Fig. 7 and Fig. 8). Once axons entered the
graft they appeared to return to a similar level of organisation as
observed at the proximal injury site. A small amount of disruption
was observed at the join between graft and distal nerve ending,
compared to the join at the proximal nerve ending, with axons
returning to a more organised level once inside the distal nerve
ending (Fig. 6B and Fig. 8A). In PEG conduit repairs, a similar level of
disruption to that of the graft repair was observed at the interface
between proximal nerve ending and the start of the conduit (Fig. 8A
and B). It was observed that axons were generally less organised,
compared to axons within grafts, as they progressed towards the
distal nerve ending. Upon entering the distal stump, axons returned
to a more organised state, similar to that observed in the graft
(Fig. 8B).

Sprouting index analysis indicated no significant difference in
terms of axon number between the PEG conduit or graft-based re-
pairs at any single interval from the repair start to the distal nerve
end (Fig. 9). Sprouting index values for PEG conduit repairs were
slightly lower consistently than graft repairs at each measured in-
terval between 0.5 mm and the distal nerve end, resulting in a
significantly lower (p = 0.047) overall sprouting index profile for
conduit repairs (Fig. 9). Sprouting index values were maximal in both
repair types at the 0.5 mm interval (145.4 + 8.6%; mean + SEM) for
conduit repairs and 170.4 + 15.3% for graft repairs, before falling to
their lowest values at the final (4.0 mm) interval (48.6 + 11.1%) for
conduit repairs and 65.3 + 8.9% for graft repairs (Fig. 9).

When comparing the proportion of axons at the repair start
(0.0 mm interval), represented at subsequent intervals, there was
no significant difference between the PEG conduit and graft repair
at any interval (Fig. 10). Almost 50% of axons from the 0.0 mm in-
terval were lost by the 1.5 mm interval (49.9 + 4.0%) in conduit
repairs and 49.2 + 7.4% in graft repairs and at the distal nerve
ending interval (4.0 mm) only 16.5 + 3.9% versus 20.5 + 3.8% of
axons from the 0.0 mm interval were represented in conduit and
graft repairs, respectively (Fig. 11). The level of axon disruption
across the initial portion of the repair was significantly lower
(p = 0.035) in conduit repairs than in graft repairs, with an average
increase in axon length of 11.4 + 1.8% in PEG conduit repairs
compared with 21.5 + 3.7% in graft repairs (Fig. 12).
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Fig. 6. (a) Implantation of a 5 mm x 1.5 mm x 250 um PEG guide in to a THY-1-YFP-H common fibular mouse small gap 3 mm injury model. (b) Thy-1-YFP-H nerve graft repair
image. Analysis method illustrating intervals marked with sample axon tracing from 4.0 mm interval position back to 0.0 mm (start) interval. The number of axons at each interval
were counted and compared with a —0.5 mm interval (not shown) to obtain a sprouting index value; axons were traced from distal intervals back to 0.0 mm or a branch point with a
previously traced axon (as highlighted in expanded sections with green circles) to calculate percentage of unique start axons represented at each interval.

4. Discussion

The major aim of this study was to develop a method of fabri-
cating nerve guide devices by a rapid production approach, with an
ability to obtain feature size and structural resolution that improves
significantly on the more standard methods of microinjection or
microextrusion moulding. We report on the production of nerve
conduits by projection micro-stereolithography of a photocurable
liquid resin in the form of a PEG-diacrylate prepolymer. This work
builds on our previous work on the synthesis and use of photoc-
urable materials for micro-stereolithography, including 2-photon
polymerisation, for neural tissue engineering applications [24,25].

A small number of previous studies have reported on the use of PEG
as a nerve guide. For example, Arcaute at al. highlight the pro-
cessing of photocurable PEG hydrogel formulations (containing 20%
water) into single and multilumen nerve guidance conduits with a
very similar micro-SL setup as used in this study [26]. They report
on the structural and mechanical properties of NGCs and also
discuss the processing of PEG with embedded cells [27]. Very
recently, Beke et al. reported the production of 3D scaffolds of a
polypropylene fumarate:diethyl fumarate blend with a pulsed
excimer laser for the production of nerve guidance conduits [28].

Fig. 7. Enlarged view at the interface between the proximal nerve ending and graft.
Traced axons were measured and lengths compared with a direct route from 0.0 mm to
1.5 mm to determine an average increase in length.

Fig. 8. (A) Typical graft repair and (B) implanted PEG nerve guide showing the
respective organisation of regenerated axon paths (scale bar = 1.0 mm).
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Fig. 9. Sprouting index values for each 0.5 mm interval. Overall profile of sprouting index values was significantly different — p = 0.047 (2-way ANOVA with Bonferroni post-tests).

However, these studies only report scaffold fabrication and to our
knowledge stereolithographically produced scaffolds have never
been implanted in an animal nerve injury model previously.

The peripheral nervous system has a phenotypic ability to repair
if injured, in contrast with that of the central nervous system.
Surgical intervention is required and approaches include auto-
grafts, allografts and nerve guidance conduits. Nerve guides have
been a well-researched area in the last three decades, but despite
this there are currently few products on the market, with a rela-
tively modest ability to support neural regeneration [1]. Nerve
guides are a promising alternative to autografts, but regeneration of
the proximal axons is limited typically to gap injuries of less than
20 mm (reviewed in Refs. [1,2]). Researchers have focused on a
wide range of approaches for increasing regeneration distance,
with strategies aimed at improving the conduit, e.g. fabrication of
devices made from materials more suitable for regeneration (e.g.
poly(3-hydroxybutyrate) [29]), or containing coatings (e.g. ECM
[30] or plasma polymers [31,32]). More advanced therapies are also
well documented where the conduit is used to deliver growth
factors (e.g. neurotrophin-3/neurotrophin-4 [33]), cytoprotective
agents [34], the inclusion of internal guidance structures (as
channels [19,35] or fibres [31,36—38]) and where the conduit is
used in combination with a cell therapy, including the local delivery
of support cells for stimulating proximal axon regeneration (e.g.
Schwann cells [39,40]) or adult-derived stem cells, both as bone
marrow-derived mesenchymal [41] or adipose-derived cells
[42—-45]).

We demonstrate herein the construction of a laser sourced
microstereolithography setup with the capacity for producing de-
vices intended for peripheral nerve repair. The system currently has
an ability to produce written feature sizes as small as 50 pm while
producing macro-scale structures as large as 15 mm. PEG when
spun cast in the photocurable form supported the growth and
experimental differentiation of neuronal cells. This was extended in
to making semi-circular channels, which were able to support the
growth and differentiation of dorsal root ganglion and the simul-
taneous adhesion and lateral migration of Schwann cells associated

with the explant, along pixelated microchannels of 20—25 um
width in the internal conduit wall. Thereafter, nerve guide conduits
were constructed as 5 mm (L) x 1.5 mm (W) x 250 pum (wall
thickness) devices. These had acceptable handling properties dur-
ing implantation in to a mouse thy-1-YFP common fibular nerve
short 3 mm gap injury model, and regeneration was almost com-
parable with an autograft control after 21 days implantation.

We found no significant difference in sprouting index values
between conduit and graft repairs at any individual intervals,
although levels were lower at the distal end in the conduits. This
was related to a lower initial sprouting percentage, indicative of
reduced disruption faced by the regenerating axons. The proportion
of unique axons at the distal end in each repair group was also
similar (not significant), indicating that functional recovery may be
similar in both repair types. Axon-sprouting index profile in
conduit repairs was significantly lower to that of nerve grafts,
indicating that regeneration into the conduits was less disrupting
for the axons. Previous studies have shown increased axon
sprouting to be associated with increases in disruptive nerve
damage [46]. The potential for lower disruption in conduit repairs
was also indicated by the significantly lower increase in axon
length across the initial portion of the repair compared to that of
graft repairs. We did note increased variation between conduit
repairs compared to graft repairs, indicating that regeneration
through conduits was less predictable than in grafts. Additionally,
axons in the conduit repairs appeared to lack organisational sup-
port in the gap between proximal and distal nerve endings, sup-
porting the potential need for inclusion of intraluminal structures
within a device.

The fabrication of structures down to 50 pm was demonstrated
by a thin walled experimental PEG conduit shown in Fig. 3E. This
device was not suitable for implantation due to its delicate nature,
but it highlights the potential of the technique for producing
macro-scale devices with a micro-scale structure. In comparison
with other previously published stereolithography systems this is
approximately ten times smaller in scale [47]. The ability to pro-
duce conduits with 50 pm wall thicknesses is of particular interest
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Fig.10. Change in sprouting index values compared to previous 0.5 mm interval. No significant differences between conduit and graft repairs were found — p > 0.05 (2-way ANOVA

with Bonferroni post-tests).

for nerve guidance conduits mainly because the strength of the
conduit can be tailored accurately with small changes to the wall
thickness by simple alteration to the CAD design. If the overall
diameter of the nerve guidance conduit is close to that of the
original nerve, the impact the extra volume created by implanta-
tion of the device will minimise injury at the host site. This is

especially important for peripheral nerve injury sites, where pa-
tient limb movement has the potential cause further damage.

The commercial availability of PEG and ease of processing in a
photocurable form makes it a biomaterial of choice for photoli-
thography. PEG is typically an anti-fouling hydrophilic material (e.g.
Ref. [48]), and ethylene oxide (or glycol) oligomers bound onto
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Fig. 11. Unique axons from the repair start (0.0 mm interval) represented at each distal interval. No significant differences were detected between conduit and graft repairs overall

or at any individual intervals — p > 0.05 (2-way ANOVA with Bonferroni post-tests).
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Fig. 12. Axon disruption across the initial 1.5 mm of repairs. Average increase in axon
length in conduit repairs (11.4 + 1.8%) was significantly lower than in graft repairs
(21.5 + 3.7%; p = 0.035; 2-tailed t-test).

surfaces as poly(ethylene oxide) or PEG brushes are known to act as
extremely low-fouling surfaces [49]. However, these anti-fouling
properties do not completely transfer to bulk objects produced
from PEG-diacrylate. The surface of objects made from low mo-
lecular weight (Mw: 250 g/mol) PEG-diacrylate as conducted
herein can be rendered protein and cell adherent after prolonged
washing, and we have previously shown photocured PEG supports
neuronal cell growth [50] [22], where the extent of adhesion is
dependent on the PEG formulation, in particular the PEG-
prepolymer chain length.

The rationale that nerve guides should degrade after implan-
tation is supported by data showing that a breakdown rate of
18—24 months matches the rate of tissue regeneration [29]. While
it is not generally accepted to use non-degradable nerve guide
materials, the use of PEG as a non-degradable material may have
clinical applicability for certain specialist repairs (e.g. lingual nerve
reconstruction). In the present study it was used predominantly as
an experimental material for developing micro-sterolithography,
and as a basis for manufacturing nerve guides out of more clini-
cally relevant and also degradable materials in the future.
Notwithstanding, a number of approaches to render PEG biode-
gradable have been reported in the literature, most commonly by
incorporating degradable cross-linkers or protein fragments
[51-53]. Fragments typically under Mw 20,000 g/mol are elimi-
nated from the body readily, compared to higher molecular
weights > 40,000 g/mol [54].

The use of a digital micro-mirror for microstereolithography,
which introduces pixilation, resulted in parallel microgrooves of
~20—25 pm width that ran the length of the PEG conduit. We
found it was possible to exploit this, where neurite guidance and
Schwann cell migration arose in a longitudinal direction via contact
guidance. Features have previously been designed in to implants,
e.g. in the case of neuronal outgrowth experimental studies (e.g.
Ref. [55]), where data supports the premise that microgrooved
surfaces with feature sizes under 50 pm guide Schwann cell and
neuronal outgrowth most effectively. We have previously estab-
lished, amongst others, that neuronal and Schwann cells can be
guided along aligned parallel electrospun fibres of 1—8 pm fibre
diameters, where larger fibre diameters were more supportive [38].
Additionally, we have shown that neuronal cells extend along
=10 pum lines built by 2-photon polymerisation [25]. The current
study provides more evidence in support of this, and that adher-
ence and outgrowth of DRG neurites and Schwann cells was
observed, indicates that the bulk PEG material and internal wall

topography supported lateral growth and migration along the
grooved surface.

The present study is also the first to use a YFP+ mouse strain to
assess regeneration in nerve guide conduits, and the peripheral
nerve injury model was found to have a particular advantage for the
study of nerve conduits. By using YFP+ mice it was possible to
directly visualise and quantify regeneration of individual axons
across the repair site, without histological post-processing of
samples. This ability to view the path taken by individual axons
through the injury site allowed differences between conduit and
graft repairs to be observed and quantified, including axonal
organisation, which would not be possible using other nerve injury
models. We decided to use a graft repair as a control to compare the
performance of the nerve guide conduit, as the graft acts as a bio-
logical scaffold to guide the regenerating axons. Any portions of
axons within the graft also degenerate and therefore do not
contribute to the regeneration process. An alternative approach of a
gap control was not considered an option, as this would not be
chosen clinically. Fibrin glue was used for both graft and conduit
repairs and is an established method for repairing peripheral
nerves, and has no more detrimental effect on regeneration than
the alternative of suture repair [56]. In this particular injury model
the relatively small size of the peripheral nerve being repaired
necessitated the use of fibrin glue over suture repair.

We have previously used functional measures such as electro-
physiology and gait analysis to assess nerve regeneration in pre-
vious studies (e.g. Ref. [57]). Although electrophysiological testing
would give indications of the number and size/maturity of axons
crossing the repair site in the present study, it would be unlikely to
reveal details such as axon disruption or disorganization. In
particular, the results indicated that no differences would have
been revealed in this study between nerve conduit and graft repairs
using electrophysiology, as axon numbers reaching the distal nerve
ending were similar in both repair types. In addition, the size and
location of the common fibular nerve would make electrophysio-
logical testing almost impossible, as the position of the stimulating
electrodes would be impeded proximally by the branching of the
sciatic nerve and distally by the nerve passing around the knee
joint.

A major challenge in medical device design and regenerative
medicine scaffolds is the desire to include structures at micrometer
length scales in a bespoke, reproducible and controllable manner.
This is currently a limitation of existing production technologies
(e.g. injection moulding and extrusion) that fabrication techniques
such as microstereolithography enables. The ability to 3D print
biocompatible materials is very much in its infancy, and before we
see a future where one can routinely print such biocompatible
devices, it is necessary to develop biocompatible materials that are
photocurable. However, such materials are currently limited to PEG,
PLA and PCL. The future direction of this work is to use direct write
techniques with more clinically relevant and/or biodegradable
materials. This is in conjunction with precise control over the
physical dimensions of the NGC bulk material, the incorporation of
intraluminal structures and the ability to use materials where
control over the Young's modulus is possible. In the current study
an average Young's modulus of 470 MPa was measured by
compression testing to destruction. Given that the Young's
modulus of native sciatic nerve is approximately 0.5 MPa [58], we
suggest that future materials with a modulus approaching nerve,
but importantly able to physically support a regenerating wound,
while enabling flexibility and surgical handling, are important
future goals. Therefore a requirement to synthesise a wider range of
low molecular weight photocurable pre-polymers which remain in
the liquid phase at room temperature exists, and which can be
cured by a UV/violet laser. In addition, extension of the current
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work to the use of a larger in vivo gap injury model, together with
longer implantation times will be necessary. Such work is currently
in progress and will be published in due course.

5. Conclusions

In summary, we report on the construction of a laser sourced
microstereolithography setup with the capacity for producing de-
vices intended for peripheral nerve repair. The system can achieve a
lower size resolution of 50 pm and in the current study produced
devices 5 mm in length. While PEG is not typically conducive for
cellular attachment, we observed that the photocurable form of
PEG used herein was permissive for neuronal growth and experi-
mental differentiation in vitro. Devices constructed from the bulk
material had acceptable handling properties and performed
comparatively with an autograft control in a thy-1-YFP-H mouse
3 mm gap injury model after 21 days, with the number of unique
axons at the distal end in each repair group being similar. Variation
between the conduit repairs was greater than in the graft repairs,
highlighting a less predictable regeneration process and supporting
the basis for intraluminal structures. Overall, the study highlights
the potential of stereolithography for the rapid production of pre-
cise and intricate nerve guide structures, which permits individual
customisation. This study also demonstrates the first use of the thy-
1-YFP-H mouse to assess regeneration through nerve guide con-
duits. Future development of this technology is now underway
using biodegradable materials, the incorporation of intraluminal
structures, fabricating larger devices and the study of larger injury
gap models using longer implantation times. In the future, this
approach will have distinct advantages for the production of clin-
ically relevant devices.

Acknowledgements

We acknowledge studentship funding from the Medical
Research Council (MRC Studentship) for AH and a Doctoral Training
College (DTC-TERM — Leeds, Sheffield and York Universities) stu-
dentship from the Engineering and Physical Sciences Research
Council (EPSRC EP/F500513/1) for funding CP. Microscope imaging
was performed at the University of Sheffield (U.K.) Kroto Research
Institute Confocal Imaging Facility. We are grateful to Dr Nicola
Green for experimental advice and assitance with confocal micro-
scopy and to Dr Sabiniano Roman for assistance with the me-
chanical testing of nerve guides.

References

[1] Bell JH, Haycock JW. Next generation nerve guides: materials, fabrication,
growth factors and cell delivery. Tissue Eng Part B Rev 2011;18(2):116—28.
Daly W, Yao L, Zeugolis D, Windebank A, Pandit A. A biomaterials approach to
peripheral nerve regeneration: bridging the peripheral nerve gap and
enhancing functional recovery. ] R Soc Interface 2012;9:202—-21.

[3] Taylor CA, Braza D, Rice JB, Dillingham T. The incidence of peripheral nerve
injury in extremity trauma. Am ] Phys Med Rehabil 2008;87:381—5.

[4] Clark WL, Trumble TE, Swiontkowski MF, Tencer AF. Nerve tension and blood

flow in a rat model of immediate and delayed repairs. ] Hand Surg Am

1992;17:677—-87.

Haftek J. Autogenous cable nerve grafting instead of end to end anastomosis in

secondary nerve suture. Acta Neurochir 1976;34:217-21.

[6] Jiang X, Lim SH, Mao H-Q, Chew SY. Current applications and future per-
spectives of artificial nerve conduits. Exp Neurol 2010;223:86—101.

[7] Kehoe S, Zhang XF, Boyd D. FDA approved guidance conduits and wraps for
peripheral nerve injury: a review of materials and efficacy. Injury 2012;43:
553~72.

[8] Sundback CA, Shyu JY, Wang Y, Faquin WC, Langer RS, Vacanti JP, et al.
Biocompatibility analysis of poly(glycerol sebacate) as a nerve guide material.
Biomaterials 2005;26:5454—64.

[9] Bockelmann ], Klinkhammer K, von Holst A, Seiler N, Faissner A, Brook GA,
et al. Functionalization of electrospun poly(epsilon-caprolactone) fibers with
the extracellular matrix-derived peptide GRGDS improves guidance of

2

[5

Schwann cell migration and axonal growth. Tissue Eng Part A 2011;17:
475—86.

[10] Radtke C, Allmeling C, Waldmann KH, Reimers K, Thies K, Schenk HC, et al.
Spider silk constructs enhance axonal regeneration and remyelination in long
nerve defects in sheep. Plos One 2011;6(2):e16990.

[11] Bian YZ, Wang Y, Aibaidoula G, Chen GQ, Wu Q. Evaluation of poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) conduits for peripheral nerve
regeneration. Biomaterials 2009;30:217—-25.

[12] Aebischer P, Guénard V, Valentini RF. The morphology of regenerating pe-
ripheral nerves is modulated by the surface microgeometry of polymeric
guidance channels. Brain Res 1990;531:211-8.

[13] Dubey N, Letourneau PC, Tranquillo RT. Guided neurite elongation and
Schwann cell invasion into magnetically aligned collagen in simulated pe-
ripheral nerve regeneration. Exp Neurol 1999;158:338—50.

[14] Bellamkonda RV. Peripheral nerve regeneration: an opinion on channels,
scaffolds and anisotropy. Biomaterials 2006;27:3515—8.

[15] Wang HB, Mullins ME, Cregg JM, McCarthy CW, Gilbert R]. Varying the
diameter of aligned electrospun fibers alters neurite outgrowth and Schwann
cell migration. Acta Biomater 2010;6:2970—8.

[16] Chew SY, Mi R, Hoke A, Leong KW. The effect of the alignment of electrospun
fibrous scaffolds on Schwann cell maturation. Biomaterials 2008;29:653—61.

[17] Chew SY, Mi R, Hoke A, Leong KW. Aligned protein-polymer composite fibers
enhance nerve regeneration: a potential tissue-engineering platform. Adv
Funct Mater 2007;17:1288—-96.

[18] Schnell E, Klinkhammer K, Balzer S, Brook G, Klee D, Dalton P, et al. Guidance
of glial cell migration and axonal growth on electrospun nanofibers of poly-
epsilon-caprolactone and a collagen/poly-epsilon-caprolactone blend. Bio-
materials 2007;28:3012—25.

[19] Daly WT, Yao L, Abu-rub MT, O'Connell C, Zeugolis DI, Windebank AJ, et al. The
effect of intraluminal contact mediated guidance signals on axonal mismatch
during peripheral nerve repair. Biomaterials 2012;33:6660—71.

[20] Leclerc E, Furukawa KS, Miyata F, Sakai Y, Ushida T, Fujii T. Fabrication of
microstructures in photosensitive biodegradable polymers for tissue engi-
neering applications. Biomaterials 2004;25:4683—90.

[21] Harding AJ, Christmas CR, Ferguson MW, Loescher AR, Robinson PP,
Boissonade FM. Mannose-6-phosphate facilitates early peripheral nerve
regeneration in thy-1-YFP-H mice. Neuroscience 2014;279:23—32.

[22] Ortega | Deshpande P, Gill AA, Macneil S, Claeyssens F. Development of a
microfabricated artificial limbus with micropockets for cell delivery to the
cornea. Biofabrication 2013;5:025008.

[23] Johnson DW, Sherborne C, Didsbury MP, Pateman C, Cameron NR,
Claeyssens F. Macrostructuring of emulsion-templated porous polymers by
3D laser patterning. Adv Mater 2013;25:3178—81.

[24] Koroleva A, Gill AA, Ortega I, Haycock JW, Schlie S, Gittard SD, et al. Two-photon
polymerization-generated and micromolding-replicated 3D scaffolds for pe-
ripheral neural tissue engineering applications. Biofabrication 2012;4:025005.

[25] Melissinaki V, Gill AA, Ortega I, Vamvakaki M, Ranella A, Haycock JW, et al.
Direct laser writing of 3D scaffolds for neural tissue engineering applications.
Biofabrication 2011;3:045005.

[26] Arcaute K, Mann BK, Wicker RB. Fabrication of off-the-shelf multilumen
poly(ethylene glycol) nerve guidance conduits using stereolithography. Tissue
Eng Part C Methods 2010;17(1):27—-38.

[27] Arcaute K, Mann BK, Wicker RB. Stereolithography of three-dimensional
bioactive poly(ethylene glycol) constructs with encapsulated cells. Ann Bio-
med Eng 2006;34:1429—41.

[28] Beke S, Farkas B, Romano I, Brandi F. 3D scaffold fabrication by mask projection
excimer laser stereolithography. Opt Mater Express 2014;4(10):2032—41.

[29] Aberg M, Ljungberg C, Edin E, Millqvist H, Nordh E, Theorin A, et al. Clinical
evaluation of a resorbable wrap-around implant as an alternative to nerve
repair: a prospective, assessor-blinded, randomised clinical study of sensory,
motor and functional recovery after peripheral nerve repair. J Plast Reconstr
Aesthet Surg 2009;62:1503-9.

[30] Armstrong SJ, Wiberg M, Terenghi G, Kingham PJ. ECM molecules mediate
both Schwann cell proliferation and activation to enhance neurite outgrowth.
Tissue Eng 2007;13:2863—70.

[31] Murray-Dunning C, McArthur SL, Sun T, McKean R, Ryan A], Haycock JW.
Three-dimensional alignment of Schwann cells using hydrolysable microfiber
scaffolds: strategies for peripheral nerve repair. Methods Mol Biol 2011;695:
155—66.

[32] Buttiglione M, Vitiello F, Sardella E, Petrone L, Nardulli M, Favia P, et al.
Behaviour of SH-SY5Y neuroblastoma cell line grown in different media and
on different chemically modified substrates. Biomaterials 2007;28:2932—45.

[33] Thornton MR, Shawcross SG, Mantovani C, Kingham PJ, Birchall MA,
Terenghi G. Neurotrophins 3 and 4 differentially regulate NCAM, L1 and N-
cadherin expression during peripheral nerve regeneration. Biotechnol Appl
Biochem 2008;49:165—74.

[34] Wilson ADH, Hart A, Wiberg M, Terenghi G. Acetyl-L-carnitine increases nerve
regeneration and target organ reinnervation — a morphological study. ] Plast
Reconstr Aesthet Surg 2010;63:1186—95.

[35] Yao L, de Ruiter GC, Wang H, Knight AM, Spinner RJ, Yaszemski MJ, et al.
Controlling dispersion of axonal regeneration using a multichannel collagen
nerve conduit. Biomaterials 2010;31:5789—-97.

[36] Kim YT, Haftel VK, Kumar S, Bellamkonda RV. The role of aligned polymer
fiber-based constructs in the bridging of long peripheral nerve gaps. Bio-
materials 2008;29:3117—-27.




image145.jpeg
CJ. Pateman et al. / Biomaterials 49 (2015) 77—89 89

[37] Jha BS, Colello R], Bowman R, Sell SA, Lee KD, Bigbee JW, et al. Two pole air
gap electrospinning: fabrication of highly aligned, three-dimensional scaffolds
for nerve reconstruction. Acta Biomater 2011;7:203—15.

[38] Daud MF, Pawar KC, Claeyssens F, Ryan AJ, Haycock JW. An aligned 3D
neuronal-glial co-culture model for peripheral nerve studies. Biomaterials
2012;33:5901-13.

[39] Mosahebi A, Woodward B, Wiberg M, Martin R, Terenghi G. Retroviral labeling
of Schwann cells: in vitro characterization and in vivo transplantation to
improve peripheral nerve regeneration. Glia 2001;34:8—17.

[40] Mosahebi A, Fuller P, Wiberg M, Terenghi G. Effect of allogeneic Schwann cell
transplantation on peripheral nerve regeneration. Exp Neurol 2002;173:
213-23.

[41] Caddick J, Kingham PJ, Gardiner NJ, Wiberg M, Terenghi G. Phenotypic and
functional characteristics of mesenchymal stem cells differentiated along a
Schwann cell lineage. Glia 2006;54:840—9.

[42] di Summa PG, Kalbermatten DF, Pralong E, Raffoul W, Kingham PJ, Terenghi G.
Long-term in vivo regeneration of peripheral nerves through bioengineered
nerve grafts. Neuroscience 2011;181:278—-91.

[43] di Summa PG, Kingham PJ, Raffoul W, Wiberg M, Terenghi G,
Kalbermatten DF. Adipose-derived stem cells enhance peripheral nerve
regeneration. ] Plast Reconstr Aes 2010;63:1544—52.

[44] Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ.
Regeneration potential and survival of transplanted undifferentiated adipose
tissue-derived stem cells in peripheral nerve conduits. ] Plast Reconstr Aes
2010;63:E811-7.

[45] Kingham PJ, Kalbermatten DF, Mahay D, Armstrong SJ, Wiberg M, Terenghi G.
Adipose-derived stem cells differentiate into a Schwann cell phenotype and
promote neurite outgrowth in vitro. Exp Neurol 2007;207(2):267—74.

[46] Xu QG, Midha R, Martinez JA, Glio G, Zochodne DW. Facilitated sprouting in a
peripheral nerve injury. Neuroscience 2008;152:877—87.

[47] Arcaute K, Mann B, Wicker R. Stereolithography of spatially controlled multi-
material bioactive poly(ethylene glycol) scaffolds. Acta Biomater 2010;6:
1047—-54.

[48] Charles PT, Stubbs VR, Soto CM, Martin BD, White B, Taitt CR. Reduction of
non-specific protein adsorption using poly(ethylene) glycol (PEG) modified
polyacrylate hydrogels in immunoassays for staphylococcal enterotoxin B
detection. Sensors (Basel) 2009;9:645—55.

[49] Sofia SJ, Premnath V, Merrill EW. Poly(ethylene oxide) grafted to silicon sur-
faces: grafting density and protein adsorption. Macromolecules 1998;31:
5059-70.

[50] Ovsianikov A, Malinauskas M, Schlie S, Chichkov B, Gittard S, Narayan R, et al.
Three-dimensional laser micro- and nano-structuring of acrylated poly(-
ethylene glycol) materials and evaluation of their cytoxicity for tissue engi-
neering applications. Acta Biomat 2011;7:967—74.

[51] Aimetti AA, Tibbitt MW, Anseth KS. Human neutrophil elastase responsive
delivery from poly(ethylene glycol) hydrogels. Biomacromol 2009;10:
1484-9.

[52] Mahoney M], Anseth KS. Three-dimensional growth and function of neural
tissue in degradable polyethylene glycol hydrogels. Biomaterials 2006;27:
2265-74.

[53] Zhu ]. Bioactive modification of poly (ethylene glycol) hydrogels for tissue
engineering. Biomaterials 2010;31:4639—56.

[54] Quellec P, Gref R, Perrin L, Dellacherie E, Sommer F, Verbavatz M, et al.
Protein encapsulation within polyethylene glycol-coated nanospheres. I.
Physicochemical characterization. ] Biomed Mater Res 1998;42:45—54.

[55] Mitchel JA, Hoffman-Kim D. Cellular scale anisotropic topography guides
Schwann cell motility. PLoS One 2011;6:e24316.

[56] Menovsky T, Beek JF. Laser, fibrin glue, or suture repair of peripheral nerves: a
comparative functional, histological, and morphometric study in the rat
sciatic nerve. ] Neurosurg 2001;95:694-9.

[57] Ngeow WC, Atkins S, Morgan CR, Metcalfe AD, Boissonade FM, Loescher AR,
et al. The effect of mannose-6-phosphate on recovery after sciatic nerve
repair. Brain Res 2011;1394:40-8.

[58] Borschel GH, Kia KF, Kuzon Jr WM, Dennis RG. Mechanical properties of
acellular peripheral nerve. ] Surg Res 2003;114:133-9.




image146.jpeg
z
o
<
=
>
=
=
=
(o]
1%

3178 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

Makies

www.MaterlaIsVIews.com

Macrostructuring of Emulsion-templated Porous Polymers

by 3D Laser Patterning

David W. Johnson, Colin Sherborne, Matthew P. Didsbury, Christopher Pateman,

Neil R. Cameron,* and Frederik Claeyssens*

Highly porous polymeric materials can be produced by two
conceptually different processes: templating, in which the
precursor to the porous material consists of two phases, one
of which is removable and thus pore-forming;!! and non-
templating, where processes such as phase separation or solvent
evaporation create a porous material from a single phase pre-
cursor. Emulsions, and particularly high internal phase emul-
sions (HIPEs), can be used as templates to create porosity.”!
Monomers plus typically a crosslinker are polymerized around
emulsion droplets, resulting in a porous monolithic material,
known as a polyHIPE, with a pore diameter dictated by the
emulsion droplets. Such materials can be prepared from a wide
variety of monomers, have tunable properties and are finding
use in a wide variety of applications.!*!

Traditionally, polyHIPEs have been prepared by thermally
induced free radical polymerization, although there are some
notable exceptions of systems prepared by other polymeriza-
tion reactions. Recently, the authors have explored the use of
light as a convenient route to cure HIPEs rapidly, expanding
the range of chemistries that can be employed to create poly-
HIPEs.Pl To date, light sources employed have been of the
traditional UV bulb type and materials with defined 3D archi-
tectures have not been reported. Herein we report the use of
micro-stereolithography (USL) to create a variety of macrostruc-
tured porous 3D polyHIPE architectures.

Lasers have been used in the recent literature to successfully
produce microstructured biomaterials for tissue engineering
scaffolds, and a suite of different laser techniques have been
reported to produce structures with a range of microstructure
resolutions.l®l uSL, either as a projection or scanning uSL set-
up, is typically used to produce structures between 1-25 pm
resolution while higher resolution structures (up to 100 nm)
can be produced via two-photon polymerization.[>’] Recently
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the authors reported the production of microstructured 3D
polylactide and polycaprolactone scaffolds via this technique.®l
Although these techniques provide scaffolds with controllable
microstructure it is currently still time consuming to achieve
a macroscopic structure with a high resolution controlled
porosity and it is difficult to scale up very high resolution 3D
structure manufacturing to industrial scale. This study has
approached the conundrum of producing macroscropic scaf-
folds with a controlled porosity via a different route.

In this work we use puSL techniques to build up the mac-
roscopic structure but we also rely on emulsion templating to
achieve a controlled porosity on the micron scale. This novel
approach has remained to our knowledge unexplored. The
work reported in this study can be viewed as additive manu-
facturing enabled microstructuring, where uSL is used to tem-
plate the overall macrostructure of the construct but where the
porosity is produced by a physical/chemical templating. A sim-
ilar approach has been used successfully to produce patterned
electrospun scaffolds via deposition on a templated substrate
built by uSL.” In this study we report on the parameters and
write speeds that are achievable with both a scanning and a pro-
jection uSL set-up. Additionally we explore the pore structure
of the built scaffolds and we draw conclusions on the optimal
manufacturing conditions with this technique.

Two series of acrylate-based polyHIPEs, with differing
physical properties and varying nominal porosities, were pre-
pared by photopolymerisation of HIPEs using a commercial
benchtop UV curing instrument. The first series (EHA75, 80
and 90) contained high levels of the elastomer 2-ethylhexyl
acrylate (EHA) and had nominal porosities (i.e. determined
by the HIPE droplet phase volume ratio) of 75, 80, and 90%
respectively; the second series (IBOA75, 80, and 90) contained
the monomer isobornyl acrylate (IBOA), which gives rise to
rigid materials, and again had nominal porosities of 75, 80, and
90% respectively (see Table 1). In all cases the materials were
observed to have the open cellular morphology typical of poly-
HIPEs i.e. macroporous voids and interconnecting windows.
Typical void diameters varied between circa 5 and 35 pum; the
mean diameter of the interconnecting windows was observed
to increase with increasing internal phase volume. In all cases
the formulated HIPEs were found to polymerize rapidly under
UV polymerization conditions.

The fast polymerization kinetics of these HIPEs makes
them suitable candidates for UV laser induced polymeriza-
tion. Conveniently, it was found that control over feature
sizes could be achieved by varying the write speed. This is
demonstrated by the images in Figure 1a where the speed is
increased from 1 to 5 mm s7! in increments of 1 mm s, It is
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Table 1. Compositions of HIPEs and physical properties of PolyHIPEs.
Sample EHA IBOA TMPTA Hypermer Initiator Water ~ Nominal  Average void dia- Std Average window dia- Measured

[mL] [mL] [mL] B246 [g] [mL] [mL]  porosity [%] meter (<D>)[um]?  [um] meter (<d>)[um]9  porosity [%]°
EHA75 4.1 1.6 1.3 0.21 0.38 21 75 24 9 2.5 77
EHAZ0 4.0 1.6 13 0.21 0.35 28 80 23 12 4.1 82
EHA90 4.1 1.6 1.2 0.18 0.35 63 90 20 7 5.4 #
IBOA75 1.1 4.6 1.2 0.21 0.34 21 75 11 4 1.6 75
IBOA80 1.2 4.5 1.3 0.20 0.36 28 80 14 4 1.8 81
IBOAS0O 1.2 4.6 1.3 0.21 0.37 63 90 19 8 3.4 91

A Mean void diameter as determined by analysis of SEM images; ®)Standard deviation; 9/Determined by mercury porosimetry using the expression 4 x (total intrusion
volume) /surface area (see Supporting Information for window diameter distribution plots). * Sample was observed to extrude mercury as the pressure was reduced from
1600 psia (see supplementary information) indicating sample compression during the measurement, hence porosity could not be determined.

interesting to note that the feature size of the written line does
not scale linearly with the write speed. The diameter of the
line written at 1 mm s7! is approximately 4 times larger than
the line written at 2 mm s™! (Figure S1). A tentative explana-
tion of this observation would be that the polymerized poly-
HIPE material acts as a scatterer for the UV irradiation which
would make the feature size not linearly dependent on the
write speed. Additionally, the line written at the fastest speed
(5 mm s7!) consists of a discontinuous polyHIPE network.
These results indicate that both the quality and feature size
of the written features are critically dependent on the write

Magn Det WD 1 500 ym
50x £

50, SE_ 10.4 SHEF2-4

S AccV SpotMagn  De
N25.0 kv 5.0 68x

WD F————— 1 500um AccV SpotMagn D

260kv 50 30

SE 186 SHEF2-13
WD

EHA 0.05mms

speed, but that there is also an optimum write speed that pro-
duces high resolution features consisting of continuous poly-
HIPE networks.

The structures produced clearly demonstrate that the UV
laser polymerization of HIPEs is sufficiently localised for
polyHIPE structures to be ‘written’ from the HIPE. The only
apparent constraint appears to be the length scale over which
the porosity can be preserved. An intuitive explanation is that
once the feature size is close to that of the HIPE droplet dia-
meter then the HIPE is no longer able to act as an efficient
template (Figure S1 (d)). Despite this a variety of complex pat-
terns were successfully written from the
EHA80 HIPE (Figure 1b, Figure S2). The
patterns were observed to have either open or
semi-open surfaces with cross sections which
display the same bulk porosity as that of a
conventional UV-cured polyHIPE.

Further optimization of the writing speed
and HIPE thickness provided the necessary
high degree of control required to produce
complex, regular grid patterns which also
display the characteristic polyHIPE porosity
(Figure 1c, Figure S3). The line thickness
is ~30 um in this case, demonstrating that
porous polyHIPE features can be written
with uSL with a similar write resolution
as current commercially available ink-jet
printers. It is also interesting to note that
the intersections of the lines are thicker
(~100 pum) than the lines themselves. Since
this grid pattern is written consecutively, as
a set of horizontal lines followed by a set of
1 m vertical lines, the focal spot moves to a previ-
ously cured section at the intersection. This

Figure 1. SEM images of EHA80 polyHIPE structures produced by microstereolithography:
(A) printed lines at write speeds of 1-5 mm s7! in increments of 1 mm s from left to right
(inset shows cross-section of second line from left); (B) two overlapping squares at 13x mag-
nification (inset shows intersection of squares at 202x magnification); (C) grid at 17x magni-
fication (inset shows side view of the grid pattern at 194x magnification, clearly showing the
open porous nature of the structure); (D) tube created by photopolymerization of HIPE while
translating in the z direction (inset shows detail of the top surface of the tube). Further images
and details given in the Supplementary Information. Scale bars: (A) and (C) 500 um; (B) 2 mm;
(D) 1 mm; all insets 100 um.
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observation is in concordance with the data
in Figure S1 that the cured polyHIPE acts as
a scatterer for the UV light.

The production of larger scale 3D con-
structs was achieved using the projection
USL which includes a z-translation stage (see
Experimental section and Figure 2). By this
method porous tubes were produced (see
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Figure 2. Schematic of the projection stereolithography set-up.

Figure 1d, Figure S4). The tube’s structure was optimized by
varying the stage speed in the z direction and the laser inten-
sity. Increasing the z direction speed produced better defined
tubes with thinner walls; however in doing so the laser power
had to be increased to ensure the proper polymerization of
the HIPE. Typical z speeds were 0.05 to 0.8 mm s™* and laser
powers between 35 and 90 mW. Most preferable were those
between 0.5 and 0.8 mm s™* and intensities between 60 and
90 mW.

The large cross-sectional areas of the tubes allowed a statis-
tically relevant number of voids (50) to be measured and the
average void diameter compared to that of the conventionally
UV-cured polyHIPEs. The tubes and conventionally cured poly-
HIPEs were found to have similar void diameters, within the
margin of error (Figure 3, Table 1). Furthermore, the samples
were all shown to have approximately the same average void
diameter regardless of composition or porosity. The mechanical
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Figure 3. Average void diameters of conventionally- and puSL-cured polyHIPEs measured from

SEM images.
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properties of the bulk polymerized polyHIPEs were found to be
preserved in the tubes. EHA75, 80 and 90 were all found to be
elastic materials (Figure S5) due to the low T, of polyEHA.! In
contrast, IBOA75, 80 and 90 bulk and projection polymerized
materials were found to be rigid (Figure S6) (T, of polyIBOA =
94 °Cll),

In conclusion, scanning and projection microstereolithog-
raphy were successfully applied to the polymerization of high
internal phase emulsions. This results in porous materials with
a complex macrostructure. The material's morphology and
mechanical properties were found to be consistent with those
obtained from the bulk photopolymerisation of the HIPEs. A
tentative mechanism for the photopolymerisation is described.
The polymerisation radiates out from the laser focal point by a
scattering mechanism; this is supported by the relative thick-
ness of line intersections. The described techniques can write
porous macroscopic structures with the pore size dictated by
the emulsion templating and the minimal direct-write feature
size of ~30 um. When the direct-write feature size became
similar to the pore size the written features were consistent of
discontinuous network structures. We further illustrated the
applications of this technique by producing rigid and flexible
tubular structures with projection microstereolithography. The
combination of emulsion templating and stereolithography
opens up the possibility of creating materials with a hierarchy
of structures, where the structure on different length-scales can
be independently controlled.

Experimental Section

A full description of experimental procedures, materials and
instrumentation used can be found in the supplementary information.
Key procedures only are included here.

HIPE Preparation: EHA (4.14 mL, 3.66 g), IBOA (1.58 mL, 1.56 g)
and trimethylolpropane triacrylate (TMPTA) (1.28 mL, 1.41 g) were
mixed together in a beaker. Hypermer B246 surfactant (0.21 g;
3 wt.% of the organic mass) was added and allowed to dissolve. The
solution was transferred to a two-necked round-bottom flask, which
was wrapped with foil to limit exposure to light. The solution was
subjected to gentle agitation by an overhead stirrer (IKA RW 11 basic),
and photoinitiator (a 50:50 blend of diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide and 2-hydroxy-
2-methylpropiophenone) was added (0.35 mL;
5% of the organic volume). The stirrer speed was
increased to 350 rpm and 28 mL of water (for
80% porosity scaffolds) was added drop-wise via
a dropping funnel over a period of approximately
5 minutes. The resulting HIPE was allowed to stir
for a further 1-2 minutes after the water had been
completely added.

FEGHvEiom Bulk  Photopolymerization of HIPEs: Bulk
HpsL photopolymerisation was conducted with a
Light Hammer 6 variable power UV curing
system with LC6E benchtop conveyor from

Fusion UV Systems Inc. The curing system
uses an H bulb operating at 200 W c¢cm=2 when
set at 100% intensity. After preparation HIPEs
were immediately UV cured by placing the
HIPE in a PTFE cylindrical mould (20 mm,
@ = 25 mm) mounted on a glass plate. The top
surface was then closed with a second glass plate
and secured with adhesive tape. This was then

Adv. Mater. 2013, 25, 3178-3181
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exposed to the UV lamp (100% intensity H-bulb, 200 W cm™) four
times on each side at a speed of 3.5 rotations per minute (conveyor belt
speed). The resulting monoliths were then recovered from the mould,
immersed in acetone (200 mL, 18 h) and then dried under vacuum at
room temperature.

Preparation of PolyHIPEs by uSL: For the scanning uSL the following
setup was used. A passively Q-switched DPSS microchip laser,
Pulselas P-355-300, with a sub-nanosecond pulse duration and a
variable repetition rate was used (Alphalas, Gottingen, Germany). This
laser emits at wavelengths 1064, 532 and 355 nm through frequency
doubling and tripling, with a 0.5 ns pulse width and maximum power of
12 mW at 355 nm (16.6 kHz repetition rate). The produced ultraviolet
radiation is isolated from the primary beam using a Pellin Broca
Prism (ADB-10, Thorlabs, Germany). The laser output is consequently
expanded using a Galilean beam expander to ~8 mm beam diameter,
is reflected by a protected silver mirror and focused through a 10x
objective (Carl Zeiss, EC Plan-Neofluar 10x, Numerical Aperture 0.3)
into a supported sample holder, controlled by a high precision xyz-
stage (Aerotech ANT130XY base for xy-translation and PRO115 for
z-translation). Laser exposure was controlled automatically using a
computer controlled Uniblitz mechanical shutter (LS6ZM Uniblitz
Electronics). A few droplets of the HIPE formulation were dispensed on
top of a 13 mm diameter coverslip, previously surface functionalized
with methacryloxypropyltrimethoxysilane (MAPTMS) to provide surface
methacrylate groups which ensured surface attachment of the written
structure. The coverslip was mounted on the xyz stage and the patterns
were written via focusing the laser just above the glass-HIPE interface.

The projection USL used the following set-up (Figure 2): as a
laser source a 150 mW, 405 nm laser source was used (Vortran Laser
Technology Inc, Sacramento, CA, USA). The laser output expanded to
a 5 mm diameter beam and was reflected from a Digital Micromirror
Device (DMD) (Texas Instruments Incorporated, TX, USA), which acts
as a programmable mask for the projection stereolithography set-up.
The image projected from the DMD device was directed by a silver
coated mirror into a cylindrical receptacle containing the photocurable
resin. The receptacle was placed on a computer controlled motorised
z-axis translation stage apparatus (Thorlabs Ltd, Cambridgeshire, UK) to
enable building 3D objects with this setup. The laser power was set to
5 mW for the experiments. A flat-bottomed vial containing 2 mL of the
HIPE was placed on a L-shaped copper lip mounted on a z-translation
stage as writing platform. This copper lip was slowly lowered in the
solution until the HIPE just covered the platform. From this position the
laser was switched on and the platform was translated at constant speed
to obtain a solid object.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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The aim of this study is to demonstrate the accuracy required for the investigation of the role of solid
scaffolds’ porosity in cell proliferation. We therefore present a qualitative investigation into the effect of
porosity on MC3T3-E1 pre-osteoblastic cell ingrowth of three-dimensional (3D) scaffolds fabricated by
direct femtosecond laser writing. The material we used is a purpose made photosensitive pre-polymer
based on polylactide. We designed and fabricated complex, geometry-controlled 3D scaffolds with pore
sizes ranging from 25 to 110 wm, representing porosities 70%, 82%, 86%, and 90%. The 70% porosity scaf-
folds did not support cell growth initially and in the long term. For the other porosities, we found a
strong adhesion of the pre-osteoblastic cells from the first hours after seeding and a remarkable prolifer-
ation increase after 3 weeks and up to 8 weeks. The 86% porosity scaffolds exhibited a higher efficiency
compared to 82% and 90%. In addition, bulk material degradation studies showed that the employed,
highly-acrylated polylactide is degradable. These findings support the potential use of the proposed
material and the scaffold fabrication technique in bone tissue engineering.
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1. Introduction

Bone is the second most common transplantation tissue after
blood [1,2]. While the use of bone grafts remains the optimum
choice, the problems associated with them has made the use of
synthetic implants ever more popular. Over the last decade, there
has been a lot of research into the development of engineered new
bone, to replace damaged tissue. An important part of this research
effort has focused on the development of three-dimensional (3D)
porous scaffolds to support and guide the new cells.

Porous scaffolds with random pore size and shape distribution
can be made easily with techniques such as electro-spinning and
foaming [3-6]. The fabrication of scaffolds with controlled archi-
tecture, however, is a much more challenging and time-consuming
task. Rapid prototyping techniques such as bioprinting, selective
laser sintering and stereolithography allow the accurate control

* Corresponding authors at: IESL-FORTH, N. Plastira 100, Heraklion, Greece.
Tel.: +30 2810391342.
E-mail addresses: mchatzin@materials.uoc.gr (M. Chatzinikolaidou),
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of the scaffold micro-topography, but they are costly and slow
[7-13]. Thereis, however, increasing evidence to justify these costs,
as user-defined structures allow the growth of aligned and com-
plex tissue [14,15]. In addition, controlled topography techniques
enable the analysis and optimization of the geometry of the scaf-
folds: they are ideally suited for exploring the relationship between
3D topology and cell growth which requires optimizing and bal-
ancing the geometrical parameters of the scaffold itself, with the
geometries of the pores within the scaffold.

One such rapid prototyping technique is Direct Laser Writing
(DLW) by Multi-Photon Polymerization (MPP) [16,17]. DLW allows
the fabrication of fully 3D, readily-assembled microstructures with
sub-100 nm resolution [18-20]. While its first applications were
in photonics [21], it was quickly adopted by the tissue engineer-
ing community for its potential for the fabrication of controllable
micron-topography scaffolds [22,23]. A variety of materials have
been employed including proteins [24-26], hydrogels [27,28],
organic polymers [29] and organic-inorganic hybrid materials
[29-32]. Two-photon polymerization to precisely control the pore
size of a 3D matrix was used to a quantitative analysis method for
studying 3D cell migration [33].

Synthetic biodegradable polymers are popular materials
for scaffold fabrication, as they can be produced easily and
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inexpensively, and their properties can be tuned to the specific
application. Some of the most commonly used are polyesters, such
as poly(lacticacid) (PLA), which degrades through de-esterification,
and whose degradation products are removed naturally by the body
[1,34]. However, these polymers undergo a bulk erosion process
such that they can cause scaffolds to fail prematurely. In addition,
abrupt release of these acidic degradation products can cause a
strong inflammatory response. It is therefore important to investi-
gate and modify the properties and degradation of such materials.

In a previous study we presented a novel, photostructurable PLA
synthesized especially for DLW, and we investigated its suitabil-
ity for nerve tissue regeneration [35]. Here, we present the role
of controlling precisely the scaffold porosity to optimize cellular
ingrowth. We first investigate the degradability of this material.
Then we employ the pre-osteoblastic cell line MC3T3-E1 to study
the material effect on cell adhesion, viability and proliferation.
Finally, we construct woodpile-shaped scaffolds with different
porosities and we investigate the relationship between pore size
and cell ingrowth for this specific cell line, scaffold material and
scaffold geometry.

In what follows we describe the modified material synthesis,
characterization, 2D film preparation by spin-coating, and 3D struc-
ture fabrication employing Direct Laser Writing and replication
techniques. Our degradability tests show that the bulk polymeriz-
able structurable PLA loses 27% of its weight in 6 weeks. Finally we
show that while the investigated porosities of 82, 86 and 90% sup-
port cell growth and proliferation, the scaffolds with 86% porosity
exhibit the highest efficiency.

2. Experimental
2.1. Synthesis of poly(lactic acid) pre-polymer

Poly(lactic acid) was produced via microwave synthesis using a
CEM Discover microwave digester (CEM Corporation, Buckingham,
UK) in monomer to initiator ratio of 8:1 by reacting (3S)-cis-
3,6-dimethyl-2,5-dione (L-lactide) monomer with pentaerythritol
(Sigma-Aldrich, UK). The dry monomer and initiator components
were added to a CEM Corporation proprietary attenuator vessel in
addition to 10 ml of toluene. Immediately before the reaction, 0.05 g
of tin(Il) 2-ethylhexanoate (Sn(Oct),) (Sigma-Aldrich, UK) catalyst
per gram of monomer/initiator mixture was added to the attenu-
ator and distributed by stirring. A multiple microwave synthesis
program was developed which included a one minute preliminary
pre-stir stage, a primary reaction stage of one minute at 100°C
followed by a secondary reaction stage at 150 °C for three minutes.

2.2. Methacrylate functionalization of poly(lactic acid)
pre-polymer

Toluene solvent was removed by rotary evaporation prior to
methacrylate functionalization. Pre-polymers were subsequently
dissolved in dry dichloromethane and added to previously cleaned
and thoroughly dried glassware. The reaction vessel was kept dark,
cooled using an ice bath and its internal atmosphere was purged
with nitrogen via a nitrogen bubbler throughout the reaction. The
solution was continuously mixed via the use of a magnetic stirrer
plate and stirrer bar. For 4 arm pre-polymers, 8 molar equiva-
lents of methacrylic anhydride (Sigma-Aldrich, UK) and 8 molar
equivalents of triethylamine (Sigma-Aldrich, UK) were added to the
reaction dropwise over 5 min. Solutions were reacted for 16 h. Sub-
sequently the pre-polymers were precipitated in absolute ethanol
cooled with liquid nitrogen. Following this, ethanol was poured off
from the solidified pre-polymer, it was allowed to melt and the pre-
cipitation purification procedure was repeated two further times.

After the final precipitation, any remaining solvent was removed by
rotary evaporation. The pre-polymer samples were stored in amber
glass vials at —4 °C prior use. Material characterization by '"H NMR
spectroscopy has been shown previously [35].

2.3. Substrate preparation

For the 3D structure preparation, 100 wm and 1 mm thick glass
coverslips were used as substrates. To enhance the adhesion of the
structures, the coverslips were incubated in a solution of 40 mM
methacryloxypropyl trimethoxysilane (MAPTMS) in CHCl; prior
to use. This allows the polymer to covalently bind to the surface
upon curing, preventing the structure peeling off during cell cul-
ture. Indeed, structures tended to detach from the coverslip and
float to the surface of the culture medium when MAPTMS was not
used as a covalent linker of the structure to the substrate.

2.4. Thin film fabrication

PLA films for the quantification of cell proliferation were pre-
pared by the spin-coating technique. Twenty microlitre of a 50 wt%
PLA solution in 4-methyl-2-pentanone were placed on 100 pm
thick coverslips and spin-coated with a speed of 3000 rpm for 60's
to obtain thin films. The films were dried in an oven at 60 °C for
10 min to evaporate the solvent. Then they were photopolymerized
using a KrF excimer laser working at 248 nm wavelength result-
ing in the formation of even polylactide films with a thickness of
~6 wm as measured by scanning electron microscopy (SEM) (data
not shown).

2.5. 3D structure fabrication

The DLW setup for the fabrication of 3D polylactide scaffolds
has been described previously [24,35]. The beam of a Ti:sapphire
femtosecond laser (Femtolasers Fusion, 800 nm, 75 MHz, <20 fs) is
focused to the photosensitive PLA using a microscope objective
(20x, N.A.=0.85, Zeiss Plan Apochromat). The structures are made
in a layer-by-layer fashion, with each layer written by a galvano-
metric scanner (Scanlabs Hurryscan II), computer-controlled using
the SCAPS SAMLight software and synchronized with a mechanical
shutter (Uniblitz). z-Axis and large-scale movement in the x- and
y-directions is done using linear motorized translation stages (PI).
The whole fabrication process is automated using custom-made
LabView software. The fabrication process can be monitored live
by a CCD camera mounted behind a dichroic mirror.

For the scaffold fabrication we used the woodpile shape, a
simple model enabling us to make scaffolds with different porosi-
ties. Woodpile scaffolds were reproduced with high accuracy from
CAD models by automated DLW setup. The scaffolds were fabri-
cated on 100 pwm thick round coverslips and their overall size was
1 x 1 x0.1mm3. The woodpile rods were 20 wm thick and 10 um
high and there were totally 10 layers in z-direction. We fabricated
4 different types of scaffolds each with a different porosity and cor-
responding pore size. Porosity in percentage is calculated from CAD
models as P = (Vvoid/vtotal) x 100, where Viota1 = Vyoid + Vimaterial 1S
the total volume of the rectangular space occupied by a scaffold,
Vioid 1S the volume of an empty space, and Vi aterial 1S the volume
occupied by the material. Pore size was defined as the distance
between parallel woodpile rods in x and y-axis, as seen in Fig. 1.

2.6. Degradability tests

In order to evaluate the degradation rate of the novel, photo-
structurable PLA we performed in vitro degradation in PBS [36,37].
10mm x 1 mm PLA disks made out of the non-structured homo-
geneous material were immersed in PBS and placed in a shaker
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Fig. 1. Design of the woodpile scaffolds.

operating at 175 rpm at 37 °C. Their weight loss was measured for
6 weeks, every 7 days. To fabricate the PLA disks, it was necessary to
employ thermal polymerization, rather than photopolymerization.
This was because the construction of such large samples would be
particularly time-consuming by multiphoton polymerization—in
the order of several days. UV polymerization was also not possi-
ble, as PLA is not transparent enough in the UV range to allow light
penetration and the photopolymeriazation of 1 mm thick samples.
As the polymerization degree, and thus the subsequent degrada-
tion rate can be different when using thermal or photo-initiators,
or ever different photopolymerization methods, our degradation
measurements do not give any quantitative information; they are
merely an indication of whether the novel photostructurable PLA
is indeed degradable.

The thermal initiator employed was 2,2’-azobisisobutyronitrile
(AIBN). As AIBN (and most thermal initiators) suffer from oxygen
radical quenching, the thermal polymerization was carried out in a
nitrogen atmosphere. AIBN at 3% (w/w) concentration was added
to PLA and mixed for 45 min. Appropriate quantity of the mix-
ture was placed into disk moulds and subsequently placed into a
vacuum chamber overnight. For the thermal polymerization, the
samples were heated at 100°C for a minimum of 4 h. Afterwards,
the PLA disks were washed in pure ethanol for 30 min and placed in
avacuum chamber to dry overnight. Each sample was subsequently
accurately weighed, sterilized for 20s with 70% EtOH, rinsed for
1 min in water and dried for 30 min under clean conditions. Each
PLA disk was placed in a cleaned 20 ml bottle containing 10 ml of
sterile PBS and sealed with Parafilm®, before placed in the shaker.

The samples were incubated in a thermostated shaker for 6
weeks. Every 7 days the samples were taken out, weighed, and
the PBS was kept for further analysis. After weighing, the samples
were dried under vacuum overnight, immersed in fresh PBS and
the process was repeated.

2.7. Replication

DLW is a powerful tool for the fabrication of fully 3D scaffolds, it
is, however, slow and expensive. It is therefore desirable to develop
methods to quickly replicate and multiply the number of structures
available. This need becomes even more crucial on the case of the
DLW structures tested as scaffolds, as they are usually required to
be large as every experiment needs to be repeated at least 3 times,
and for different durations. One means of accomplishing this is by
replicating structures using soft lithography. This is a technology
employed extensively by the microlelectronics industry, to create
wafer-scale replicas of master structures that were created with
conventional lithography. It has been shown by several groups that
it is possible to use soft lithography to replicate structures created

by DLW [38]. Here we demonstrate that 2.5D large area scaffolds
with different porosities can be replicated with high repeatability.
Such rapidly fabricated structures have the potential to be used in
cell cultures to study cell growth.

The procedure for replicating structures is the following: First
the 3D structures are made using a material with good mechani-
cal strength, such as the one described previously [18]. To prepare
the PDMS mould, we used SYLGARD® 184 Silicone Elastomer and
curing agent. This is supplied in a matched kit consisting of the
elastomer and the curing agent in separate containers. The two
components were thoroughly mixed using a weight ratio of 10:1
elastomer:curing agent. The resulting composite, a viscous liquid,
was put in a vacuum oven for 15min to remove any bubbles. A
Teflon O-ring was placed around the DLW sample and a small
amount of the PDMS mixture was poured into the mould, such as
to fill the O-ring. This was then placed again under vacuum and
left overnight at room temperature. This resulted in the material
solidifying, and the PDMS mask could be easily removed from the
master without damage.

For the structure replication, glass coverslips with a thickness of
1 mm and diameter of 15 mm were prepared as described earlier.
A drop of the PLA and photoinitiator composite was placed on the
PDMS mask under vacuum for 10 min to remove bubbles. Then the
glass substrate was pressed on the material. The photopolymeriza-
tion was carried out using an Excimer laser operating at 248 nm
for 10 min at 10 Hz. This was necessary as most of the UV light was
absorbed by the glass substrate.

Fig. 2 shows scanning electron microscopy (SEM) images of the
three stages of replication. Fig. 2A shows the master structures,
fabricated using DLW of an organic-inorganic hybrid material
described in reference [18]. Fig. 2B shows the PDMS mould, while
Fig. 2C shows one of the replicas in photostructurable PLA. It can be
seen that the photostructurable PLA replica is of good quality, and
an exact copy of the master structure.

2.8. Cell culture

Early passages 8-14 of the mouse calvaria pre-osteoblastic cell
line MC3T3-Elwere used in our study. Cell culture were grown
using Minimum Essential Medium Alpha Modification (alpha-
MEM) culture medium, supplemented with glutamine (2 mM),
penicillin (50 IU/ml), streptomycin (50 g/ml) and 10 vol% FBS (com-
plete a-MEM) in a humidified atmosphere and 5% CO, at 37°C
in a cell incubator (Thermo Scientific). Cells were seeded on the
spin-coated samples fit into the wells of 24-well plates, and on
the polystyrene surfaces used as the control. The initial cell seed-
ing number was 5 x 104 cells per sample. Cell culture media were
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Fig. 2. Samples at the 3 stages of preparation: (A) shows the master structure fabricated using DLW a hybrid material; (B) shows the PDMS mould; and (C) shows the
replicated structure in photostructurable PLA. It can be clearly seen that the 3D structure has been accurately replicated.

changed three times per week. All culture media were purchased
from Invitrogen.

2.9. Cell proliferation on PLA films

Prior to cell seeding PLA films were sterilized for 30 min in 70%
ethanol solution, dried for 1 hunder UVirradiationin a laminar flow
hood. Samples then were transferred to a 24-well plate, washed
with sterile water and cell culture medium.

At the different time points cell viability was measured by the
PrestoBlue™ assay. The PrestoBlue™ reagent is a resazurin-based
solution that functions as a cell viability indicator by using the
reducing power of living cells and can be used to quantitatively
measure the proliferation of cells. The reagent contains a cell-
permeable compound that is blue in colour and non-fluorescent.
11 vol% of the reagent was added to the wells containing the cells
and media and incubated at 37 °C for 30 min according to the man-
ufacturer’s instructions. PrestoBlue™ reagent is modified by the
reducing environment of the viable cell and turns red in colour.
These changes were detected by measuring the optical density with
a spectrophotometer (Molecular Devices SpectraMax M2) at two
wavelengths (570 and 600 nm). Quantitative cell viability results
were obtained by comparison of the optical densities of the PLA
samples to the control samples, which were the tissue culture
treated polystyrene surfaces. After each assay on different days,
PrestoBlue™ reagent is removed continuing cell culture in com-
plete a-MEM. Viability assay results were verified by observation
with optical microscopy.

2.10. Cell ingrowth onto 3D PLA scaffolds

In order to investigate the effect of scaffolds geometry on cell
ingrowth pre-osteoblastic cells were cultured on 3D PLA woodpile
scaffolds, as described earlier and shown in Fig. 1. The pore sizes
ranged from 25 to 110 wm, and porosities 70 to 90%. Each glass slide
had one structure on them. To ensure reliable statistical results,
we employed 9 samples of each porosity, totally 36 samples. Prior
to cell seeding, the PLA samples were sterilized for 30 min in 70%
ethanol solution and dried for 1h under UV irradiation in a lami-
nar flow hood. Samples then were transferred to a 24-well plate,
washed with sterile water and cell culture medium.

Pre-osteoblastic MC3T3-E1 cells were seeded on each sample,
allowing them one day to attach on the surface of the scaffolds.
The initial seeding number was 2.5 x 10* cells per sample. After
one day, the cells around the scaffolds were carefully removed
using a cell scraper, preventing the cell proliferation on the sur-
face of the substrate, so that solely cells on the 3D scaffold itself
remained. Cell culture was sustained up to 8 weeks in com-
plete a-MEM in a cell culture incubator until further treatment

for observation by scanning electron and laser scanning confocal
microscopy.

2.11. Optical microscopy

A suspension of 2 x 104 cells in complete a-MEM were seeded
on the PLA films and placed in the cell culture incubator at 37 °C.
The cells on the samples were examined daily and visualized by
means of a Zeiss Axiovert 200 microscope. Images were taken
by a ProgRes® CFscan Jenoptik camera (Jena, Germany) using the
ProgRes® CapturePro 2.0 software and an objective lens for the
10-fold magnification.

2.12. Scanning electron microscopy

Atdifferent time points, samples of each pore size were removed
from the culture and rinsed three times with PBS, fixed with 2%
paraformaldehyde for 1h, post-fixed with 1% osmium tetroxide,
and dehydrated in increasing concentrations (from 30-100%) of
ethanol. The specimens were then dried in a critical point drier
(Baltec CPD 030), sputter-coated with a 10 nm thick layer of gold
(Baltec SCD 050) and observed under a scanning electron micro-
scope (JEOL JSM-6390 LV) at an accelerating voltage of 15kV. In
this way samples were prepared for SEM observation, which led to
a qualitative evaluation of the cell proliferation on scaffolds with
different porosities.

2.13. Laser scanning confocal fluorescence microscopy

A suspension of 2 x 104 cells in complete a-MEM were seeded
on PLA films and on 3D scaffolds and placed in the cell culture
incubator at 37 °C for different culture durations. The cells on the
samples were rinsed with PBS and fixed with 4% paraformalde-
hyde for 15 min and permeabilized with 0.1% Triton X-100 (Merck,
Darmstadt, Germany) in PBS for 5min on ice. The non-specific
binding sites were blocked with a 2% BSA solution in PBS for
60 min. Actin cytoskeleton and vinculin focal adhesion complexes
were stained by incubating cells-on-specimens in 100 p.l diluted
fluorescein isothiocyanate-conjugated anti-vinculin primary anti-
body (FITC-conjugated anti-vinculin, Sigma-Aldrich Chemie GmbH,
Munich, Germany) in blocking solution (1:100) for 50 min and sub-
sequently staining them in simultaneous incubation with 100 .l
1 mg/ml tetramethyl rhodamine isothiocyanate-conjugated phal-
loidin (TRITC-phalloidin conjugate, Sigma-Aldrich Chemie GmbH,
Munich, Germany) for another 20 min. For cell nuclei staining 10 .1
of a TO-PRO® solution (Sigma) were added on top for another
20 min. Samples were rinsed two times with PBS and observed
under a Leica DM IRBE laser scanning confocal fluorescence micro-
scope using a 63-fold magnification objective lens.
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2.14. Statistical analysis

Statistical analysis was performed using the Student’s t test.
To statistically evaluate the difference in cell viability and prolif-
eration after certain time points (1, 3, and 8 days), the material
at each time point was compared with the control tissue culture-
treated polystyrene surface. Data were analyzed using the software
GraphPad Prism® and values of P<0.05 are considered statistically
significantly different.

3. Results and discussion
3.1. Material degradation

In order to evaluate the degradability of the photostructurable
PLA, disks of the material were immersed in PBS and placed in a
shaker at 37 °C. Their weight loss was measured every 7 days. Fig. 3
shows the weight loss (%) vs. time. It can be seen that the material
degrades slowly, losing less that 5% of its weight every week, and
27% after six weeks.

However, these studies are no more than an indication that
the new material is indeed degradable. The degree of crosslinking
of the final polymer, and therefore the degradation proper-
ties, depends on the kind of initiation, so thermal and photon
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polymerizations will give different results. Indeed, one and
multi-photon polymerizations will cause different degrees of cross-
linking and again different results. In fact, we show later that after
6 weeks we can see only a slight degradation of the 3D DLW-
structured scaffolds for cell culture, indicating that the degradation
rate of the multi-photon polymerized material is much slower.

3.2. Cell viability and morphology on PLA thin films

Introducing the interactions between a material chemistry and
a specific cell type, the investigation of cell morphology and via-
bility on these materials is crucial. Fig. 4 shows the results from
the investigation of the pre-osteoblastic cells’ viability on PLA films
performed using the PrestoBlue™ assay after 1,3, and 8 days in cul-
ture. Although the final goal is the use of 3D scaffolds, we performed
the cytocompatibility investigations on geometrically well-defined
films in order to quantify the cell proliferation results. In all experi-
ments we observed a strong cell adhesion on the material from the
first hours and up to several days, and a cell proliferation increase
after 3 and 8 days. The initial cell number on the PLA films increased
3 times after 8 days in culture. The cell viability was up to 80%
compared to the tissue culture-treated polystyrene surface at all
three investigated time points. From the statistical analysis by the
Student’s t test we obtained P values of 0.036, 0.031, and 0.194 by
comparison between the PLA samples and the polystyrene surfaces
on days 1, 3, and 8, respectively. The differences for days 1 and 3
are therefore considered statistically significant (P <0.05), whereas
for day 8 they are not significant.

The morphology of the adhered pre-osteoblastic cells on the PLA
films is shown in the confocal fluorescence microscopy images of
Fig. 5, depicting the stained nucleic acid in the cell nuclei in purple
(Fig. 5A), the actin cytoskeleton in red, and the vinculin in green.
Numerous cells adhere strongly on the material surface and display
a well-organized cytoskeleton with a spindle-shaped morphology
24 h after seeding, as reflected by the actin staining shown in Fig. 5B.
The visualization of vinculin participating in the cells’ focal adhe-
sion points is demonstrated in Fig. 5C, in which the footprint of
extended filopodial formations can be clearly seen. Fig. 5D depicts
an overlay of the triple-stain.

B

Cell number (x 10%)

uﬂﬂ

Day1 Day 3 Day 8

HCell number (x10000) PLA
“Cell number (x10000) Polystyrene

Fig. 4. (A) Pre-osteoblastic cell viability compared to the cell growth on the control polystyrene surface; (B) cell number on PLA films and polystyrene surface at different
time points (top right). Error bars represent the average of quadruples + standard deviation; (C) bright-field microscopy images of a cell monolayer on PLA films after 1, 3
and 8 days in culture (bottom row). (*) symbols denote statistically significant differences (P <0.05). Scale bar represents 50 pm.
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Fig. 5. Confocal fluorescence microscopy images of pre-osteoblastic cells on PLA films after 24 h demonstrating the nucleic acid, the actin, and the vinculin staining. The cell
morphology is shown following a triple stain with TO-PRO®-3 (purple), TRITC-phalloidin (red), and FITC-conjugated anti-vinculin antibody (green). (A) depicts the nucleic
acid in the cell nuclei; (B) the fibrillar network of actin cytoskeleton; (C) the vinculin participating in focal adhesion points; (D) an overlay of the triple-stain (all in a 63-fold
magnification; scale bar represents 20 m). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. 3D structuring

DLW was used to fabricate large scaffolds with a precise and
controlled geometry from PLA (Fig. 6). The laser beam scanning
speed was 1-3 mm/s, resulting in fabrication time of 3.5 h for the
scaffolds with 70% porosity, and 1 h for the ones with 90% porosity.
The average laser power was 15 mW, measured before the objec-
tive, with average transmission 20%. For the fabrication of the lines,
a single laser scan was used.

All the porosities were calculated according to the CAD model.
In Fig. 6, some shrinkage during structuring can be seen. In the
structures used for cell culture, an external frame was added to min-
imize shrinkage. As it can indeed be seen in Figs. 7 and 8, structure
shrinkage is minimal.

3.4. Cell ingrowth onto the 3D scaffolds with various porosities

The initial, the long-term adhesion potential and the ingrowth of
the cells onto the PLA woodpile scaffolds were examined using SEM
and scanning laser confocal fluorescence microscopy at different
time points after cell seeding.

Representative scanning electron microscopy images demon-
strate cells that adhere on the complex-geometry scaffolds. One day
after cell seeding, a few cells appear to develop cytoplasmic exten-
sions at different scaffold locations, facilitating their 3D attachment
into the materials surface (figure not shown). The observed fully
spread cell morphology with extending cytoplasmic protrusions
signals a strong initial cell adhesion within the first hours after
seeding on the scaffolds with porosities of 82, 86 and 90%. After
one week, cells proliferated onto the scaffolds showing a spindle-
shaped morphology (data not shown). Cells cultured for 2 weeks
on the scaffolds demonstrate a strong 3D proliferation as shown
in Fig. 7. A higher number of cells are attached on the 82% (B)
and 86% (C) porosity scaffolds compared to the 70% (A) and 90%
(D) porosity. After 3 weeks in culture, cells proliferated strongly
onto the 82% (F) and 86% (G) porosities. Particularly onto the 86%

porosity scaffolds, a pronounced proliferation increase led to the
development of dense adhered cell layers at different levels within
the 3D scaffold as shown at higher magnification images in Fig. 8M
and N. Here, the cells formed connections for their organization
into tissue, and covered completely the scaffold with a dense 3D
cell matrix. After 6 weeks in culture, cells into the scaffolds with
porosities of 82% (J), 86% (K) and 90% (L) demonstrate a complete
coverage with cells. The observed good initial cell adhesion, and the
consequent proliferation increase validate the biocompatibility of
the PLA-based material. Remarkably, the scaffolds with a porosity
of 86% exhibit the highest efficiency of coverage with a dense 3D
cell matrix formation within 3 weeks. Fig. 7E and I shows scaffolds
with 70% porosity after 3 and 6 weeks in cell culture. Only a poor cell
proliferation can be seen into these scaffolds, and a slight material
degradation is visible.

One of the critical factors for bone ingrowth is the size of inter-
connecting pores [39]. Kuboki et al. first reported on the role of
the scaffold porosity in bone regeneration using solid porous par-
ticles in a rat ectopic model [40]. While Hulbert et al. revealed that
the minimum pore size of ceramic materials required to regenerate
mineralized bone is generally considered to be 100 pm [41], Bobyn
et al. showed effective bone ingrowth into porous coatings of metal
implants with pore sizes down to 50 wm [42]. Although there are
alternative views, the consensus seems to be that the optimal pore
size for mineralized bone ingrowth is 100-400 pm [43].

We performed the cell ingrowth experiments by using a rela-
tively low initial cell number for the dimensions of the designed 3D
scaffolds, in order to successively follow the cell adhesion and pro-
liferation changes. Considering the fact that the initial cell number
is crucial for the subsequent cell proliferation and differentiation
[44,45], together with our technical limitation to avoid including
substrate adhered cells in the quantification of viable cells onto 3D
scaffolds, we emphasized here on the qualitative cell ingrowth into
the 3D scaffolds with different porosities.

Dealing with a biodegradable material, a question arising is
how does the degradability affect the mechanical properties of the

15kV X200

100pm

Fig. 6. SEM images of 3D woodpile-shaped scaffolds fabricated from photostructurable PLA. View of a tilted sample (A), top view (B) and high magnification side view (C).
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Fig. 7. Cells on 3D woodpile scaffolds. 70%, 82%, 86%, 90% porous scaffolds after 2 weeks (A-D), 3 weeks (E-H), and 6 weeks (I-L) in culture.

scaffolds and consequently the cellular response [46]. Although
this topic is relevant to the features of 3D scaffolds for bone tis-
sue engineering applications, this will be subject of future work.
In this study we focused on the effect of the scaffolds’ porosity on
pre-osteoblastic cell proliferation for the duration up to 8 weeks,
by following the cell morphology in the initial stage and also in the
long term, as this is a prerequisite for the cell viability, proliferation
and 3D tissue growth.

3.5. Cell morphology into the scaffolds with 86% porosity
Fig. 9 demonstrates the cell morphology into the 86% porosity

scaffolds after 24 h, 2 and 3 weeks in culture. Specifically, we visu-
alized in a triple stain the cell nuclei (in purple), the actin filaments

(in red), and the vinculin participating in focal adhesion (in green).
Twenty four hours after cell seeding, we observe only a few adhered
cells onto the scaffolds’ rod structures as depicted in Fig. 9. Cells
show an elongated morphology and develop connections onto the
scaffolds’ bar structures. The observed fully spread cell morphology
with a spindle-shape and the cytoplasmic extensions signal excel-
lent cell adhesion 24 h post seeding on the material’s structures
(Fig.9A). After 2 weeks in culture, cells retain a strong adhesion pro-
file onto the scaffold, they proliferate increasingly, and they appear
to fill the spaces between the scaffolds’ rod structures (Fig. 9B). After
3 weeks in culture, cells proliferate increasingly, and they succes-
sively fill completely the volume inside the scaffolds’ structures
with a dense 3D cell matrix, as shown in the triple stain in Fig. 9C.
Both Fig. 9B and Crepresent stacks of 4 sections with a total depth of

Fig. 8. High magnification SEM images of cells on 86% porosity scaffolds after 3 weeks in culture.

1
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Fig. 9. Confocal fluorescence microscopy images of pre-osteoblastic cells onto woodpile scaffolds with a porosity of 86% after 24 h (A), 2 weeks (B), and 3 weeks (C). (B) and

(C) depict stacks of 4 sections in a depth of 20 wm. Scale bar represents 20 pm.

Fig. 10. Confocal fluorescence microscopy images of pre-osteoblastic cells onto the same location of a woodpile scaffold with a porosity of 86% after 3 weeks. Stains of nucleic
acid (A), actin cytoskeleton (B), vinculin (C) and triple stain overlay stack of four sections in a depth of 20 um (D). Scale bar represents 20 pm.

20 pm. Accordingly, the acquired images are reconstructed allow-
ing observation of the residing cells into the topologically complex
3D scaffolds.

Fig. 10 displays a representative visualization of a triple stain of
cells at the same location of a scaffold with a porosity of 86% after 3
weeks in culture. Fig. 10A depicts the stained cell nuclei in purple,
Fig. 10B shows the dense actin cytoskeleton of the proliferated cells
onto the scaffolds’ structures, whereas the vinculin participating in
the focal adhesion points is visualized in Fig. 10C. Fig. 10D displays
an overlay of all three above-mentioned stains as a stack of four
sections in a total depth of 20 pm, demonstrating a pronounced
proliferation of strongly adhered cells onto the scaffold’s structures,
and a dense 3D tissue formation into the interstitial spaces after 3
weeks.

Overall, our investigations into the suitability of a novel, pho-
tosensitive PLA-based material for application as scaffolds in hard
tissue engineering demonstrate that the material is biocompati-
ble and it degrades fairly slowly, allowing pre-osteoblastic cells to
proliferate before its degradation.

The dependence of cell proliferation on scaffold geometry
has been reported before [2]. Our results clearly indicate that
even small changes in porosity, like the one from 82% to 86%
and to 90% can have a significant effect on the cell growth
and subsequent tissue development. Our results are geometry,
material, and cell-type specific and therefore justify the use of
the DLW technology in tissue engineering research, as it is the
only one that provides the resolution, accuracy and repeatability
required to distinguish such small differences. DLW equipment
is sophisticated, expensive, and even when high-speed motors
and high power lasers are used, the production rates are slow
for real-life applications. This technology, however, provides a
powerful tool for understanding the tissue growth into com-
plex structures of various porosities, and other, more efficient

technologies can use the results obtained by DLW for production
and manufacturing.

4. Conclusions

This work demonstrates the successful fabrication of scaf-
folds from a PLA-based material, with a complex woodpile-shaped
geometry and different porosities by DLW, and the generation of
replicated structures. The MC3T3-E1 pre-osteoblastic cells cultured
on the 2D material and on the 3D scaffolds showed a positive
cellular response. A strong cell adhesion onto the PLA films with
spread cell morphology from the first hours of observation, together
with a proliferation increase after 3 and 8 days validate the bio-
compatibility of the composite material. Cells adhered strongly
and proliferated increasingly onto the complex 3D scaffolds with
porosities from 82 to 90%. While three out of four investigated pore
sizes support cell growth, the scaffolds with 86% porosity exhibit
the highest efficiency. Additionally, degradability studies in bulk
material indicate that this highly-acrylated polylactide is degrad-
able. These results establish the basis for the potential use of this
material in bone tissue regeneration. In conclusion, we demon-
strate that the precise control of scaffolds’ porosity by a flexible
fabrication technique is crucial for the cell ingrowth and thus for
the generation of homogeneous 3D bone tissue.
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