[image: \\ashopton\usr42\LSC\Arp10sm\ManW7\Desktop\logo.jpg]









Development of a Topical Prodrug to Treat Burn Scar Contracture 





By:

Kathryn. A. Murray




A thesis submitted in partial fulfilment of the requirements for the degree of
Doctor of Philosophy 



The University of Sheffield
Faculty of Science
Department of Chemistry

 

Submission Date:
September 2018 


[bookmark: _Toc530598802]Chapter Three: Effect of prodrugs on enzyme activity and cytotoxicity

2

32


[bookmark: _Toc2450961]Declaration
The work described in this thesis was undertaken at the University of Sheffield under the supervision of Dr Sebastian Spain and Professor Sheila MacNeil between October 2014 and September 2018 and has not been submitted, either wholly or in part, for this or any other degree. All the work is the original work of the author, except where acknowledged. 

Signature:                                                    
Kathryn Alexandra Murray
September 2018





[bookmark: _Toc2450962]Abstract

Scar contracture is a debilitating consequence of major burn injuries that leads to pain, disfigurement and a loss of joint mobility. There is an unmet clinical need for targeted therapies to treat the underlying mechanism of contraction. It has been suggested that inhibition of lysyl oxidase (LOX), the enzyme that catalyses collagen cross-linking, could reduce the formation of scar contractures.
This thesis describes the development of a prodrug to increase the lipophilicity of a known irreversible inhibitor of LOX, ‑aminopropionitrile (‑APN), to increase its suitability for topical drug delivery. Attempts were made to produce an imine between ‑APN and a variety of aldehydes. The reaction of ‑APN with salicylaldehyde produced a stable imine product that was readily isolated and characterised. Four further imines were then synthesised based on the salicylaldehyde framework. Dissociation of the imines back to ‑APN was investigated in aqueous and organic solvents and analysed by 1H NMR spectroscopy. The imines were found to be stable in organic solvents yet dissociated instantly when dissolved in an aqueous environment. 
Testing the prodrugs in an in vitro assay of enzyme activity demonstrated that this dissociation was sufficient to inhibit LOX activity. Furthermore, the prodrugs exhibited negligible toxicity in cell metabolic activity and membrane integrity assays at concentrations required for enzyme inhibition. Increasing the concentration of the prodrugs to that used in 3D models of contraction caused notable cytotoxic effects.
Finally, the prodrugs were tested in a 3D model of contraction using tissue-engineered skin (TES). Multiple issues arose in the TES contraction model, including a lack of efficacy of ‑APN to inhibit contraction. Using collagen gels as an alternative, ‑APN was shown to reduce contraction in a dose-dependent manner whilst maintaining cell viability. However, application of the prodrugs to collagen gels resulted in a marked decrease in cell viability.
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1. [bookmark: _Toc2450967]Chapter One: Introduction
[bookmark: _Toc2450968]Burns
[bookmark: _Toc320882495][bookmark: _Toc2450969]Burn physiology
Burn injuries are a devastating form of trauma that can arise from multiple sources, including heat, flames, chemicals and sunlight.1 Patients suffering from burn injuries range from infants, with scalds being the most common burn injury for children under 5 years of age,2 to adults, where the major causes are fire and flammable liquids.1 The general incidence of burns has decreased in the developed world due to increased education in fire prevention and safety precautions. However, burns remain a major contributor to emergency cases worldwide.  
The severity of a burn has a significant influence on the treatment, healing time and patient outlook. Burn injuries are classified by the depth of the injury, as well as the area affected, described as a percentage of the patient’s total body surface area (% TBSA). The notation of first-, second-, third- and fourth-degree burns was previously used to describe the depth of a burn, with greater numbers indicating a more severe injury.3 Currently, the type of burn is more commonly described in relation to the physiology of the skin, therefore the classification of superficial (epidermal), superficial-dermal, deep-dermal and full thickness, is used (Figure 1.1).4 In superficial/ epidermal (first degree) burns, such as sunburn, damage occurs only to the epidermis and the wound usually heals in several days with little or no scarring. Superficial-dermal (second degree) burns damage the epidermis and the upper dermal layer, often producing painful blisters and resulting in some permanent scarring.5 Deep-dermal (third degree) burns penetrate the full dermis and include destruction of hair follicles and sweat glands. These burns can sometimes be less painful than partial thickness injuries due to the destruction of nerve endings. Full thickness (fourth degree) burns are the most severe type of burn injury as they destroy bone and muscular tissue as well as the full skin thickness.6 Whilst superficial and superficial-dermal wounds can heal spontaneously, deep-dermal and full thickness wounds often require surgical intervention in order to heal successfully. 
[image: ]
[bookmark: _Ref524614750]Figure 1.1. Classification of cutaneous burns injuries, ranging from superficial, superficial dermal, deep dermal and full thickness.7 Grey area indicates destruction of skin.
The measurement of burn depth is critical to patient care as it influences the patient prognosis and the resulting course of treatment. For example, burn depth can be used to estimate the expected time period for healing. It has been shown that burns that take longer than 21 days to heal are at risk from developing hypertrophic scars.8 These result from an overproduction of collagen in response to a traumatic injury and become hard, raised scars that can be painful and itchy.9
Measuring burn depth can be difficult since it is rarely uniform across the whole injury and the extent of the damage is often not apparent on primary inspection. Frequently, visual clinical assessment is used to determine burn depth since it is low cost, requires little equipment and can be performed immediately.10 However, there is commonly some variation between different clinician’s assessments, as well as a general trend for over-estimation of burn depth.11 Alternative techniques include biopsies of the injury site, thermal imaging and ultra sound.12 Laser Doppler Imaging (LDI), has been shown to accurately assess blood flow at a burn site and consequently provide a very good estimation of burn depth,13 to the extent where burns that are likely to heal in less than, or more than, 21 days can be distinguished.14 
Burn injuries lead to the destruction of the body’s protective barriers, such as the skin and the lining of the airways. Skin performs fundamental physiological roles including regulating body temperature, maintaining body fluid levels and providing a barrier to contaminants and bacteria.15 As a result, multiple co-morbidities can develop due to the loss of barrier function. A major complication associated with large burns is hypovolemic shock, resulting from extensive water and blood loss. The implementation of fluid resuscitation strategies has been key to reducing further morbidity in burn patients from hypovolemic shock.16 Additional complications associated with burn patients include inhalation injury17 and the onset of infection, which can lead to life threatening complications such as sepsis.18 Over the past few decades, medical advancements in burn care have led to a significant increase in the number of patients surviving major burn injuries.19,20 As a result, there is a greater focus on the long-term outcomes for the patient, including renewed skin function, aesthetics and retaining full limb mobility. 
[bookmark: _Toc305048953][bookmark: _Toc320882496][bookmark: _Toc2450970]Burn wound healing
To heal, burn wounds must progress through the healing cycle; a series of dynamic stages involving multiple biochemical cascades.21 Typically, four stages of wound healing are identified; haemostasis, inflammation, proliferation and remodelling.22,23 (Figure 1.2).
Wound healing begins immediately after injury; haemostasis is initiated, performing two key roles. First, a fibrin clot is formed due to the aggregation of platelets and fibrin at the site of injury,24 providing a temporary cover to the wound. Second, haemostasis triggers the coagulation cascade from the release of cytokines and growth factors from platelets, causing blood to clot.25 Once initial bleeding has been stemmed, several chemotactic factors trigger the inflammatory stage of healing. Inflammatory cells such as neutrophils and monocytes flood to the wound area and attempt to rid the wound of cell debris and bacteria.26 As the inflammatory stage progresses, the abundance of neutrophils decreases and are instead replaced by macrophages. Macrophages are essential for the transition from inflammatory to proliferation by performing phagocytosis to ensure the wound is free from contaminants and by releasing chemotactic agents that initiate fibroblast migration to the wound.25 
[image: ]
[bookmark: _Ref524615353]Figure 1.2. Phases of wound healing, diagram adapted from Physiology, Biochemistry and Molecular Biology of the skin.27
[bookmark: _Toc305048954][bookmark: _Toc320882497]During the proliferation stage of wound healing, fibroblasts deposit collagen at the wound bed and new granulation tissue fills the wound area.24 At the same time, angiogenesis occurs, increasing vascularisation of the healing wound. Re-epithelialisation is initiated, prompting keratinocytes to migrate across the wound surface from the edges of the wound, providing a protective barrier.25 In order to progress the closure of the wound, contraction occurs, where the edges of the wound are brought together.28 During remodelling, collagen type III that was deposited during the proliferation stage is degraded and collagen type I synthesis is increased.29 The new collagen fibres are cross-linked and orientated in parallel to the wound surface, ultimately leading to the formation of a scar. The remodelling phase of healing can last for several years after injury and aims to restore the structural integrity of the skin. However, full tissue restoration is unlikely, with the new scar tissue having impaired function compared to unwounded tissue, such as a lack of sweat glands.30,31 The timeline for healing depends largely on the type and depth of wound as well as the individual patient’s health, for example, healing is often slower in patients suffering from co-morbidities such as diabetes.32 Any break in the wound healing cycle can lead to stalled healing and the development of a chronic wound.22
[bookmark: _Toc2450971]Burn wound treatment regimes
Initial burn treatment has to address the primary concerns of thermal injury, such as inhalation injury, shock and fluid loss. Following this, the key aim is to close the wound to the environment. In superficial and superficial-dermal burns, viable cells are often still present in the wound bed, therefore healing can occur spontaneously. As a result, therapeutic measures may include debriding the area of debris and dead tissue and covering the wound with dressings (often containing an antimicrobial). In deep-dermal and full-thickness wounds, the extent of tissue damage can result in a lack of viable cells, such as fibroblasts and keratinocytes, to perform spontaneous healing. In addition, if the burn covers a large surface area, the body is unable to regenerate enough tissue to close the entire wound. Therefore, skin grafting, or the use of dermal substitutes, is considered necessary for healing. 
Autologous skin grafts are the gold standard of care in extensive burn injuries. These are portions of the patient’s own skin, harvested from a healthy donor site on the body. Ideally, graft donor sites should have similar pigmentation and texture to the intended site of transplant, to give the resultant graft optimum aesthetic results. Split-thickness skin grafts (STSG) contain the epidermis and a portion of the dermis, whilst full-thickness skin grafts (FTSG) contain the full dermal layer. The thickness of the graft and the amount of dermis it contains are directly related to the likelihood of graft survival and graft contracture.33,34 Whilst FTSG can give superior results over STSG, only small areas of FTSG can be isolated at any time. On the other hand, STSG use a much thinner portion of the skin, therefore larger areas can be harvested. Donor sites for STSG can regenerate more quickly, allowing subsequent grafts to be taken from the same site at more frequent intervals. However, the use of autologous skin grafts in patients with extensive injuries is often unfeasible due to the lack of viable donor sites. Furthermore, the risk of additional scarring and contracture of the graft highlights the need for alternative skin replacement therapies to be examined. 
As an alternative to skin grafts, cultured epithelial autografts (CEA) of keratinocytes can be prepared from the patient’s own cells and grown to produce an epidermal layer to cover a wound. Studies have shown success in covering large burns with CEA, however the time taken to produce a confluent sheet of cells for the transplanted epidermis is lengthy, highlighting a major drawback of this technique.35 Allogenic keratinocytes can be pre-prepared and stored at -80°C, allowing them to be ready for transplant without the lengthy cell culture period. However, the use of allogenic keratinocytes carries the risk of disease transmission.
In extensive burns covering a large body surface area, the use of synthetic skin replacements and graft enhancers has shown some promise. Both temporary and permanent skin replacement therapies of biological and synthetic origin have been developed in order to address this clinical need. Temporary synthetic skin substitutes remove the potential for disease transmission and provide protection to the wound whilst more permanent methods of wound closure can be prepared. Commercially available examples include Biobrane™, Transcyte™ and Apilgraf. Permanent skin substitutes replace lost skin in patients with high % TBSA, or severe, deep burns. A study by Demircan et al. reported the use of a collagen-elastin matrix to serve as a scaffold under split-thickness skin grafts in children with severe facial burns.36 Graft survival was successful in all 15 patients who received the collagen-elastin matrix scaffold, with only two patients requiring further operations for graft remodelling. Integra® is a permanent dermal replacement medium consisting of two layers; a bovine derived dermal analogue of collagen and shark chondroitin-6-sulfate, with a silicone layer as a temporary epidermis. It is the most widely used skin substitute in burn patients37 and has been used for wound closure and treatment of hypertrophic and contracted scars. After surgical placement on a freshly excised wound, the dermal portion of Integra® undergoes biointegration with the patient’s own cells over a period of approximately 3-4 weeks. After biointegration, the temporary silicone layer is removed and replaced with an autologous split-thickness skin graft.38 An early clinical study of 17 burn patients treated with Integra® reported generally positive functional and cosmetic outcomes, with seroma and haematoma formation found in only 3 patients.39 An additional study of 12 patients undergoing breast reconstruction after thermal injury in childhood reported 100 % take of Integra®, as well as no clinically-relevant contractures of the wounds.40 The high cost of Integra® is a major drawback, limiting the widespread use of this therapy. 
[bookmark: _Toc2450972]Post-burn contractures
Scar contracture is the progressive tightening of a scar after a wound has closed (Figure 1.3). Contracture is a common occurrence in post-burn scars, with a recent study reporting contractures in 33 % of adult burn patients.41 Contractures cause pain, distortion of the underlying tissue and, when present across joints, result in a significantly reduced range of motion.42 This can lead to difficulties performing everyday tasks such as bathing and cooking. In addition to the physical impairments, contractures have been shown to have a detrimental effect on a patient’s quality of life.43 Additional surgeries are often required to treat scar contractures, as well as further rehabilitation therapy, increasing patient hospital stays and the cost of burn care. 
[image: ]
[bookmark: _Ref524616848]Figure 1.3. A patient with burn scar contracture to neck and right armpit.44
[bookmark: _Toc2450973]Current treatments for scar contracture
Current methods to treat scar contractures use either preventative techniques, to reduce the likelihood of a contracture forming, or remodelling techniques, that aim to release the tension in the contracted scar. 
[bookmark: _Toc2450974]Preventative strategies
The current clinical guidelines for the prevention of burn scar contractures are to use compression garments and splints to exert mechanical forces on the scar.45 These treatments have changed very little over the last few decades, and the exact mechanism of how pressure therapy works remains unclear. In the literature, evidence for the use of pressure garment therapy (PGT) to prevent hypertrophic scarring and contracture is conflicting. On the one hand, many sources advocate the use of PGT and demonstrate positive outcomes from its application.46,47,48 For example, Engrav et al. performed a 12 year study to investigate the effect of moderate and low pressure treatment on burn wounds.49 The study compared hardness, colour, thickness and clinical appearance of wounds treated with garments exerting moderate (17–24 mmHg) and low (< 5 mmHg) pressure. It was concluded that the application of pressure in the range of 17–24 mmHg produced a positive effect on moderate to severe hypertrophic scars. A similar result was demonstrated by Kim et al., who found that PGT reduced the formation of scar contractures in an animal burn model.50 In addition to PGT, splinting limbs has shown benefits in reducing contracture formation by stretching the tissue in the opposing direction to where the contracture will most likely form.51 
In contrast, a review and meta-analysis performed by Anzarut et al. found only 6 randomised controlled trials (RCT) concerning the use of PGT to improve scar outcomes.52 The overall conclusion from the analysis was that insufficient evidence was available to justify the widespread use of PGT in burn wounds. A recent review by Schouten et al. discussed the experimental evidence for using static splinting on contractures, concluding that evidence for splinting was lacking.53 The author suggested a randomised controlled trial was required in order to assess whether static splinting provides a real benefit for preventing contracture in burn injuries. Whilst the evidence supporting splinting and compression bandaging is conflicting, it is still used as the clinical gold standard of care to prevent scar contractures. 
A key issue with PGT and compression garments is poor patient compliance.48 PGT is generally uncomfortable, especially for wounds of the face and neck which require full-face compression garments (Figure 1.4). In addition, the garments are required to be worn for 23 hours a day54 for up to 2 years after the initial injury, or until the scar has reached maturation.55 Such long treatment periods can cause patients to lapse in their therapy, increasing the chance of a contracture forming. If a contracture does form then surgical intervention is required to release it.
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[bookmark: _Ref524617261]Figure 1.4. A full-face compression garment worn to prevent a contracture forming.56
[bookmark: _Toc2450975]Remodelling strategies
[bookmark: _Toc305048959][bookmark: _Toc320882502]Remodelling strategies focus on releasing the contracture and improving joint mobility once a mature scar has developed. Surgical techniques for contracture release include using skin grafts and skin flaps (for example, a Z-plasty). These techniques have been thoroughly reviewed by Hudson and Renshaw.57 Remodelling poses the risk of further contractures developing, as a result of healing from the surgical wounds, as well as extending the patient’s recovery time and delaying their return to normal life. It is widely acknowledged that skin grafts provide a superior outcome compared to allowing the wound to heal without intervention.58 However, skin grafts are also known to contract through two separate mechanisms. First, primary contraction occurs immediately after harvesting the graft and has been attributed to the recoil of elastin fibres, found predominantly in the dermis.59 Following this, secondary contraction is observed after transplant to the receiver site and is thought to be due to the remodelling of the tissue. Secondary contraction occurs to a greater extent in STSG, with FTSG showing very little contraction once transplanted.33 The ability of skin grafts to contract highlights a flaw of this technique for contracture release, as there is potential for the contracture to re-form after surgery. 
The current treatments for burn scar contracture have changed very little in the past 50 years. As a result, there is an unmet clinical need to provide more effective therapies which target the underlying mechanism of scar contracture. New treatments need to be developed that can be used in parallel with current therapies, such as compression bandaging, with the aim of reducing treatment times. A greater understanding of the underlying biomechanics of contraction would greatly aid the development of such a therapy. 
[bookmark: _Toc305048956][bookmark: _Toc320882499][bookmark: _Toc2450976]Mechanism of contraction
Despite numerous cell and animal studies, the mechanism of contracture is still not fully understood at the cellular level. It is known that scar contracture is a continuation of the wound contraction process, occurring within the remodelling phase of wound healing. Conflicting theories have arisen to describe the type of cell responsible for contraction and its mode of action. Abercrombie et al. were the first to suggest that cells residing in granulation tissue (fibroblasts) were responsible for wound contraction.60 Since, two theories of contraction have been proposed and widely discussed in the literature, namely cell contraction theory and cell traction theory. 
[bookmark: _Toc2450977]Cell contraction theory
Cell contraction theory proposes that wound contraction is a result of fibroblast differentiation into myofibroblasts, which are able to contract in a manner similar to smooth muscle cells.61 Giabbani et al. first identified modified fibroblasts with altered structural characteristics including the presence of fibrin bundles, nuclear deformations and surface differentiations.62 Myofibroblasts are known to align along lines of tension and produce α-smooth muscle actin (α-SMA), an isoform of actin involved in the contraction of smooth muscle.63 A large amount of research has focussed on the ability of myofibroblasts to contract free-floating and anchored collagen gels.63 Manjo et al. deduced that since granulation tissue containing myofibroblasts was able to contract when tested in the same manner as smooth muscle, myofibroblasts must be the cause of contraction in collagen matrices and healing wounds.64
[bookmark: _Toc2450978]Cell traction theory
A contrasting theory, termed cell traction theory by Stopak and Harris,65 suggested that contraction results from fibroblasts gathering collagen fibrils within the extracellular matrix and exerting traction in order to pull the wound edges together. This theory was supported by Ehrlich et al. who used collagen lattices containing fibroblasts to investigate contractile forces.66 They found that collagen gels with a higher ratio of myofibroblasts than fibroblasts showed no increased contraction compared to gels with reduced myofibroblasts populations. Berry et al. performed histological analysis on sacrococcygeal pilonidal sinus wounds in 15 patients and found that the proportion of myofibroblasts to fibroblasts was low. They concluded that the mechanism of contraction was due to remodelling of collagen fibrils by fibroblasts.67
[bookmark: _Toc2450979]The role of keratinocytes in scar contracture
[bookmark: _Toc305048957][bookmark: _Toc320882500]In contrast to the theories described above, an increasing amount of research supports the theory that keratinocytes are responsible for wound contraction.68 Work by Denefle et al. described the presence of altered fibrillar structures in type I bovine collagen gels due to keratinocytes.69 Lillie and co-workers demonstrated that keratinocytes were able to contract type III but not type I collagen gels,70 whilst work conducted by Schafer et al. found that human keratinocytes were more efficient at contracting type I collagen gels than fibroblasts.71 It was noted that contraction occurred with keratinocytes alone and in combination with fibroblasts, indicating cooperation between the cell types during contraction. Souren et al. demonstrated that mimicking the in vivo environment of cells by seeding keratinocytes on top of collagen gels and dispersing fibroblasts throughout, led to increased gel contraction compared to keratinocytes or fibroblasts alone. The study concluded that fibroblasts and keratinocytes were behaving synergistically to exert contraction in the model.68 A study by Rakar et al. observed a cooperative effect when seeding collagen gels with human keratinocytes and fibroblasts, whilst seeding melanocytes with keratinocytes lead to a reduction in keratinocyte-mediated contraction.72 Ralston et al. used tissue-engineered skin, constructed from human de-epidermised dermis (DED) with human epidermal keratinocytes and dermal fibroblasts, to model wound contraction.73 They found that fibroblasts alone were unable to contract the DED, indicating that keratinocytes were solely responsible for contraction. This was supported by a study by Chakrabarty et al., who found that keratinocytes were able to contract human dermis over a period of 10 days in culture.74 During this time, the thickness of the dermis increased dramatically, whilst subsequent removal of the keratinocyte layer lead to immediate relaxation of the dermis. An investigation into the mass of the dermal layer before and after the addition of keratinocytes found no significant difference. These results indicated that the gathering of the underlying tissue formed the basis of contraction, rather than an increase in the collagen content. Whilst the mechanism of contraction facilitated by keratinocytes is still unknown, the studies discussed present a wealth of evidence that keratinocytes are integral to human wound contraction. 
To gain a greater understanding of the mechanism of wound contraction, more clinically relevant models are required. Much of the work over the past few decades has been based on collagen-gel matrices, first introduced by Elsdale and Bard75 and used as a model for contraction by Bell and colleagues.76 Cell-seeded collagen gels are capable of contracting over short time periods,66 but do not contain mature collagen. Furthermore, it has been shown that the mechanism by which collagen-gels contract is dependent on the way the lattice has been cast.77 As a result, collagen-gel lattices are not considered fully representative of the clinical problem. The MacNeil group at the University of Sheffield have developed a tissue-engineered model of human skin using DED seeded with keratinocytes and fibroblasts, cultured at an air-liquid interface.78 The tissue-engineered skin (TES) model contains relevant skin components including mature dermal collagen and a basement membrane, and has demonstrated that it is capable of contracting both in vitro and in vivo.78 This TES offers a more physiologically relevant model for normal wound contraction than fibroblast-populated collagen lattices. 
The exact mechanism driving contraction remains unclear, although the literature presented here suggests that it is a result of multiple pathways working in parallel. Developing a targeted therapy that can address these multiple pathways has its difficulties. There is a concern that therapies which alter the cellular behaviour in a wound could have detrimental effects on healing. Therefore, a balance is required between reducing excessive contraction whilst allowing adequate wound healing to take place. 
[bookmark: _Toc2450980]Role of collagen cross-linking in contraction
One area that has shown promise in reducing the formation of scar contractures is the inhibition of collagen cross‑linking. It has been found that contraction is initially a reversible process, following cell-mediated contraction of the tissue.74,79 Contraction is then rendered irreversible by the formation of stable covalent cross-links between collagen fibres, fixing the tissue in its new conformation. 
[bookmark: _Toc2450981]Lysyl oxidase (LOX)
Collagen and elastin cross-linking are catalysed by lysyl oxidase (LOX), an extracellular, copper-dependent enzyme. Four additional isoforms of the original LOX protein have been discovered, termed lysyl oxidase-like proteins one to four (LOXL- LOXL4). These isoforms have a well conserved C-terminus but differ in their N-terminal subunits.80 To exert its catalytic function, LOX requires the presence of two cofactors; a tightly bound copper ion (Cu2+) and the unique cofactor lysine tyrosylquinone (LTQ).81 This is supported by studies that demonstrate that a lack of copper leads to similar results to direct LOX inhibition.82 LOX catalyses the deamination of lysine and hydroxylysine residues on collagen molecules, to form aldehydes.83 These aldehydes, termed ‘allysine’ and ‘hydroxyallysine’, are then able to spontaneously react with other allysine residues to form intermolecular crosslinks between collagen molecules via an Aldol condensation reaction (Figure 1.5).84 Alternatively, reaction of allysine with residual lysine residues forms cross-links through Schiff base (imine) linkages. The presence of these crosslinks renders the collagen insoluble and more resistant to degradation.79 In addition to its role in collagen and elastin cross-linking, LOX has been associated with tumour metastases developing from hypoxic microenvironments.85

[image: ]
[bookmark: _Ref524619332]Figure 1.5. Crosslinking of tropocollagen strand after oxidation of lysine amine group, catalysed by lysyl oxidase (LOX)86
[bookmark: _Toc2450982]Methods to reduce cross-linked mediated contraction
Several pharmacological agents have been investigated for their ability to inhibit collagen cross-linking. For example, D-Penicillamine has been suggested as a potential inhibitor of LOX-catalysed collagen cross-linking. Siegel et al. found that administration of 0.1 mM D-penicillamine was able to inhibit collagen cross-link formation in connective tissue.87 The mechanism of inhibition was postulated to be due to the formation of thiazolidine rings with lysine-derived aldehydes, making the aldehydes unavailable for cross-link formation. This was supported by Nimni, who concluded that D-penicillamine was able to block aldehyde substituents on collagen and therefore inhibit collagen cross-link formation.88 It was also noted that at higher doses, D‑penicillamine was able to reduce lysyl oxidase activity, but the mechanism by which this occurred was unknown. Deshmuhk and Nimni found that inhibition of cross-linking was reversible in D‑penicillamine-treated collagen, indicating the formation of weakly-interacting forces between D‑penicillamine and collagen fibres.89 Overall, the mechanism of action of D‑penicillamine appeared to be due to inhibition of the formation of intermediate structures prior to collagen cross-linking, rather than direct action on the enzyme LOX.
Recent research has investigated the inhibition of enzymes in the LOX family by the delivery of monoclonal antibodies. Barry-Hamilton et al. identified lysyl oxidase-like-2 (LOXL2) as a key enzyme in maintaining a pathogenic microenvironment in cancerous tumours. A LOXL2-specific monoclonal antibody was generated and tested with animal and human models, which led to a significant decrease in cross-linked collagen matrix.90 The LOXL2 antibody was described to be highly effective at inhibiting LOXL2 activity. However, the use of monoclonal antibodies would be incredibly expensive to treat scar contracture therapy due to the long time periods of therapy.
Historically, grazing animals were found to suffer from osteolathyrism, a connective tissue disorder that resulted in loose skin and fragile bones after ingestion of the sweet pea plant (Lathyrus odoratus).91 It was established that osteolathyrism was caused by the compound β‑aminopropionitrile (β‑APN), which is present in sweet peas. As a result of this finding, multiple studies have been conducted into the mode of action of β-APN and its effect on LOX and collagen cross-linking. A study by Narayanan et al. confirmed the binding of β‑APN to the active site of LOX using 14C radio-labelled β‑APN.92 This was supported by a study by Tang et al., who demonstrated that the mode of action of β‑APN was likely due to the formation of covalent cross-links between β‑APN and the enzyme’s active site.93 Work by Trackman and Kagan revealed that non-peptidyl diamine substrates were able to inhibit LOX, however these substrates were not found to be as potent as β-APN.94 This suggested that the structural conformation of β-APN was key to irreversible enzyme inhibition. More recent studies have demonstrated that treatment of osteoblasts with β‑APN in vitro causes a reduction in the number of mature collagen cross-links.95 
Arem et al. investigated the effects of β‑APN on wound healing in rats.96 They analysed soluble collagen content and wound bursting strength after a single injected dose of up to 40 mg per 100 g body weight. The authors suggested that at low doses, enzyme inhibition lasted for less than 24 hours. Since β‑APN has been shown to be an irreversible inhibitor of LOX, this finding was likely due to the synthesis of new LOX, rather than reversible inhibition. The study reported that at higher doses of β‑APN, inhibition of LOX was prolonged. This finding supports the effectiveness of β‑APN to inhibit LOX in vivo.
The administration of β-APN at a concentration that induces lathyrism has been associated with general toxicity in some animal studies, particularly a reduction in overall body weight.97 Chvapil et al. studied the mechanism of β‑APN toxicity in rats by treatment with 40 or 80 mg β-APN fumarate per 100 g body weight for 7 days.97 The authors hypothesised that β-APN toxicity and the associated weight loss was either due to inhibition of monoaminoxidases (MAO) in the brain, or depletion of serum zinc ions. Following treatment, the body weight of rats in both treatment groups was found to be significantly lower than control rats. Analysis of brain and plasma MOA activity found no significant differences between treated and control groups. However, β-APN treatment at both 40 and 80 mg/100 g body weight resulted in inhibition of lysyl oxidase activity in the lung. Serum zinc levels were reduced in treated rats and a reduction in the breaking strength of wounds was also observed. These findings could be reversed by supplementation with zinc. The authors suggested that β‑APN treatment led to a reduction in the synthesis of zinc carrier proteins, resulting in lower zinc levels and consequentially a loss of appetite, leading to weight loss. The reversibility of this by supplementation with zinc suggests that this side effect of β-APN treatment could be circumvented.
Several studies have investigated the effect of β-APN treatment on the physical process of contraction and scarring. Work by Harrison et al. investigated the nature of contraction using tissue-engineered skin composites treated with a range of pharmacological agents, targeting collagen synthesis, degradation and remodelling.78 They found that agents targeting collagen synthesis and degradation had a negligible effect on reducing composite contraction. In contrast, treatment with 200 µg/mL ‑APN caused a significant reduction in composite contraction over 28 days. This supported previously published work by Redden and Doolin, who demonstrated that contraction of fibroblast-populated collagen gels could be reduced when the gels were cultured in the presence of 1 mM ‑APN. A study by Joseph et al. investigated using β‑APN in combination with D‑penicillamine on full thickness wounds in mice.98 The study concluded that only the combination of β-APN and D‑penicillamine together had any significant effect on wound contraction. Interestingly, this is contradictory to a wealth of research that has shown β‑APN to successfully inhibit wound contraction. Sardari et al. produced full-thickness wounds in five dogs and compared the contraction of control wounds (no β-APN) to wounds treated topically with 5 mg/mL β-APN fumarate salt.99 Despite the small study size, significant differences in wound contraction were reported between control and β-APN-treated wounds, with control wounds contracting to a greater extent than treated ones. The authors noted that in addition to a reduction in contraction, epithelialisation and healing rates were also reduced in β-APN-treated wounds. Sardari et al. conducted a further study, investigating topically applied β-APN on two anatomical sites of five male donkeys.100 Similar to the previous study, contraction was found to be reduced in wounds treated with β-APN compared to control wounds for both anatomical sites. Interestingly, no significant differences were reported for the degree of epithelialisation between β-APN and control wounds, contradicting their previous findings. This could potentially be due to the different species of animal used in each study. Richards et al. examined the effect of β-APN treatment on the scar formation and distortion of pericardial grafts in dogs.101 After surgical implantation of the grafts, four dogs were treated orally with 500 mg β-APN per day for 8 weeks, whilst four dogs remained as untreated controls. Blinded histological evaluation of scar adhesions on each graft found a statistically significant reduction in collagen deposition and scarring in treated dogs, compared to controls. No further side effects relating to β‑APN were observed.
[bookmark: _Toc2450983]Clinical studies targeting wound contraction
Having demonstrated the effectiveness of β-APN treatment to reduce wound contraction and scarring in animal studies, progress was made to start the first clinical trials in man for clinically induced lathyrism. Two key clinical trials were conducted in the 1960s, investigating the administration of β-APN to human patients to treat connective tissue disorders. The first, by Keiser and Sjoerdsma, investigated the therapeutic effect of varying doses of oral β-APN in patients with systemic scleroderma; a connective tissue disorder that results in thickened skin and can effect internal organs.102 During the study, patients’ urinary hydroxyproline increased significantly following daily β-APN treatment, suggesting a higher turnover of soluble collagen content as a result of reduced collagen cross-linking. However, long-term administration (up to 67 days) of β-APN resulted in adverse effects in all 4 of the patients undergoing treatment. These adverse effects were summarised as a rash, anaemia and a lathyritic bone defect. No beneficial effect on the symptoms of scleroderma was reported. The study concluded that β-APN treatment should be limited to short-term administration to avoid adverse side effects from occurring. 
A second trial, by Peacock and Madden, tested β-APN treatment in patients with tendon injuries.103 After oral administration of 2–5 g β-APN for 12–21 days, urinary hydroxyproline content was increased in all patients, along with an increase in saline-extractable soluble collagen, suggesting a reduction in collagen cross-linking. However, the trial was halted after reports of serious adverse effects including gastrointestinal irritability, increases in serum glutamic oxalocetic transaminase (SGOT) levels, fever and development of a rash. 
Following these trials, the use of β-APN in the treatment of connective tissue disorders was treated with caution. Peacock and Madden suggested that previous issues with β‑APN treatment could be due to the purity of the β-APN used. They conducted a study administering highly pure β-APN fumarate salt to patients with urethral strictures.104 Treatment with 1 g β-APN fumarate salt per patient, per day, for 21 days, resulted in increased soluble collagen content but caused no adverse effects. The authors suggested this was due to higher purity of the β-APN used in the trial. The timescale for this study was still relatively short compared to the previous trial by Keiser and Sjoerdsma, therefore length of treatment could not be ruled out as a potential cause of the adverse effects observed previously. Following this relatively successful outcome, Peacock initiated a further study administering β-APN, penicillamine and colchicine to ten patients with significant keloid scarring, following keloid excision and grafting.105 It was observed that none of the patients had recurrent keloids and no toxicity or hypersensitivity was observed in any of the patients. This study suggested that low doses of β-APN could be tolerated by humans for short time periods. However, due to the mixture of agents used to treat each patient, the positive outcome of scar healing could not be attributed to β‑APN treatment alone. 
These clinical trials, along with animal studies, suggest that β-APN is able to inhibit LOX in vivo and in doing so, reduce covalent collagen crosslinks. A reduction in collagen cross-linking has been associated with more ordered collagen organisation106 and a reduction in wound contraction.100 However, the toxicity associated with β‑APN treatment has halted its development for clinical use. The abundance of collagen and lysyl oxidase throughout the body and the non-specific nature of the small-molecule inhibitor β‑APN means that oral and systemic administration of the drug lacks any targeting towards the site of injury. For example, in the case of burn scar contracture, oral administration would require higher doses to allow a sufficient level of β‑APN to reach LOX in the skin and in doing so, LOX in other areas of the body would likely be inhibited too. 
An alternative suggestion for the treatment of burn scar contracture is the topical delivery of β‑APN, targeting the drug at the site where the contracture is most likely to form. Delivery to the skin would likely allow lower doses of β‑APN to be administered whilst hopefully obtaining a similar therapeutic effect.
[bookmark: _Toc2450984]Topical drug delivery
Topical drug delivery involves the application of a drug to the skin in order to produce either a local or systemic effect. This approach has been used for centuries as a rapid, non-invasive method of drug delivery. Topical drug delivery offers numerous advantages over alternative routes of drug administration. For example, topical formulations can be easily administered, often allowing patients to apply their own treatment, and are relatively painless, which affords good patient compliance.107 In addition, topical drugs are inexpensive compared to the associated costs of parenteral administration and reduce the production of hazardous waste such as hypodermic needles.108 Unlike oral administration, delivery of drugs through the skin bypasses hepatic first pass metabolism, thereby improving the bioavailability of the drug.109
However, topical drug delivery is not without its flaws. The skin is an incredibly effective barrier against external chemical and microbiological contaminants. As a result, the greatest obstacle in the development of new therapies for topical delivery is the limited number of drugs that are able to cross the skin barrier to reach their intended physiological target.107 As described earlier in this chapter, the skin is divided into distinct layers comprising the epidermis, the dermis and the subcutaneous fat layer. The epidermis is further divided into five layers; the stratum corneum, stratum lucidum, stratum granulosum, stratum spinosum and the stratum basal (Figure 1.6).
[image: ]
[bookmark: _Ref524592769]Figure 1.6. Layers of the epidermis in human skin.110
Keratinocytes, the major cell of the epidermis, are formed in the stratum basale from resident stem cells. As new cells are produced, existing keratinocytes in the stratum basale migrate upwards through the subsequent layers of the epidermis.111 By the time they reach the stratum granulosum, the keratinocytes begin to produce a lipid envelope that coats the cells. This lipid envelope protects the cells by producing a water-resistant layer. However, the presence of this layer also reduces nutrient diffusion into the cells, causing them to become anucleate and die. The dead keratinocytes, termed corneocytes, are pushed further towards the skin surface and flatten, producing a water-tight network that forms the stratum corneum. This network of dead cells is the skin’s major barrier to external penetrants.
The structure of the stratum corneum is often described as a brick and mortar assembly, comprising of corneocyte ‘bricks’ surrounded by a lipid bilayer ‘mortar’.112 The primary route of drug transport into the skin is by diffusion through this lipid bilayer. Therefore, compounds need to be lipophilic enough to penetrate the lipid bilayer, without being so lipophilic that they remain trapped in the stratum corneum. They must also be small enough to diffuse through the intercellular channels between the corneocyte cells. Acknowledging this, medicinal chemists developed a set of criteria that topical drug candidates should meet. The criteria suggested that drug molecules for topical delivery should be less than a few hundred Daltons in weight, have a partition coefficient between 1 < Log P < 10, and require a very low daily dosage (< 10 mg per day).107 Unfortunately, a limited number of drugs possess all of these characteristics. For drugs that are unable to permeate that stratum corneum alone, chemical and mechanical enhancers can be used to increase the permeability of a drug into the skin. These have been reviewed extensively by Sinha and Kaur,113 and by Alexander et al.114 Whilst permeation enhancers have demonstrated a large degree of success, many of these strategies focus on delivering the drug to the vascular network of the skin to achieve systemic delivery of a compound, which is unfavourable for the application described here. In addition, penetration enhancers can result in increased irritation and localised toxicity115 and therefore should be avoided when treating damaged or healing skin.
[bookmark: _Toc2450985]Types of topical dosage forms
Topical delivery is often used as a broad term to refer to all types of drug delivery to the skin, incorporating both local and systemic delivery. In the context of this thesis, topical delivery is referred to solely as the delivery of a drug to the localised area of the skin. 
Topical dosage forms are categorised by their physical properties into solid, semi-solid and liquid forms, each with distinct advantages and disadvantages. Solid dosage forms include dusting powders, which are applied to the skin and to open wounds and are most commonly used to deliver antibacterial and antifungal medications.116 Dusting powders are generally used for short-term applications due to their lack of adhesiveness. On the other hand, semisolid dosage forms, such as creams, gels and ointments, are able to adhere to the skin or wound. In their simplest form, semisolids comprise of a base medium along with additives and active ingredients. The base medium can be formulated as hydrophilic or hydrophobic, allowing a range of drugs to be incorporated. Semisolids have the advantage that they do not occlude the skin, therefore local irritation is less widely observed than for other topical dosage forms, such as patches.117 However, semisolids can be easily wiped off and they tend to require daily application.118 Liquid dosage forms are prepared as lotions or liniments (low viscosity liquids that are rubbed onto the skin) and are applied to unbroken skin.119
Topical patches have been described as a new method to allow the localised delivery of a therapeutic to the skin. Patches are able to remain in place for the whole period of treatment and, unlike semisolid preparations, are able to deliver drugs for a sustained period of time.107 However, reports have suggested that the occlusive properties of topical patches often leads to skin irritation.118 More recently, film forming systems have been trialled as an alternative to topical patches.120 Film forming systems are polymeric solutions applied to the skin that rapidly form a thin film following solvent evaporation. Topical films allow more water vapour permeation through the skin than patches, leading to reduced irritation.120
Regardless of the dosage form used, topical delivery of β-APN may provide a targeted route of administration to treat burn scar contracture, potentially decreasing the necessary dose and therefore reducing adverse side effects. To achieve this, an understanding of the ability of β-APN to penetrate the skin is required.
[bookmark: _Toc2450986]Topical delivery of ‑aminopropionitrile
There are a few reports in the literature on the topical delivery of β‑APN, either in its free base form or as a fumarate salt, to treat a variety of morbidities. For example, Moorhead et al. reported positive outcomes from topical treatment  of β‑APN fumarate salt in rabbits following eye surgery by demonstrating an increase in corneal flexibility.121 However, ocular delivery is somewhat different to delivery via the skin, since the barrier properties of the eyes and skin are dissimilar. 
Other studies have reported the use of topical β‑APN on incisions or splinted skin wounds, which lack a continuous stratum corneum. Using the Lindsay chicken foot tendon model, Speer and colleagues investigated the effect of topically applied β‑APN free base to reduce joint stiffness in healing tendons.122 After 5 days of topical treatment with β‑APN, the authors were able to demonstrate a reduction in the tensile strength required to flex tendons in treated chickens compared to controls. However, it was suggested that the β‑APN free base may have been transported to the injured tendon via the surgical incision, therefore the concentration of β‑APN the tendon was exposed to was greater than if the β‑APN had been applied to intact skin. 
Gibeault et al. monitored the transport of 14C-labelled β‑APN fumarate salt into healing tissue in rats, using K-Y jelly and saline solution as vehicles.123 In this study, 1.5 cm diameter full-thickness wounds were prepared to produce an area for topical drug delivery that lacked a stratum corneum. In addition, the wound edges were splinted to prevent contraction of the wound. It was found that the wounded tissue absorbed β‑APN quickly, reaching a maximum detection of 14C in the tissue homogenate after 2 hours, before decreasing as the drug appeared to enter the circulatory system. This maximum corresponded to 10 % of the total radioactively labelled β‑APN. In terms of scar contracture, treatment would only commence after the skin had healed (in doing so, forming a continuous epithelium with a stratum corneum). Therefore, whilst these results may be of use when considering application of β‑APN to healing wounds, they do not represent an appropriate model when considering long-term treatment of scar contractures and intact skin. In the same study, the authors investigated the transport of β‑APN fumarate salt through intact skin. After 2 hours, only 1.4 % of the radioactively labelled β‑APN was detected in tissue homogenates of intact skin, which rose to 5.5 % after 24 hours. This suggested that intact skin allowed a steadier delivery of β‑APN which was achieved over a longer time period.
In a similar study, Hoffman et al. monitored the transport of β‑APN free base into wounded and intact skin in rats, to study its effect on wound healing.124 Twice-daily treatments with 10 mg/cm2 β‑APN free base for 9 days post-surgery resulted in a decrease in breaking strength of the incision wounds (units for drug administration were reported as dose over a given area). This is unsurprising, given that an incision provides a more direct route of administration through the skin, as opposed to passing through the stratum corneum. However, a decrease was also observed for the breaking strength of intact skin, suggesting that the β‑APN free base was able to penetrate the skin effectively. The authors also investigated the LD50 of both the β‑APN free base and β‑APN fumarate salt by intraperitoneal injection and topical administration. Interestingly, whilst an LD50 could be reported for intraperitoneal injection of the β‑APN free base and β‑APN fumarate salt (measured to be 1.15 and 2.97 g/kg respectively), a value could not be obtained for the topical delivery of these compounds due to the immense doses required. This clearly demonstrates that topical administration of β‑APN, as either the free base or the fumarate salt, can be tolerated to a far greater extent than when administered systemically. 
Focussing only on intact skin, early work by Fleisher et al. monitored the transport of 14C-labelled β‑APN free base and β‑APN fumarate salt through the intact skin of rats.125 Two different vehicles, 70 % dimethyl sulfoxide (DMSO) and saline, were used to apply the β‑APN solutions. Analysis of the radioactivity of urine collected from rats after 4 and 8 hours suggested that the β‑APN free base (in 70 % DMSO) was more readily absorbed through the skin, indicated by a 3-fold increase recovered in the urine compared to the fumarate salt. DMSO is a well-known skin penetrant and therefore will have clearly aided the penetration of the compounds into the skin.126 In saline solution, detection of both forms of β‑APN was reduced compared to using DMSO as the vehicle, however after 8 hours radioactivity was still markedly increased in urine from rats treated with the  β‑APN free base compared to the fumarate salt subjects. Due to this difference, the authors continued their investigations using only the β‑APN free base. Application of the β‑APN free base every 12 hours for 7 days resulted in a decrease in LOX activity in granuloma tissue in subcutaneously implanted polyvinyl alcohol (PVA) sponges and an increase in salt-soluble collagen. These findings indicated that the β‑APN free base was eliciting an effect on collagen cross-linking in vivo following topical administration. 
A study by Lata et al. investigated the effect of β‑APN fumarate salt delivered topically, in both saline and DMSO, to the intact skin of rats.127 They measured the salt-soluble collagen and hydroxyproline content of granulomas, induced by subcutaneously implanted PVA sponges. After 12 days following treatment with 200 mg/mL β‑APN fumarate salt, they concluded that both the salt-soluble collagen and hydroxyproline content had increased, indicating a reduction in collagen cross-linking in the newly synthesised granuloma tissue. No changes to the body weight of rats was observed during the study, suggesting a lack of systemic toxicity. 
These studies present conflicting evidence for the topical administration of β‑APN to treat connective tissue disorders. The form of β‑APN, the state of the skin and the type of biochemical output all differed between studies, making it difficult to form any solid conclusions. To date, no study has investigated the topical delivery of β‑APN to human skin. From previous experience, large discrepancies are often observed between animal and human trials, therefore the application of β‑APN to intact human skin warrants investigation. Up-to-date analytical techniques provide the opportunity to carry out these experiments in vitro using explanted human skin. However, these were determined to be outside the scope of this thesis.
Several of these studies highlighted the instability of the β‑APN free base, suggesting that this form of the drug had a limited shelf life and was unsuitable for clinical use.122,123 Whilst no reference was made to specific toxic metabolites or pathways, the consensus was that only the fumarate salt of β‑APN should be investigated for future clinical applications. However, this raises a further issue, since the fumarate salt of β‑APN is highly hydrophilic. As discussed in the previous section, hydrophilic compounds struggle to penetrate the lipophilic stratum corneum. One way to circumvent this issue would be to modify β‑APN to increase its lipophilicity.
This approach was taken by Chvapil and colleagues, who sought to increase the lipophilicity of β‑APN and D‑penicillamine to improve sustained local drug release.128 Initial attempts to increase the lipophilicity of the two lathyrogens by palmitoylation resulted in a lack of biological activity. It was suggested this was due to masking of the functional groups that were required to produce a biological effect. Taking a different approach, the authors tested 3-hexyl(amino)propionitrile, a commercial analogue of β‑APN, in both wound healing and tumour growth studies. They found that this more lipophilic adduct of β‑APN was able to inhibit wound healing and tumour growth in rats for up to 12 days after a single dose. These results suggested that increasing the lipophilicity of β‑APN allowed an increase in the drug retention in the local area. Interestingly, 3-hexyl(amino)propionitrile contains a secondary amine with a hexyl group in the position that β-APN has a primary amine (Figure 1.7). Previous work has suggested that the primary amine of β-APN is essential for LOX inhibition, as it reacts to form a covalent bond with the active site of the enzyme.93 Therefore, it is unusual that a biological effect was still observed with this compound. 
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[bookmark: _Ref525119371]Figure 1.7. Chemical structures of A) -aminopropionitrile and B) 3-hexyl(amino)propionitrile
This work aims to find a way to deliver β-APN in a safe manner, for a sustained period without inducing systemic lathyritic effects. Topical delivery of β-APN has been discussed in the literature and remains a promising method for local drug delivery to scar contracture. Due to the inherent hydrophilicity of the β‑APN, altering the properties of β-APN to make the drug more lipophilic wound be beneficial. To achieve this, the development of a more lipophilic β‑APN prodrug has been suggested. 
[bookmark: _Toc2450987]Prodrugs
Prodrugs are inactive or ‘masked’ forms of active drug molecules that are designed to improve drug characteristics such as solubility, metabolism and toxicity. Scientists have been developing prodrugs since the early 20th century, though the term ‘prodrug’ was only first officially used in 1958.129 Although they’re sometimes seen as a last resort to deal with undesirable properties of candidate drug compounds, prodrugs are now becoming a more integral part of the initial drug discovery process. This is demonstrated by the increasing number of prodrugs approved for clinical use in recent years. For example, 15 % of all drugs approved by the FDA in 2015 were prodrugs.130 
Prodrugs are divided into two main categories; carrier-linked (or promoiety) compounds, where the active component is temporarily linked to another chemical moiety, and bioprecursors, which are inactive compounds that undergo a modification in vivo to become active and produce a physiological effect (Figure 1.8). After administration to the body, prodrugs undergo either a chemical or enzymatic reaction which liberates the active drug.
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[bookmark: _Ref524700197]Figure 1.8. Prodrug transport through a biological membrane, adapted from Jornada et al.131 A) Poor penetration of the drug molecule through the physiological barrier, B) Prodrug route 1: Inactive bioprecursor molecule passes through the biological membrane and undergoes modification in vivo to the active drug, C) Prodrug route 2: Drug molecule attached to a carrier compound to allow transport through the biological membrane. Chemical or enzymatic cleavage results in release of the active drug compound.
The majority of carrier-linked prodrugs use either ester or amide linkages, but other functional groups including carbonates, oximes, imines and phosphates have also been used.132 Carrier linked compounds can be classified as bipartite, where the carrier moiety is directly linked to the active compound, or tripartite, where a spacer is used between the carrier and the drug.133 As well as simple carrier architectures, mutual prodrugs, sometimes termed ‘codrugs’, have been developed which are a combination of two active components linked together. These have been shown to be more effective than the action of the two individual drugs, due to synergy between the two active compounds. An example of a mutual prodrug in clinical use is benorylate; a lipophilic ester consisting of salicylic acid (aspirin) linked to N-acetyl p-aminophenol (paracetamol).134 Whilst carrier prodrugs require the cleavage of a particular functional group, bioprecursors rely on molecular modification by metabolism into an active compound. For example, the compound levodopa is used in the treatment of Parkinson’s disease as a bioprecursor for dopamine. Levodopa is able to cross the blood brain barrier (BBB) where it is readily metabolised to dopamine by enzymatic decarboxylation.135
The prodrug approach is incredibly versatile and has been used to alter many different aspects of a drugs’ profile in the body. Prodrugs have been used extensively to improve suboptimal pharmacokinetics, with different approaches focussing specifically on drug absorption, distribution, metabolism and excretion (ADME).136 Prodrugs have also been used to aid drug targeting in the body, with a wealth of research focussing on tumour targeting.137 As well as increasing the efficacy of the drug, this approach can also reduce adverse side effects associated with the low specificity of some anti-cancer agents. 
A key issue in drug development is poor drug solubility. The low aqueous solubility of some drugs has severely hampered their clinical development. One example of this is the HIV protease inhibitor amprenavir. When amprenavir was first developed it exhibited such poor oral availability that it had to be formulated into 150 mg capsules, to be taken eight at a time, twice a day, to achieve the desired dose.138 The lack of convenient dosing led to poor patient compliance and drug sales suffered compared to more easily formulated competitors. The development of a prodrug of amprenavir by the addition of a phosphate group, through phosphorylation of a secondary hydroxyl group, increased the aqueous solubility of the drug 10-fold and reduced the dosing frequency to two 700 mg capsules twice daily. As well as the addition of phosphate groups, the aqueous solubility of compounds can be improved by the addition of amino acids and sugar moieties due to the introduction of charged and highly polar groups.139 Brivanib is a dual-inhibitor of vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) pathways, which has demonstrated some anti-tumour properties. Its poor water-solubility was circumvented by the addition of alanine via an ester linkage to produce brivanib alaninate, which exhibited markedly improved oral bioavailability in animal and human studies.140
On the other hand, some drugs require improved lipophilicity to facilitate their transport through biological membranes. This can be achieved by the inclusion of lipophilic groups such as fatty acids and longer hydrocarbon chains. Ben‑Shabat and colleagues used this approach to increase the skin permeability of calcipotriol, a compound used in the treatment of psoriasis.141 By attaching the poorly skin-permeable calcipotriol to a range of polyunsaturated fatty acids via an ester linkage, the authors were able to demonstrate markedly increased skin permeation of the compound, relative to the free drug. A similar method was used by Bhandari et al., who synthesised fatty ester prodrugs of ketorolac, a nonsteroidal anti-inflammatory (NSAID) drug, to improve the retention of ketorolac in human skin.142 Alternatively, some strategies focus on masking polar groups to increase the lipophilicity of a compound. Prostaglandin F2 (PGF2) analogues, such as latanoprost acid, are used in the treatment of glaucoma. These molecules are hydrophilic and polar due to the presence of a carboxylic acid group, resulting in their poor delivery through biological membranes. The development of an isopropyl ester of latanoprost acid, which masks the carboxylic acid group, has resulted in a more membrane permeable compound that can be hydrolysed by esterases after transport through the corneal epithelium.143 
[bookmark: _Toc305048977]There is a single example in the literature on the use of a prodrug to aid the delivery of β‑APN. Granchi et al. reported the development of four prodrugs to deliver β‑APN to inhibit lysyl oxidase in hypoxic tumours.144 Each prodrug contained a nitroaromatic masking group attached to the primary amine of β‑APN. This system took advantage of the fact that nitroaromatics have been shown to be selectively reduced by reductase enzymes in hypoxic environments.145 On reduction of the nitro group to an amine, the bond between the carrier and β-APN weakened, triggering the facile release of the active compound in the tumour. No further studies have been published on the development of these compounds. 
The literature demonstrates that the prodrug approach has been instrumental in drug discovery to improve drug properties and provide superior clinical outcomes. The application of prodrugs is vast and has been employed to solve a wide range of pharmacokinetic and pharmacodynamic issues. It has been demonstrated that prodrugs can be used to successfully alter the lipophilicity of a compound and improve topical drug delivery. So far, there is no record of this approach being used to increase the topical delivery of the well-known lysyl oxidase inhibitor ‑APN. The single example of a ‑APN prodrug is aimed towards systemic delivery and utilises a very different trigger mechanism. As a result, this work proposes the development of a more lipophilic prodrug of ‑APN to enhance its topical delivery.
[bookmark: _Toc2450988]Aims 
Despite a wealth of research into new treatment regimes, therapies to treat burn scar contracture have changed very little in the last 50 years. There is a great need for more targeted therapies, to work either alone or in parallel with the current methods of contracture prevention. β-aminopropionitrile (β‑APN) has previously been identified as a potential drug to reduce burn scar contractures by inhibiting collagen cross-linking, but toxicity associated with its systemic delivery has halted its clinical success. The topical delivery of ‑APN has been proposed as an alternative method of administration, however this has produced conflicting outcomes, highlighting the fast wash-out of ‑APN free base and the reduced skin permeability of ‑APN fumarate salt. This work proposes the development of a more lipophilic analogue of ‑APN, which is capable of releasing the active compound once skin penetration has been achieved. Therefore, the aim of this thesis is to develop a more lipophilic prodrug of β-APN to allow sustained delivery of the compound to the skin, and to investigate its ability to inhibit the process of contraction.
To achieve this aim, a series of specific objectives were identified:
1. To synthesise a series of compounds to increase the lipophilicity of β-APN 
A range of chemical compounds will be reacted with β-APN via different synthetic methods to produce more lipophilic compounds containing the β‑APN architecture. Changes to lipophilicity, compared to β-APN, will be assessed by both experimental observations (such as a lack of solubility in aqueous solutions) and theoretical calculations, such as comparing partition coefficient (LogP) values.

2. To investigate the dissociation ability of the synthesised compounds
It is essential to determine whether the new compounds will be capable of dissociating back to β-APN and the carrier moiety, in order to fulfil their role as prodrugs. To do this, the dissociation of the compounds will be investigated in response to an environmental stimulus over appropriate time scales. Monitoring this process by 1H NMR spectroscopy will allow a rapid and quantitative assessment of compound dissociation.

3. To test the prodrugs’ ability to inhibit the target enzyme lysyl oxidase (LOX)
Once dissociation of the prodrugs has been confirmed by chemical methods, it is important to understand whether the dissociation is sufficient to release enough ‑APN to inhibit LOX activity. This will be assessed using an enzyme assay of LOX activity containing a commercially available LOX enzyme. Prodrug performance will be compared to ‑APN alone and different concentrations of each compound will be screened to try and identify the concentration required to inhibit enzyme activity to 50 % of its maximum (IC50 values).

4. To test the cytotoxicity of the prodrugs on human dermal fibroblasts
Cytotoxicity testing will be used to determine whether the synthesised prodrugs have a different toxicity profile to ‑APN. Testing will be conducted on human dermal fibroblasts (HDF), which are representative of the target organ (the skin) for this therapeutic application. Both metabolic activity and membrane integrity assays will be used to assess prodrug cytotoxicity in order to gain information on different toxicity pathways.

5. To determine the effectiveness of the prodrugs to inhibit contraction in a 3D tissue-engineered model of human skin
Finally, the prodrugs will be tested in a tissue-engineered model of contraction, to understand their ability to inhibit the physical process of contraction. The contraction of tissue-engineered skin will be monitored over 28 days by recording skin composite surface area, and composites treated with either ‑APN or a prodrug will be compared to untreated controls. Histological analysis of each composite will be used to assess changes in cellular distribution.


[bookmark: _Toc525587669]

[bookmark: _Toc2450989]Chapter Two: Synthesis of a ß‑aminopropionitrile prodrug
[bookmark: _Toc525587670][bookmark: _Toc2450990]Introduction
The first aim of this thesis was to synthesise a prodrug of the known lysyl oxidase (LOX) inhibitor -aminopropionitrile (-APN). The formation of prodrugs is a well-used strategy to modify undesirable drug characteristics, including altering the solubility of active pharmaceuticals and increasing their delivery to a specific target.131 In the case of -APN, the rationale to produce a prodrug stemmed from the need to increase the lipophilicity of the compound to enhance its suitability as a topical therapeutic. Prodrugs can be synthesised in several forms, from simple linkages,136 to polymer carriers146 and bioprecursors.147 In all cases, the prodrug must subsequently undergo enzymatic or chemical cleavage in vivo to release the active component.136 For -APN, a carrier-linked approach was considered to be more synthetically realistic within the timeframe of the project. Considering the structure of ‑APN (Figure 2.1), both the nitrile and primary amine groups could potentially be used as starting points to form prodrug linkages. 
[image: ]
[bookmark: _Ref517944518]Figure 2.1. Structure of -aminopropionitrile (-APN).

Nitriles can react to form a variety of chemical functionalities, including amines, amides and ketones.148 However, there is only one example in the literature of a prodrug that affords a nitrile group (occurring via enzymatic activation in vivo). The antiparasitic prodrug Nifurtimox has a nitrofuran architecture and is enzymatically cleaved to yield a hydroxylamine, which is subsequently metabolised to form either a primary amine or an open-chain nitrile.149 The lack of nitrile prodrugs that use a carrier-linked architecture suggests difficulties in using this functional group as a basis for a viable prodrug candidate. 
On the other hand, there are multiple examples in the literature of prodrugs formed by masking amino groups, using linkers such as hydrazones, imines, ‑aminoketones and N-Mannich bases.150 In addition, the pKa of the conjugate acid of a primary amine is approximately 10.7,151 leading to its protonation at physiological conditions and consequently poor membrane penetration.150 This is of importance to a topical therapy, which requires the drug to pass through the lipid bilayer of the stratum corneum (the top layer of human skin). Masking the primary amine group of ‑APN, in addition to increasing its lipophilicity, would likely lead to increased skin penetration. 
The choice of linker is influenced by multiple factors, often depending on the desired properties of the prodrug. For example, different linkers will be beneficial for improving delivery to the target, overcoming toxicity issues, altering the drug’s solubility or refining the drug’s half-life. As described above, there are multiple functional groups available to mask amines to produce prodrugs. These have been reviewed by Simplíco et al.150
Due to their inherent instability, imines may be an unexpected choice for a prodrug linker. However, there are several examples in the literature of prodrugs with imine linkages that have shown promise as clinical therapies. For example, Muller et al. successfully synthesised a range of double-prodrugs based on p-aminobenzyl alcohol and benzaldehyde derivatives with an imine linker.152 They used the acid-sensitive imine linker to trigger a subsequent benzyl elimination reaction to release the active component. In addition to small molecule prodrugs, imine linkers have been used to construct polymer-drug conjugates. Li et al. utilised an imine linker to improve the tumour targeting of the well-known anti-cancer drug doxorubicin. They used a benzoic-imine linker to prepare tetra-doxorubicin-tailed PEG, which self-assembled into pH responsive micelles.153 The micelles were found to be stable at physiological pH (~7.4) but disassembled and released the active component in the more acidic environment of tumours (~ pH 6.5). Using a similar concept, Li et al. developed a series of hydroxyethyl starch (HES)-drug conjugates with an imine linker to doxorubicin, and monitored drug release and anti-tumour activity in vitro and in vivo.154 Similar work was conducted by Feng et al., using an imine linker to attach doxorubicin to a dextran backbone to provide pH responsive micelles.155 These examples demonstrate that stable imine prodrugs can be prepared with a physiologically relevant switch in order to release the active component. 
Taken together, it was decided that a prodrug of ‑APN would be synthesised using an imine linker to mask the primary amine of ‑APN and increase the lipophilicity. To achieve this, synthetic methods were trialled for imine formation using a range of aldehydes. 
[bookmark: _Toc525587671][bookmark: _Toc2450991]Materials
Benzaldehyde (99.5 %) and 3-methoxy-2-hydroxybenzaldehyde were obtained from Acros Organics. 4-methoxy-2-hydroxybenzaldehyde (99 %), 3-methoxy-4-hydroxybenzaldehyde (99 %), β‑aminopropionitrile fumarate salt (> 99 %), salicylaldehyde (99 %) and triethylamine (> 99 %) were obtained from Alfa Aesar. Sodium carbonate (> 99 %) was obtained from Fisher Scientific. 5-nitro-2-hydroxybenzaldehyde (98 %) was obtained from Merck. Anisaldehyde (98 %), 3-tert-butyl-2-hydroxybenzaldehyde (96 %), deuterated acetone (99.99 %), deuterated dimethyl sulfoxide (99.80 %), dodecyl aldehyde (92 %), ethyl acetate (> 99.5 %), methanol (99.99 %), petroleum ether (40/60) (98 %) and toluene (99.98 %) were obtained from Sigma Aldrich. Diethyl ether (99.8 %), deuterated chloroform (99.80 %) and sodium sulphate anhydrous (> 99 %) were obtained from VWR. All chemicals were used without further purification.
[bookmark: _Toc525587672][bookmark: _Toc2450992]Methods
[bookmark: _Toc525587673][bookmark: _Toc2450993]Analytical Methods
Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 
1H NMR spectra were acquired on a Bruker AVANCE NMR spectrometer operating at 400 MHz. Sample (10 mg) was dissolved in either deuterated chloroform or deuterated acetone (1 mL), filtered and placed in a 7 inch NMR tube. Peaks are reported relative to CHCl3 peak at 7.26 ppm unless otherwise specified. Spectra were analysed on Top Spin 3.2.
Carbon Nuclear Magnetic Resonance (13C NMR) Spectroscopy 
Broadband 1H decoupled 13C spectrum was acquired on a Bruker AVANCE NMR spectrometer, operating at 100 MHz. Sample (50 mg) was dissolved in either deuterated chloroform or deuterated acetone (1 mL), filtered and placed in a 7 inch NMR tube. Peaks are reported relative to CHCl3 peak at 77.16 ppm. Spectra were analysed on Top Spin 3.2.
Heteronuclear Single Quantum Coherence (HSQC) Spectroscopy
1H-13C HSQC spectra were acquired on a Bruker AVANCE III HD NMR spectrometer operating at 500 MHz. Sample (50 mg) was dissolved in either deuterated chloroform or deuterated acetone (1 mL), filtered and placed in a 7 inch NMR tube. Spectra were analysed on Top Spin 3.2.
Heteronuclear Multiple Bond Correlation (HMBC) Spectroscopy
1H-13C HMBC spectra were acquired on a Bruker AVANCE III HD NMR spectrometer operating at 500 MHz. Sample (50 mg) was dissolved in either deuterated chloroform or deuterated acetone (1 mL), filtered and placed in a 7 inch NMR tube. Spectra were analysed on Top Spin 3.2.
[bookmark: _Ref516219197]1H NMR stability experiments
For stability experiments in DMSO, imine (100 mg) was dissolved in d6‑DMSO (1 mL), filtered and placed in a 7 inch NMR tube. 1H NMR spectra were acquired on day 0 and day 7 using a Bruker AVANCE NMR spectrometer operating at 400 MHz. Samples were stored in the dark at ambient temperature between time points.
For stability experiments in H2O, imine (20 mg) was dissolved in d6‑DMSO (1 mL) and diluted 1 in 100 in deionised H2O, filtered and placed in a 7 inch NMR tube. A capillary containing d6-DMSO was placed inside the sample NMR tube as a lock solvent. 1H NMR spectra were acquired on a Bruker AVANCE NMR spectrometer operating at 400 MHz with H2O solvent suppression. Spectra were recorded on days 0 and day 7 and samples were stored in the dark at ambient temperature between time points.
Variable temperature 1H NMR
Compound 1b (2-(2-cyanoethyliminomethyl)phenol) (200 mg) was dissolved in d6-DMSO (1 mL) before 1 in 100 dilution in deionised H2O and placed in a 7 inch NMR tube. A capillary containing d6-DMSO was placed inside the sample NMR tube and used as a lock solvent. Spectra were collected on a Bruker AVANCE III NMR spectrometer operating at 500 MHz, with H2O solvent suppression and the temperature set to 4, 20 and 37 C. Sample was allowed to equilibriate at each temperature for 15 minutes prior to acquisition. 
1H NMR with ethanol and water double solvent suppression
Compound 1b (2-(2-cyanoethyliminomethyl)phenol) (20 mg) was dissolved in absolute ethanol (1 mL). From this stock, a sample was diluted 1 in 10 in ethanol to produce a 2 mg/mL solution in absolute ethanol. Subsequent samples were prepared with increasing water content to produce solutions of 2 mg/mL compound 1b in ratios of ethanol: water from 90:10 to 10:90. 1H NMR spectra were acquired on a Bruker AVANCE NMR spectrometer operating at 400 MHz with H2O and EtOH solvent suppression.
Fourier Transform Infrared Spectroscopy (FTIR)
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra were recorded on a ThermoScientific Nicolet iS10 spectrometer and analysed on Omnic. Data was collected by averaging over 32 scans at 2 cm-1 resolution. 
Samples for potassium bromide (KBr) FTIR analysis were prepared as follows. Sample (2 mg) was ground with dry KBr (300 mg) in a pestle and mortar. Mixture was placed in a cylinder bore and compressed by hydraulic press under vacuum for 2 minutes. KBr FTIR spectra were recorded on a Perkin Elmer FTIR spectrometer and analysed on Spectrum. Data was collected by averaging over 32 scans at 4 cm-1 resolution.
Elemental Analysis
Carbon, hydrogen and nitrogen content was analysed using an Elementar vario Microcube analyser. 
Melting point
Melting point analysis was performed on a Sanyo Gallenkamp melting point analyser. 
Liquid Chromatography - Mass Spectrometry (LC-MS)
Mass spectrometry was carried out on an Agilent 6530 Accurate-Mass Q-TOF using an Agilent 1260 Infinity liquid chromatography machine and an Agilent Extended C18 2.1 mm  50 mm column. Mobile phase consisted of solvent A: 0.1 % formic acid, and solvent B: acetonitrile/ 0.1 % formic acid, run as a gradient from 5 % solvent B to 95 % solvent B in 10 minutes. The injection volume was 1.0 µL and flow 0.4 mL/min. Samples were run in electrospray ionisation (ESI) positive mode unless otherwise stated. 
Single Crystal X-ray Diffraction (XRD)
Intensity data was collected at 100 K on a Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS detector using a CuKα microfocus X-ray source from crystals mounted in fomblin oil on a MiTiGen microloop and cooled in a stream of cold N2. Data were corrected for absorption using empirical methods156 based upon symmetry equivalent reflections combined with measurements at different azimuthal angles.157 The crystal structures were solved and refined against F2 values using ShelXT158 for solution and ShelXL159 for refinement accessed via the Olex2 program.160 Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions with idealised geometries and then refined by employing a riding model and isotropic displacement parameters. 
Ultra Violet/Visible (UV/Vis) spectroscopy
Compound (10 mg) was dissolved in acetonitrile (2 mL) and vortexed. The solution was further diluted 1:1000 in acetonitrile to produce a sample for UV analysis. UV/Vis spectra were recorded on a Shimadzu UV Spectrophotometer UV-1800 and analysed using Spectrum Method. 
[bookmark: _Toc510022994][bookmark: _Toc525587674][bookmark: _Toc320882524][bookmark: _Toc2450994]Synthetic Methods
[bookmark: _Toc320882525][bookmark: _Toc510022995]Initial conditions for the synthesis of imines from benzaldehyde, anisaldehyde and dodecylaldehyde
A range of methods and conditions were screened to produce imines from the reaction of β‑APN and benzaldehyde, anisaldehyde or dodecylaldehyde. Products were unable to be isolated, therefore only imine conversions are quoted, determined by 1H NMR spectroscopy. Imine conversion was calculated using the ratio of the aldehyde proton peak at ~ 10 ppm to the imine proton peak at ~ 8 ppm.
Initial imine syntheses were performed according to the following general procedure. β‑APN fumarate salt (162 mg, 1.3 mmol) and sodium sulphate (350 mg, 2.5 mmol) were added to a 25 mL round bottom flask followed by triethylamine (700 µL, 5.1 mmol), aldehyde (1.3 mmol) and dried THF (2 mL). The mixture was vortexed for 10 seconds, flushed with nitrogen and stirred for 24 h at ambient temperature. After 24 h a sample was removed and analysed by 1H NMR spectroscopy. 
[bookmark: _Toc320882526][bookmark: _Toc510022996]Isolation of β-APN from the commercial furmarate salt
β-APN fumarate salt (558 mg, 4.35 mmol) was dissolved in deionised water (6 mL) in a 25 mL round bottom flask. An excess of sodium bicarbonate (750 mg) and dichloromethane (DCM) (6 mL) was added. The mixture was added to a 100 mL separating funnel and mixed by inversion. The DCM layer was removed and retained, then an additional 6 mL of DCM was added to the aqueous layer and mixed by inversion. The procedure was repeated twice more. The aqueous and organic phases were collected separately and analysed by 1H NMR spectroscopy for the presence of β‑APN.
[bookmark: _Toc510023000]Column chromatography of benzaldehyde reaction product
β-APN fumarate salt (162 mg, 1.3 mmol) was added to a 25 mL round bottom flask with benzaldehyde (65 µL, 0.6 mmol), triethylamine (705 µL, 5.1 mmol) and THF (2 mL). Sodium sulfate (360 mg) was added as a drying agent to remove water. Reaction was heated to 40 C and stirred for 24 h. Following the reaction, ethyl acetate was added and sample was filtered to remove the sodium sulfate. Product isolation was attempted by column chromatography using a petroleum ether: ethyl acetate (80:20) mobile phase and a silica stationary phase. Column was monitored by thin layer chromatography (TLC). 
[bookmark: _Toc320882527][bookmark: _Toc510022997]Synthesis of imine by Dean-Stark distillation
Imine formation by Dean-Stark distillation was performed according to the following general procedure. β-APN fumarate salt was added to a 50 mL round bottom flask followed by triethylamine, benzaldehyde and toluene (see Table 2.1 for moles of reactants used). The flask was fitted with a Dean-Stark apparatus and flushed with nitrogen before heating for 3 h at 115 °C whilst stirring. After 3 h a sample was removed and analysed by 1H NMR spectroscopy. 
[bookmark: _Ref512170989]Table 2.1. Ratios of reactants used in Dean-Stark distillation
	β-APN: benzaldehyde
	β-APN
(mmol)
	Benzaldehyde
(mmol)
	Triethylamine
(mmol)
	Toluene
(mmol)

	1:1
	6.5
	6.5
	0.0260
	0.1235

	2:1
	13.0
	6.5
	0.0130
	0.2470



[bookmark: _Toc320882529][bookmark: _Toc510022998][bookmark: _Toc320882528]Synthesis of imines by rotary evaporation
Imine formation by rotary evaporation was performed according to the following general procedure. β-APN fumarate salt (860 mg, 6.5 mmol) was added to a 50 mL round bottom flask with saturated sodium bicarbonate solution (15 mL) and benzaldehyde (663 µL, 6.5 mmol). The reaction was performed on a rotary evaporator in vacuo at 40 °C until the solvent had visibly depleted. Diethyl ether (20 mL) was added and the sample was filtered, and solvent removed again in vacuo. A sample was removed and analysed by 1H NMR spectroscopy.
[bookmark: _Toc510022999]Synthesis of benzaldehyde and anisaldehyde imines in a vacuum oven
Imine formation by vacuum oven synthesis was performed according to the following general procedure. β-APN fumarate salt (166 mg, 13 mmol) was added to a glass sample vial followed by 5 % (w/v) sodium bicarbonate solution (52 mmol) and aldehyde (13 mmol). Sample was placed in a vacuum oven at 40 °C for 24 h. After 24 h diethyl ether (2 mL) was added to the reaction mixture, shaken, then filtered using cotton wool. A sample was analysed by 1H NMR spectroscopy. 
[bookmark: _Toc320882530][bookmark: _Toc510023001]Synthesis of salicylaldehyde and derivative imines
Imines were synthesised according to the general procedure. β-APN fumarate salt (640 mg, 5 mmol) was weighed into a round bottom flask and dissolved in the minimum amount deionised water. Aldehyde (5 mmol) was weighed into the same flask followed by addition of triethylamine (20 mmol). The reaction was allowed to proceed for 10 minutes at 40 °C whilst stirring after which time the crude imines had crystallised and were isolated by vacuum filtration.
2-(2-cyanoethyliminomethyl)phenol
2-(2-cyanoethyliminomethyl)phenol was synthesised according to the general procedure and purified by recrystallisation from diethyl ether, providing compound 1b (unoptimised, 1.48 g, 34 %) as a yellow solid. Mp 72-73 °C (diethyl ether); Elemental found: C, 68.88; H, 5.80; N, 16.06. C10H10N2O requires C, 68.95; H, 5.79; N, 16.08; FTIR (KBr νmax, cm-1): 3392 (OH, H-bonded), 2924 and 2868 (CH aromatic), 2243 (nitrile), 1630 (C=N), 1580 (CC aromatic); 1H NMR (400 MHz, CDCl3), J values given in Hz, δ = 12.60 (s, 1H), 8.43 (s, 1H), 7.35 (ddd, 1H, J = 8.33, J = 7.28, J = 2.08), 7.28 (dd, 1H, J = 7.68, J = 2.03), 6.98 (dt, 1H, J = 8.25, J = 0.53), 6.91 (td, 1H, J = 11.30, J = 1.07), 3.84 (td, 2H, J = 9.98, J = 1.20), 3.84 (td, 2H, J = 9.92, J = 1.22), 2.75 (t, 2H, J = 6.65); 13C NMR (125 MHz, CDCl3) δ = 167.49, 160.89, 133.10, 131.96, 119.06, 118.34, 117.85, 117.15, 54.82, 19.73; MS ESI positive m/z (M+H)+ requires 175.0866, found 175.0865.
[bookmark: _Toc320882532][bookmark: _Toc510023003]5-methoxy-2-(2-cyanoethyliminomethyl)phenol 
5-methoxy-2-(2-cyanoethyliminomethyl)phenol was synthesised according to the general procedure and purified by recrystallisation from diethyl ether, providing compound 2b (unoptimised, 3.00 g, 59 %) as a yellow solid. Mp 67-68 °C (diethyl ether); Elemental found: C, 64.73; H, 5.92; N, 13.70. C11H12N2O2 requires C, 64.69; H, 5.92; N, 13.72 %; FTIR (KBr νmax, cm-1): 3400 (OH, H-bonded), 2983 and 2932 (CH aromatic), 2248 (nitrile), 1629 (C=N), 1576 (CC aromatic); 1H NMR (400 MHz, CDCl3) δ = 13.02 (s, 1H), 8.32 (s, 1H), 7.16 (m, 1H), 6.46 (m, 1H), 3.81 (s, 1H), 3.78 (td, 2H, J = 6.71, J = 1.07), 2.73 (t, 2H, J = 6.64); 13C NMR (125 MHz, CDCl3) δ = 166.58, 163.78, 163.36, 133.17, 117.99, 112.24, 106.89, 101.14, 55.53, 54.52, 19.90; MS ESI positive m/z (M+H)+ requires 205.0972, found 205.0973.
[bookmark: _Toc320882533][bookmark: _Toc510023004]6-tert-butyl-2-(2-cyanoethyliminomethyl)phenol 
6-tert-butyl-2-(2-cyanoethyliminomethyl)phenol was synthesised according to the general procedure and purified by recrystallisation from 40/60 petroleum ether, providing compound 3b (unoptimised, 3.83 g, 67 %) as a yellow solid. Mp 67-69 °C (40/60 petroleum ether); Elemental found: C, 72.95; H, 7.81; N, 12.10. C14H18N2O requires C, 73.01; H, 7.88; N, 12.16 %; FTIR (KBr νmax, cm-1): 3394 (OH, H-bonded), 2964vs and 2869vs (CH), 2248 (nitile), 1630 (C=N), 1601 (CC aromatic); 1H NMR (400 MHz, CDCl3) δ = 13.23 (s, 1H), 8.43 (s, 1H), 7.37 (dd, 1H, J = 7.77, J = 2.02), 7.15 (dd, 1H, J = 7.62, J = 2.05), 6.85 (t, 1H, J = 7.71), 3.83 (td, 2H, J = 10.02, J = 1.02), 2.72 (t, 2H, J = 6.68), 1.45 (s, 9H); 13C NMR (125 MHz, CDCl3) δ = 168.21, 160.27, 137.64, 130.31, 118.35, 118.27, 117.97, 54.79, 34.95, 29.41, 19.77; MS ESI positive m/z (M+H)+ requires 232.1523, found 232.1520.
[bookmark: _Toc320882534][bookmark: _Toc510023005]4-nitro-2-(2-cyanoethyliminomethyl)phenol 
4-nitro-2-(2-cyanoethyliminomethyl)phenol was synthesised according to the general procedure and purified by recrystallisation from methanol, providing compound 4b (unoptimised, 4.87 g, 89 %) as an orange solid. Mp 143-146 °C (from methanol); Elemental found: C, 54.82; H, 4.02; N, 19.17. C10H9N3O3 requires C, 54.79; H, 4.14; N, 19.17 %; FTIR (ATR νmax, cm-1): 2945 and 2911 and 2859 (CH aromatic), 2248 (nitrile), 1632 (C=N), 1460 (NO2); 1H NMR (400 MHz, d-6 acetone), peaks reported relative to acetone peak at 2.50 ppm; δ = 13.60 (s, 1H), 8.54 (s, 1H), 8.30 (d, 1H, J = 2.72), 8.26 (dd, 1H, J = 9.12, J = 2.76), 7.07 (d, 1H, J = 9.16), 3.94 (td, 2H, J = 9.78, J = 0.96), 2.83 (t, 2H, J = 6.52); 13C NMR (125 MHz, d6-DMSO, peaks reported relative to DMSO peak at 39.52 ppm) δ = 171.16, 166.83, 136.88, 129.89, 128.65, 120.08, 118.83, 115.90, 50.93, 18.37; MS ESI negative m/z (M-H)- requires 218.0571, found 218.0580.
[bookmark: _Toc320882535][bookmark: _Toc510023006]6-methoxy-2-(2-cyanoethyliminomethyl)phenol 
6-methoxy-2-(2-cyanoethyliminomethyl)phenol was synthesised according to the general procedure and purified by recrystallisation from diethyl ether, providing compound 5b (un-optimised, 3.57 g, 70 %) as a yellow solid. Mp 85-86 °C (diethyl ether); Elemental found: C, 64.84; H, 5.96; N, 13.70. C11H12N2O2 requires C, 64.69; H, 5.92; N, 13.72 %; FTIR (ATR νmax, cm-1): 3069 and 2943 (CH aromatic), 2250 (nitrile), 1645 (C=N), 1607 (CC aromatic), 1538 (CC aromatic); 1H NMR (400 MHz, d-6 acetone), peaks reported relative to acetone peak at 2.50 ppm; δ = 12.93 (s, 1H), 8.44 (s, 1H), 6.95 (ddd, 2H, J = 19.96, J = 7.81, J = 1.57), 6.86 (t, 1H, J = 7.80), 3.87 (td, 2H, J = 6.68, J = 1.04), 2.78 (t, 2H, J = 6.66); 13C NMR (125 MHz, CDCl3) δ = 167.70, 151.09, 148.47, 123.51, 118.67, 118.35, 117.74, 114.86, 56.29, 54.84, 19.78; MS ESI positive m/z (M+H)+ requires 205.0972, found 205.0970.
[bookmark: _Toc320882536][bookmark: _Toc510023007]Comparison of imines synthesised from 4-hydroxy-3-methoxy benzaldehyde and 2-hydroxy-3-methoxy benzaldehyde
Imines were synthesised from 4-hydroxy-3-methoxy benzaldehyde and 2-hydroxy-3-methoxy benzaldehyde, according to the following general procedure: β-APN fumarate salt (640 mg, 5 mmol) was weighed into a 25 mL round bottom flask and dissolved in the minimum amount of deionised water. Aldehyde (5 mmol) was weighed into the same flask followed by triethylamine (2.8 mL, 20 mmol). The reaction was allowed to proceed for 10 minutes at 40 °C whilst stirring.
[bookmark: _Toc525587675][bookmark: _Toc2450995]Results and Discussion
β-APN has the potential to be used as a therapeutic agent to inhibit lysyl oxidase (LOX) and as a result, reduce collagen cross-linking and irreversible scar contracture. Topical delivery of β-APN is limited due to it being highly hydrophilic, making penetration through the lipophilic stratum corneum difficult. Development of a prodrug to increase the lipophilicity of β‑APN has been proposed as a solution to this problem. Prodrug synthesis was attempted by the formation of an imine between the primary amine of β‑APN and an aldehyde substituent, as depicted in Scheme 1.

[image: ]
[bookmark: _Ref517344940]Scheme 1. Imine formation between -APN and aldehyde starting material.
[bookmark: _Ref512171411][bookmark: _Ref512170786]  
[bookmark: _Toc525587676][bookmark: _Toc2450996]Screening conditions for imine synthesis
Benzaldehyde, anisaldehyde and dodecylaldehyde were selected for initial investigations due to being readily available, cheap, and cover a range of chemical functionalities. Initial experiments used a 1:1 ratio of β-APN fumarate salt to aldehyde. Conversion of aldehyde to imine was determined by 1H NMR spectroscopy and calculated by comparing the ratio of the integrals of the aldehyde and imine protons at 10 and 8.5 ppm, respectively. Conversion was determined to be less than 50 % in all cases. Figure 2.2 shows the 1H NMR data for the benzaldehyde reaction. 
[image: ]
[bookmark: _Ref512170926]Figure 2.2. 1H NMR spectrum of a 1:1 reaction of β-APN and benzaldehyde in CDCl3.
Isolation of the imine by rotary evaporation was unsuccessful, as indicated by the starting material and residual solvent visible in the 1H NMR spectrum. Changing the β-APN:aldehyde ratio to 2:1 increased reaction conversion for benzaldehyde, anisaldehyde and dodecylaldehyde to 94 %, 78 % and 89 % after 16 h respectively, as determined by 1H NMR spectroscopy. This increase in conversion could be due to a change in the reaction equilibrium according to Le Chatelier’s principle. An increase in the amount of β-APN will likely shift the reaction equilibrium towards the product, thereby increasing reaction conversion. Increasing the reaction ratio of β-APN: benzaldehyde to 3:1 had no additional benefit over the 2:1 reaction, as demonstrated by the conversions summarised in Table 2.2. 

[bookmark: _Ref512171076]Table 2.2. Conversion of aldehyde to imine following reaction of -APN and benzaldehyde at different ratios
	Ratio of -APN: benzaldehyde
	Conversion (%)

	1:1
	41

	2:1
	97

	3:1
	98



[bookmark: _Toc320882540][bookmark: _Toc510023010][bookmark: _Toc525587677][bookmark: _Toc2450997]Changing reaction parameters 
Whilst increasing the β-APN: aldehyde ratio from 1:1 to 2:1 initially provided much higher conversions for all 3 aldehydes, this was not found to be consistent when reactions were repeated. As a result, reaction conditions were varied to find the optimum conditions to achieve consistent conversions. To optimise the reaction conditions, triethylamine (TEA) concentration, sodium sulfate concentration and reaction temperature were all varied for a 2:1 reaction of aldehyde and -APN. It was first hypothesised that increasing the amount of TEA in the reaction would increase the amount of ‑APN in the free-base form, thereby allowing a greater amount of ‑APN to react with the aldehyde. However, it was found that increasing the amount of TEA from 1 through to 4 equivalents (compared to moles -APN) had no effect on reaction conversion. Second, the effect of increasing the amount of sodium sulfate in the reaction was investigated. Sodium sulfate is used as a drying agent in organic synthesis to remove water from a reaction. Since imines are hydrolysed by water,161 it was theorised that increasing the amount of sodium sulfate in the reaction would remove more water and therefore increase the amount of imine product formed. It was found that changing the amount of sodium sulfate in the reaction from 2 through to 10 equivalents (relative to moles β-APN) had no effect on reaction conversion. Finally, it was investigated whether changing the temperature of the reaction would affect the degree of conversion. Reactions were run at 4, 21 and 40 °C for 24 hours. The results of the temperature investigation indicated that higher reaction temperatures increased reaction conversion to the imine and led to the conclusion that subsequent reactions should be carried out at 40 °C (Appendix 1.1). 
[bookmark: _Toc320882539][bookmark: _Toc510023009][bookmark: _Toc525587678][bookmark: _Toc2450998]Isolation of β-APN from the commercial fumarate salt
So far, imines syntheses have used β-APN in its fumarate salt form, as this is the most commercially available option. When prepared as a fumarate salt, the primary amine of β-APN is in the primary ammonium form. Since it is the amine functionality of β‑APN which reacts with the aldehyde to form an imine, it is necessary to first convert the primary ammonium of β-APN back to an amine. This requires a base, for example triethylamine (TEA), to be used in the reaction. To eliminate the necessity of adding a base, attempts were made to isolate the free-base form of β-APN from the commercial fumarate salt, to be used in subsequent reactions. After dissolving β-APN fumarate salt in deionised water and adding organic solvent to form two phases, a solution of sodium chloride was added to try and partition the free β‑APN into the organic phase. Analysis of both organic and aqueous layers by 1H NMR spectroscopy indicated that β-APN was present in the aqueous layer, suggesting it was still present as a salt. As a result, TEA (or another appropriate base) was considered necessary in subsequent reactions to neutralise the β‑APN primary ammonium in situ. 
[bookmark: _Toc510023011][bookmark: _Toc525587679][bookmark: _Toc2450999]Isolation of imine by column chromatography
For the syntheses described in this body of work, isolation of the crude imine product was attempted by removing solvent in vacuo, however this had been largely unsuccessful. As an alternative approach, product isolation was attempted by column chromatography. Following a reaction of β-APN and benzaldehyde in a 2:1 ratio, 1H NMR analysis (prior to column chromatography) confirmed the formation of an imine product with 73 % conversion. After loading the reaction mixture onto the silica column and monitoring by TLC, eluents containing suspected product were collected, solvent removed by rotary evaporation, and analysis was conducted by 1H NMR. The 1H NMR spectrum showed peaks consistent with benzaldehyde, suggesting that the imine degraded on the column. The are several potential explanations for imine degradation. Firstly, silica columns are likely to contain some residual water which could hydrolyse the imine. Second, silica contains silanol groups that are known to be slightly acidic.162 Imine hydrolysis under acidic conditions is a well-known phenomenon,163 therefore the presence of acidic groups on the silica surface could also have caused degradation of the imine. To circumvent these issues the column could be pre-washed with a base such as triethylamine to neutralise any acidic groups. Alternatively, alumina columns are slightly basic, therefore isolation using an alumina column may allow the imine product to be separated though degrading.  
[bookmark: _Toc320882541][bookmark: _Toc510023012][bookmark: _Toc525587680][bookmark: _Toc2451000]Imine synthesis by Dean-Stark distillation
A widely used synthetic route for imine formation is by Dean-Stark distillation.164 This technique removes water by azeotropic distillation with toluene, with the intention of driving the reaction equilibrium towards the imine product.161 It was hypothesised that by distilling the water and solvent mixture, the reaction may proceed to full conversion and the imine product may be isolated more readily. An initial investigation compared reactant ratios of 1:1 and 2:1 β‑APN: benzaldehyde, prepared by Dean-Stark distillation for 3 h at 115 °C. Analysis by 1H NMR spectroscopy indicated 78 % conversion to the imine was achieved for the 1:1 reaction compared to 98 % conversion for the 2:1 reaction. These results agree with those found for the initial imine syntheses. Whilst the 2:1 reaction proceeded to a high conversion, attempts to isolate the product by rotary evaporation and recrystallisation were unsuccessful. 
[bookmark: _Toc320882543][bookmark: _Toc510023013][bookmark: _Toc525587681][bookmark: _Toc320882542][bookmark: _Toc2451001]Imine synthesis by rotary evaporation
In an attempt to find an alternative method to remove water during imine synthesis whilst maintaining a temperature of 40 °C, imine synthesis was carried out by rotary evaporation. Reactions comparing a 1:1 and 2:1 ratio of β-APN: benzaldehyde were attempted, however the product was unable to be isolated from the synthesis. 
[bookmark: _Toc510023014][bookmark: _Toc525587682][bookmark: _Toc2451002]Vacuum oven synthesis of imines
Saggiomo and Lüning describe a method for imine formation by reaction of salicylaldehyde and aniline in water and evacuating in a vacuum oven.165 Whilst performing an imine synthesis in water may seem counter-intuitive, they demonstrate the imine products can be isolated with good yields.
Performing the reaction in a vacuum oven provides an alternative method of removing water during the reaction, as was trialled previously using sodium sulfate and Dean-Stark apparatus. The reaction was performed with benzaldehyde and β-APN in a 1:1 ratio in a 5 % (w/v) sodium bicarbonate solution. Sodium bicarbonate was used as an alternative to TEA to neutralise the β-APN fumarate salt. After 24 h at 40 °C in a vacuum oven, conversion to the imine was found to be 99 % by 1H NMR spectroscopy. The reaction was scaled up to a 1 g scale and analysis by 1H NMR spectroscopy reported 97 % conversion after 24 hours. Attempts to isolate the product by dissolving it in diethyl ether, filtering then removing the solvent by rotary evaporation produced a very low yield. It was hypothesised that the low yield could be attributed to benzaldehyde evaporating during the reaction. The reaction was therefore repeated using anisaldehyde, which has a higher boiling point than benzaldehyde (248 °C166 compared to 178-179 °C167 respectively) and therefore is less likely to evaporate. Repeating the reaction using anisaldehyde produced only 50 % conversion to the imine after 24 h. A low conversion could be due to only partial neutralisation of the β-APN fumarate salt. As a result, the anisaldehyde experiment was repeated with a saturated solution of sodium bicarbonate, in an attempt to fully neutralise the β‑APN. This was compared to the same reaction using a 5 % (w/v) solution of sodium bicarbonate. Analysis by 1H NMR spectroscopy determined 90 % conversion after 24 h using the saturated sodium bicarbonate solution, compared to 50 % conversion with the 5 % (w/v) sodium bicarbonate solution. This suggests that the 5 % (w/v) sodium bicarbonate solution was not sufficient to fully neutralise the β‑APN fumarate salt. Attempts to isolate the product from starting material and solvent were unsuccessful.
This body of work attempted to synthesise an imine from benzaldehyde, anisaldehyde or dodecylaldehyde with β‑APN, which could be used as a topical prodrug. Whilst multiple methodologies for imine synthesis were trialled, and at times resulted in high conversions, a stable product was unable to be isolated from any of the reactions. As a result, no further analysis was conducted on the reactions using these starting materials. 
Rather than examining alternative methodologies for imine synthesis, it may have been beneficial to focus more on methods to isolate the imine product. The two isolation methods used (removal of solvent by rotary evaporation, and column chromatography) were both largely unsuccessful. Alternative methods could include extracting with alternative organic solvents such as hexane or dichloromethane.168
However, it may also be true that the imines synthesised in this work were inherently unstable. Since the purpose of synthesising an imine was to use it as a prodrug, the imines synthesised in this first section of work would be unlikely candidates for this use, as they would likely be too sensitive to hydrolysis and degrade in further tests and in storage. As a result, alternative aldehyde starting materials were investigated in an attempt to synthesise a more robust product. 
[bookmark: _Toc320882544][bookmark: _Toc510023015][bookmark: _Toc525587683][bookmark: _Toc2451003]Synthesis of imine from salicylaldehyde and β-APN
Salicylaldehyde is known to form relatively stable Schiff bases which are used as ligands in coordination chemistry.169 In light of this, salicylaldehyde was investigated as a potential substrate for imine formation with β-APN. The reaction of salicylaldehyde and β-APN in a 1:1 ratio in the presence of triethylamine, with water as the solvent, produced a solid product instantaneously. Isolation and purification of the solid were achieved by vacuum filtration and recrystallisation from diethyl ether to produce the compound 1b. Figure 2.3 shows the 1H NMR spectrum of the product 1b after isolation and purification.
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[bookmark: _Ref512171214]Figure 2.3. 1H NMR spectrum of 2-(2-cyanoethyliminomethyl)phenol (compound 1b) in CDCl3.
Characterisation by 13C NMR spectroscopy, mass spectrometry, potassium bromide fourier-transform infrared spectroscopy (KBr FTIR) and elemental analysis provided further evidence for the formation of the imine product 1b. 
[bookmark: _Toc320882545][bookmark: _Toc510023016][bookmark: _Toc525587684][bookmark: _Toc2451004]Synthesis of salicylaldehyde derivatives imines
Due to the successful synthesis of an imine from the reaction of β-APN and salicylaldehyde, further syntheses using starting materials based on the salicylaldehyde framework were investigated. Aldehydes with different functionalities around the aromatic ring were obtained, namely 4-methoxy-2-hydroxybenzaldehyde (2a), 3-tert-butyl-2‑hydroxybenzaldehyde (3a), and 5-nitro-2-hydroxybenzaldehyde (4a), (Figure 2.4). These starting materials represent aldehydes similar to salicylaldehyde but with an electron-donating group, a hydrophobic group and an electro-withdrawing group, respectively. Imines comprising β-APN and each derivative were successfully synthesised to produce compounds 2b, 3b and 4b, (Figure 2.4), which were isolated as crystals and subjected to thorough analysis. The analysis was consistent with the predicted structures. See Appendices 1.2-1.9 for 1H NMR spectra and crystal structures for synthesised compounds. 
One of the primary aims of this work was to develop a more lipophilic analogue of β‑APN, with the intention that increased lipophilicity would increase the delivery of β‑APN into human skin. Specific values for the partition coefficients of the prodrugs, to measure their lipophilicity, could not be obtained using the conventional octanol-water method due to the prodrugs’ hydrolysis in aqueous solvents. However, calculated Log P values for the prodrugs (Table 2.3) show an increase in Log P for all compounds compared to ‑APN.170 This suggests that the prodrugs are indeed more lipophilic than the ‑APN fumarate salt. 
[bookmark: _Ref525480116]Table 2.3 Predicted octanol-water partition coefficient (Log P) values for synthesised prodrugs and -APN, calculated using ACD/I-Lab software with ACD/Labs algorithm.
	Compound
	Log P
	Log P (± S.E)

	‑APN fumarate salt
	- 0.68
	-1.02 ± 0.24

	Compound 1b
	1.94
	1.25 ± 0.37

	Compound 2b
	1.92
	1.49 ± 0.39

	Compound 3b
	3.82
	2.94 ± 0.38

	Compound 4b
	2.32
	1.52 ± 0.39

	Compound 5b
	1.44
	1.13 ± 0.39
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[bookmark: _Ref517273379]Figure 2.4. Salicylaldehyde and derivative starting materials: 1a) salicylaldehyde; 2a) 4-methoxy-2-hydroxybenzaldehyde; 3a) 3-tert-butyl-2-hydroxybenzaldehyde; 4a) 5-nitro-2-hydroxy-benzaldehyde; 5a) 3-methoxy-2-hydroxybenzaldehyde. Salicylaldehyde and derivative imine products: 1b) 2-(2-cyanoethyliminomethyl)phenol; 2b) 5-methoxy-2-(2-cyanoethyliminomethyl)phenol; 3b) 6-tert-butyl-2-(2-cyanoethyliminomethyl)phenol; 4b) 4-nitro-2-(2-cyanoethyliminomethyl)phenol; 5B) 6-methoxy-2-(2-cyanoethyliminomethyl)phenol.
Historically, imine synthesis has required the removal of water to drive the reaction equilibrium towards product and reduce imine degradation by hydrolysis.161 As a result, dry solvents and a nitrogen atmosphere are often required. In the synthesis described, water is the solvent for the β‑APN salt in the reaction, yet it has been demonstrated that novel imine products can be isolated and purified. This is a clear contrast to the work outlined earlier in this chapter, where imine products were unstable and difficult to isolate. It is possible that the use of salicylaldehyde as a starting material has led to more stable products being able to form. A comparable result was found by Rao and colleagues who were able to synthesise a range of imines and diimines from the reaction of aromatic amines with salicylaldehyde, and other aromatic aldehydes, in water.171 Similarly, Bhagat et al. were able to synthesise pure imine products from the reaction of salicylaldehyde with various aromatic amines in water, using microwave synthesis.172 Finally Shamly et al. synthesised and isolated imines from the reaction between salicylaldehyde and different amines in water, and tested their antibacterial effects when complexed with a metal ion.173 In each case, despite the use of water as solvent, salicylaldehyde-based imines were successfully synthesised. There is very little discussion in the literature as to why imines are able to be formed in water, especially considering imine synthesis usually requires the removal of even small amounts of water. This work, along with that described in the literature, suggests a role for salicylaldehyde in the stabilisation of the imine product. 
[bookmark: _Toc320882546][bookmark: _Toc510023017][bookmark: _Toc525587685][bookmark: _Toc2451005] Investigating the position of the aromatic hydroxyl group
The role of salicylaldehyde in the formation of stable imine products was further investigated. It was hypothesised that the presence of the hydroxyl group ortho- to the aldehyde of the starting material was providing stability to the imine. A potential explanation for this is the presence of hydrogen bonding between the imine nitrogen and the hydroxyl proton, as depicted in Scheme 2.
[image: ]
[bookmark: _Ref512171440]Scheme 2. Arrangement of ortho-hydroxyl group for 2-(2-cyanoethyliminomethyl)phenol (compound 1b) to allow hydrogen bonding to occur.
To investigate whether the ortho-hydroxyl group was providing stability to the imine, two isomers of methoxy-salicylaldehyde were obtained, namely 4‑hydroxy-3-methoxybenzaldehyde (vanillin) and 2-hydroxy-3-methoxybenzaldehyde (ortho-vanillin). These isomers differ by the position of the hydroxyl group being either ortho- or para- to the aldehyde functional group on the benzene ring. Each aldehyde was reacted in a 1:1 ratio with β-APN according to the general procedure and analysed by 1H NMR spectroscopy.
[image: ]
[bookmark: _Ref512171562]Figure 2.5. 1H NMR spectrum of the reaction mixture for a 1:1 reaction of -APN with 4‑hydroxy-3-methoxybenzaldehyde in CDCl3.


[image: ]
[bookmark: _Ref512171682]Figure 2.6. 1H NMR spectrum of recrystallised 6-methoxy-2-(2-cyanoethyliminomethyl)phenol (compound 5b) in CDCl3.
Considering the 1H NMR spectrum in Figure 2.5, the 1:1 reaction of β-APN and 3-methoxy-4-hydroxybenzaldehyde resulted in 50 % conversion to the imine after 15 minutes and produced a viscous brown solution. Attempts to isolate the product by recrystallisation were unsuccessful. The results of this synthesis are similar to those found earlier in this chapter for benzaldehyde. In comparison, the 1:1 reaction of 3-methoxy-2-hydroxybenzaldehyde (5a) with β-APN produced a solid product (5b) after 10 minutes, which was isolated and recrystallised with a 70 % yield. Figure 2.6 shows the 1H NMR spectrum for this product, which was fully characterised using previously described methods. This synthesis produced comparable results to those using salicylaldehyde. This simple investigation indicates that the stability of the imine is influenced by the position of the hydroxyl group on the substituted benzaldehyde. Whilst the reaction of an aldehyde containing a para-hydroxyl group only went to 50 % conversion and was not easily isolated, the use of an aldehyde containing an ortho-hydroxyl group lead to the successful synthesis and isolation of a stable imine product. This suggests that intramolecular interactions, such as hydrogen bonding, may occur when an ortho-hydroxyl group is present. 
[bookmark: _Toc320882547]To determine whether intramolecular hydrogen bonding was present, crystals of each of the five imines were subjected to single crystal X-ray analysis. Single crystal X-ray crystallography generates the most likely structural arrangement based on the measured electron density. X-ray crystal structures were obtained for all five imines and analysis of each compound suggested that intramolecular hydrogen bonds were present. For compound 1b, hydrogen bonding is indicated between the hydroxyl proton and the imine nitrogen (Figure 2.7) Crystal structures for the four other imines, as well as tabulated values for hydrogen bond lengths, are displayed in Appendices 1.3, 1.5, 1.7 and 1.9.
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[bookmark: _Ref525729910]Figure 2.7 X-ray crystallographic structure of 2-(2-cyanoethyliminomethyl)phenol (compound 1b), displaying intramolecular hydrogen bonding between the hydroxyl hydrogen and the imine nitrogen.

This work is supported by Crugeiras et al., who used 1H NMR spectroscopy to study equilibrium constants for the addition of glycine to substituted benzaldehydes.174 They found that when salicylaldehyde was used, the pKa of the resulting iminium ion increased due to the presence of an intramolecular hydrogen bond, compared to the para-substituted hydroxy-benzaldehyde. A similar phenomenon is seen for other ortho-substituted phenols, such as ortho-nitrophenol.175 
[bookmark: _Toc510023018][bookmark: _Toc2451006] Investigating imine dissociation in aqueous and non-aqueous solvents
The rationale behind synthesising imines was to produce prodrugs of β-APN, with the intention of developing these prodrugs as a topical therapy for scar contracture. The prodrugs were designed based on an imine linker, which should hydrolyse when in contact with an aqueous environment. To test the ability of the synthesised imines to dissociate back into β-APN and the starting aldehyde, imines were dissolved in either aqueous or non-aqueous solvents and analysed by 1H NMR spectroscopy to detect structural changes of the compounds in solution. An initial study evaluated imine dissociation in a non-aqueous environment. Imines were dissolved in d6-DMSO and 1H NMR spectra were recorded at set time points. Spectra were analysed for the reappearance of the aldehyde proton peak at ~10 ppm.
Analysis of the two spectra for compound 1b on day 0 and day 7 (Figure 2.8) found no appearance of a peak corresponding to an aldehyde proton (~10 ppm), even after 7 days in solution. This was further supported by the presence of a peak at ~ 8.5 ppm in the 7-day spectrum, corresponding to the imine proton. In addition, the spectra for the two time points were very similar, further indicating that the imine had not dissociated back to the starting materials during the experiment.
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[bookmark: _Ref512171776]Figure 2.8. 1H NMR spectra for 2-(2-cyanoethyliminomethyl)phenol (compound 1b) in DMSO after 0 and 7 days in d6‑DMSO.
In a second experiment, deionised water was used as the solvent to study imine dissociation in an aqueous environment. Since the imines were found to be poorly soluble in water, DMSO was used to initially dissolve the imines, then solutions were diluted 1 in 100 in deionised water (final DMSO concentration was 1 %). Figure 2.9 displays the 1H NMR spectrum for compound 1b in water (1 % DMSO) on day 0. 
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[bookmark: _Ref512171858]Figure 2.9. 1H NMR spectrum of 2-(2-cyanoethyliminomethyl)phenol (compound 1b) in H2O on day 0 in deionised water (1% d6-DMSO).
From Figure 2.9 it is clear that, when dissolved in an aqueous environment, the imine dissociates into -APN and the starting aldehyde. Comparing the ratio of the integrals for the imine and aldehyde protons peaks at ~ 8.5 ppm and 10 ppm respectively, demonstrates a 70:30 ratio of aldehyde: imine is achieved. 1H NMR analysis was repeated for the remaining four imines dissolved in water (1 % DMSO). All imines displayed the ability to dissociate back into the starting materials. The ratio of aldehyde to imine proton peaks on day 0 for each imine is summarised in Figure 2.10 (A). These ratios changed very little after 7 days (Figure 2.10 (B)), suggesting that the dissociation of each imine reached equilibrium rapidly. 
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[bookmark: _Ref512171974]Figure 2.10. Ratio of aldehyde to imine, expressed as a percentage, for synthesised imines in deionised water (1 % DMSO) on A) day 0 and B) day 7. 
To determine whether temperature had an effect on the dissociation of imines in an aqueous environment, compound 1b was dissolved in deionised water (1 % DMSO) and analysed by 1H NMR spectroscopy at 4, 20 and 37 C. The ratio of the integrals of aldehyde and imine protons are summarised in Figure 2.11. 
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[bookmark: _Ref512172027]Figure 2.11. Ratio of the integrals of aldehyde and imine protons for (2‑(2‑cyanoethyliminomethyl)phenol) (compound 1b) at 4, 20 and 37 C. 
Figure 2.11 shows as the temperature of the sample is increased towards physiological temperature, the equilibrium for dissociation shifts towards the aldehyde starting material. Overall, this work demonstrates the ability of the salicylaldehyde-based imines to dissociate back into the starting aldehyde and -APN in response to an environmental cue and outlines their potential as topical prodrugs.
These experiments were performed for a single replicate, therefore no error has been reported for the data displayed in Figures 2.10 (A), 2.10 (B) and 2.11. In order to understand the reproducibility of this data, the experiments could be repeated multiple times, taking an average of the aldehyde to imine ratios for each compound across the replicates. This would help to understand whether the trends seen in Figures 2.10 (A), 2.10 (B) and 2.11 are reproducible. There are several sources that could introduce error in these experiments. Firstly, the solutions were prepared by weighing the mass of the compound using a balance, accurate to 4 decimal places. Errors associated with the balance, as well as human error preparing the compound in solution, could result in discrepancies in sample concentrations. Changes to the sample concentration would have a large effect on the equilibrium ratio between the aldehyde and imine, and therefore would be one of the largest sources of error for this data. Second, the samples in Figures 2.10 (A) and 2.10 (B) were maintained at ambient temperature for 1 week, however the lab temperature was not controlled during the experiment and therefore could be susceptible to fluctuations during this period. As demonstrated by the data in Figure 2.11, temperature has an effect on the equilibrium for the hydrolysis of the imine to the aldehyde. For the data in Figure 2.11, samples were allowed to equilibrate at the set temperature for 15 minutes prior to data acquisition. This was deemed sufficient to allow the sample to reach equilibrium, however future work could investigate leaving the sample at a set temperature for a longer time period prior to spectrum acquisition and determine whether this gave a more reproducible result. A further source of error for this data is from the measurement of the integrals for both the aldehyde and imine protons in the 1H NMR spectrum. The samples were run using a solvent suppression protocol, to reduce the signal from the water protons in the 1H NMR spectrum. This technique often results in a greater amount of noise in the spectrum. To improve the signal to noise ratio, the number of scans can be increased in the experiment, however, this comes at a cost greatly increasing the acquisition times of the experiment. 
Having demonstrated the ability of the synthesised compounds to dissociate in an aqueous environment, a final experiment considered how these prodrugs might be delivered therapeutically. As mentioned in Chapter 1, film forming systems (FFS) are an efficient and pain-free method of topical drug delivery.118 Many FFS use volatile solvents, such as ethanol, to dissolve both the drug and the film forming polymer.176,177 Some of these film forming polymers, such as the commercial methacrylic acid polymer Eudragit RS, require the addition of water to aid the solubility of the polymer.176 However, as demonstrated in Figure 2.9, water induces the hydrolysis of the imine prodrugs. Therefore, an experiment was conducted to determine whether the prodrugs were stable to hydrolysis in ethanol, and whether they could tolerate the addition of water into the system. To investigate this, compound 1b was dissolved in ethanol and analysed by 1H NMR spectroscopy (Figure 2.12). Subsequent samples were prepared by increasing the ethanol: water ratio. Typically, deuterated solvents are used in NMR spectroscopy because, unlike hydrogen, deuterium in not NMR active and therefore does not contribute to the NMR spectrum. However, non-deuterated solvents were used in this experiment to circumvent the isotope effect. The isotope effect describes the phenomenon whereby the rate constant for a reaction will change if a heavier or lighter isotope is present. Imine hydrolysis occurs through protonation of the imine nitrogen followed by attack of a water molecule. In the presence of deuterated solvents the imine could become deuterated, which would present two issues. First, due to the isotope effect the equilibrium between the imine and the aldehyde may differ compared to in the presence of hydrogen atoms alone, therefore the observed ratio of aldehyde to imine protons in the NMR spectrum would not reflect the true equilibrium position. Second, any deuterated imine would not be displayed in the NMR spectrum (due to deuterium being NMR inactive), which would further distort the observed aldehyde to imine ratio. To circumvent this, samples were run in non-deuterated solvents (ethanol and water), in order to observe a true equilibrium for the hydrolysis of the prodrug. As a result, the peaks relating to the residual ethanol and water protons were suppressed using solvent suppression techniques. For simplification, only the data from 7.5 to 10.0 ppm has been displayed, which contains the relevant proton peaks. 
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[bookmark: _Ref525676251]Figure 2.12 A section of the 1H NMR for 2-(2-cyanoethyliminomethyl)phenol (compound 1b) in ethanol with increasing water content. Peaks have been normalised relative to the imine proton at ~ 8.2-8.6 ppm. 
The 1H NMR spectrum for compound 1b in ethanol displays a peak corresponding to the imine proton at ~ 8.6 ppm and no peak in the aldehyde region (~ 10 ppm), suggesting that compound 1b is stable in ethanol. As water is introduced into the system, a peak appears at ~ 10 ppm indicating the presence of an aldehyde proton. Subsequent samples with higher water content demonstrate an increase in the integral of this aldehyde peak, indicating that the imine is hydrolysing to a greater extend when there is more water present. In addition to this, as the amount of water increases from 10 to 70 % (v/v), the peaks for both the aldehyde and imine protons move towards a lower chemical shift. This change in chemical shift is likely due to the different environment experienced by the protons by addition of a new solvent. A lower chemical shift suggests the protons in compound 1b are being more shielded from the external magnetic field. Samples containing a 20:80 and 10:90 ratio of ethanol: water were prepared, however these recrystallised in the NMR tube and therefore couldn’t be analysed. 
In order to monitor changes to the aldehyde: imine ratio the data was normalised to the integral of the imine proton peak, which was assigned the value of 1. The reasoning behind this was due to only imine being present in the sample containing 100 % ethanol, therefore normalising each sample to the integral of the imine proton allowed the reappearance of the aldehyde to be monitored. As a result of this, the area of the imine proton peak remained constant between samples and there is no apparent decrease in the amount of imine with increasing water content. This is further highlighted by the large increase in the magnitude of the aldehyde peak between samples containing 60 % water and 70 % water, which is due to a greater amount of aldehyde protons present in the sample than imine protons. In future experiments this could be circumvented by adding the same concentration of a known standard to each sample. Normalising the data to a known standard would allow both the increase in aldehyde protons and the decrease in imine protons to be monitored, giving a more accurate summary of the overall aldehyde: imine ratio. Compound 1b was chosen for this analysis as it had the most simple 1H NMR spectrum which could be easily assigned. Future work could analyse the other four prodrugs in an ethanol: water mixture to determine whether these demonstrated more, or less, tolerance to water.
From Figure 2.12 it is clear that imine hydrolysis occurs following the addition of water to the system. However, even at relatively high water content (for example 60 % water) the imine remains the dominant species. This suggests that the addition of water can be tolerated, if necessary, when formulating the imine prodrugs for future applications.  
[bookmark: _Toc510023019][bookmark: _Toc525587687][bookmark: _Toc2451007]Conclusions
Initial attempts were made to synthesise imines from β-APN with benzaldehyde, anisaldehyde and dodecylaldehyde. Different synthetic methods were trialled, and the effect of changing reaction parameters was investigated. Although imine formation was confirmed by 1H NMR spectroscopy in all cases, and at times at high conversion, attempts to isolate the imine product were unsuccessful.
Imines were synthesised from the reaction of β-APN and salicylaldehyde in a 1:1 ratio and pure crystals of product were successfully isolated. Four further imines based on salicylaldehyde derivatives were also successfully synthesised. These salicylaldehyde derivatives contained different functionalities around the aromatic ring to provide an electron withdrawing group, an electron donating group and a highly lipophilic group. Analysis by 1H NMR and 13C NMR spectroscopy, mass spectrometry, elemental analysis, melting point, FTIR, UV-visible spectroscopy and single crystal X-ray crystallography indicated that pure product was successfully isolated in all cases.
To investigate why imine formation using salicylaldehyde (and derivatives) was so successful compared to the initial aldehyde starting materials, an experiment compared the reaction of β‑APN with two different isomers of methoxy-salicylaldehyde. One isomer contained an ortho-hydroxyl group whilst the other contained a para-hydroxyl group. It was hypothesised that salicylaldehyde-derived starting materials formed more stable imines due to hydrogen-bonding of the ortho-hydroxyl proton to the imine nitrogen. Following a reaction with β-APN, it was found that the isomer containing the ortho-hydroxyl group produced solid product that could be easily isolated and recrystallised with a good yield. On the other hand, attempts to isolate a product from the synthesis of the isomer containing a para-hydroxyl group were unsuccessful. This, taken together with x-ray crystallography data, indicated that imine stability was aided by hydrogen bonding, provided by the presence of an ortho-hydroxyl group. 
To evaluate the synthesised imines as potential prodrugs, changes in imine structure when dissolved in aqueous and non-aqueous solutions were analysed by 1H NMR spectroscopy. Imines remained intact in DMSO for at least 7 days, with no reappearance of the aldehyde proton peak. This demonstrated the imines’ stability in non-aqueous environments. Dissolving the imines in water (1 % DMSO) led to approximately 70 % of the imine hydrolysing into β‑APN and the aldehyde. This dissociation was found to be immediate, with very little change to the ratio of imine and aldehyde after 7 days. Changing the temperature of the solution from 4 to 37 C led to an increase in the amount of aldehyde.  This shift from imine to aldehyde in an aqueous environment highlights the potential of these imines as prodrugs. 





[bookmark: _Toc2451008]Chapter Three: Effect of prodrugs on enzyme activity and cytotoxicity
[bookmark: _Toc2451009]Introduction
The previous chapter investigated synthetic methods to produce prodrugs of the lysyl oxidase (LOX) inhibitor β-aminopropionitrile (β-APN) for topical delivery. The formation of these prodrugs aimed to increase the hydrophobicity of β‑APN to enhance its delivery into skin, whilst being able to dissociate back to β-APN and the starting aldehyde in response to an external stimulus. This dissociation was designed to be triggered in an aqueous environment, and the ability to do so was demonstrated using proton nuclear magnetic resonance (1H NMR) spectroscopy. This provided two logical next steps. First, to consider whether this dissociation was sufficient to inhibit the catalytic activity of LOX, and second, to determine whether the prodrugs caused cytotoxic effects in an appropriate cellular system.
[bookmark: _Toc2451010]Lysyl oxidase activity assays
As discussed in Chapter 1, LOX catalyses the deamination of lysine side chains of collagen and elastin molecules to produce aldehyde moieties.178 These aldehyde groups are then able to spontaneously react with amines or aldehydes on neighbouring collagen molecules to produce covalent crosslinks between collagen fibrils. This process is an essential part of wound healing and remodelling, and the action of LOX has been widely investigated in diseases regarding the extracellular matrix such as hypertrophic scarring,179 scleroderma180 and diabetic skin abnormalities.181 As a result, the activity of LOX, and the ability to inhibit its action, is a key area of research.
In order to study the activity of LOX, a suitable in vitro assay is required. One of the most common methods for monitoring LOX activity in vitro is the use of tritium-labelled lysine side chains on elastin or collagen molecules.83,82,182,183 Both lysine‑6‑3H and lysine‑4,5‑3H have been used for this purpose.184,185 Following catalytic cleavage of the labelled lysine by LOX, tritium ions are released and exchange with the aqueous solvent to produce tritiated water. This water is then distilled, and its radioactivity measured. Melet et al. developed the use of tritium-labelled lysine further by analysing tritium content using small ion exchange columns.184 They found this technique allowed more high-throughput screening of enzyme activity. Whilst tritium-labelling has proven to be a highly sensitive and reliable technique for measuring enzyme activity, it requires access to a radioactive source, as well as lengthy work up and clean up from the distillation process. As a result, more rapid and continuous methods to measure enzyme activity have been developed. Trackman et al. found that mono- and diamine substrates were able to be oxidised by LOX,94 contrary to previous theories that the enzyme only acted on protein substrates. From this, Trackman et al. were able to develop a peroxidase-coupled fluorometric assay of enzyme activity.186 The technique utilised non-peptidyl diamine substrates, which afford hydrogen peroxide after catalytic deamination by LOX. Horseradish peroxidase (HRP) is used in the reaction, with hydrogen peroxide as the oxidising agent, to facilitate the oxidation of the non-fluorescent substrate sodium homovanillate to its fluorescent product. Whilst the system was found to be as sensitive as the tritium-release method, limitations arose due to higher temperature required to run the assay (50 ˚C) as well as poor detection of LOX activity in crude samples. Palamakumbura and Trackman were able to circumvent these issues by using an alternative, more sensitive fluorescent probe; N‑Acetyl-3,7-dihydroxyphenoxazine (Amplex red) (Figure 3.1).187 
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[bookmark: _Ref520127441]Figure 3.1. Redox reaction of lysyl oxidase (LOX) converting a primary amine to an aldehyde, producing ammonia and hydrogen peroxide. Horseradish peroxidase (HRP) catalyses the oxidation of hydrogen peroxide, in doing so oxidising weakly fluorescent Amplex red to the fluorescent product resorufin. 
The wavelengths required for excitation and emission of resorufin are higher than for homovanillate, reducing background autofluorescence.187 This method has been shown to detect the activity of as little as 20 ng/mL LOX and has subsequently been used by multiple groups.144,188 Peroxidase-coupled fluorescence assays are now widely used for LOX activity assays. 
One aim of performing enzyme activity assays in drug development is to determine the potency of the test compound. Potency is a measure of how much drug is required to elicit a biological response,189 and well-defined parameters are used to compare the potency of different compounds. The most common parameter used is the half maximal inhibitory concentration (IC50) of a compound, defined as the concentration of a drug that reduces the response of a biochemical or biological function to 50 %.190 This is similar to, but not the same as, the half maximal effective concentration (EC50) of a compound, which describes the increase in activity of a biological function up to 50 %, and is generally used for agonists.191 Whilst the IC50 of a compound cannot necessarily predict the efficacy of a drug in the body, it is a useful tool in drug screening to highlight which compounds will be most potent, and therefore are worth taking through to the next stage of development.192 IC50 values can be quoted as either ‘relative’ or ‘absolute’.193 The relative IC50 describes the 50 % point on a curve between the observed maximum and minimum values for that drug. In contrast, the absolute IC50 describes the 50 % point on a curve between the assay blank (no inhibition of enzyme activity) and the maximum inhibitor control (complete inhibition of activity). In some cases, the test compound may reach a plateau of activity above the maximum inhibitor control, therefore the relative IC50 is quoted. This chapter will aim to report IC50 values for β‑APN and the synthesised prodrugs against LOX activity and form appropriate comparisons.
[bookmark: _Toc2451011]Cytotoxicity
In addition to investigating the ability of the synthesised compounds to inhibit LOX activity, it is important to establish whether they will cause any damage to human cells. Cytotoxicity testing has been recognised as an important stage in drug development to try and predict whether a compound, or treatment, may cause toxic side effects.194,195 A variety of methods can be used to test the cytotoxicity of a compound; from simple 2D cell culture, to co-cultures,196 3D cell culture197 and animal models.198 Whilst there are benefits of each technique, 2D cell culture has the advantage of being rapid,199 reproducible200 and inexpensive.201 These properties are especially important during the early stages of drug development, where large numbers of compounds may be screened. 2D cytotoxicity assays focus primarily on analysing changes in cellular markers such as cell morphology, membrane integrity, metabolic activity and proliferation.202 It has been suggested that multiple cytotoxicity assays should be performed focussing on different cellular outputs, to gain information on a range toxicity pathways.203 Whilst cytotoxicity testing is a useful tool, it cannot fully replicate the environment a compound will experience in vivo. As a result, it should only be used as an initial indicator of toxicity.  
The first aim of this chapter was to test the synthesised prodrugs in a biochemical assay of LOX activity, to determine whether their dissociation back to ‑APN was sufficient enough to inhibit LOX activity. The second aim was to test the cytotoxicity of the synthesised prodrugs in cellular assays using primary human dermal fibroblasts. 
[bookmark: _Toc2451012]Materials 
Lysyl oxidase activity assay kit (ab112139) was obtained from Abcam. Dimethyl sulfoxide (DMSO) (> 99.9 %) was obtained from Alfa Aesar. β‑aminopropionitrile fumarate salt (β‑APN, > 99 %) was obtained from Acros Organics. Difco trypsin was obtained from Difco Labs. Industrially methylated spirit (IMS), propan‑2‑ol (IPA) (> 99.5 %) and sodium chloride were obtained from Fisher Scientific. 3‑(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Invitrogen. Phosphate-buffered saline (PBS) tablets were obtained from Oxoid and prepared in deionised water at a concentration of 100 mM, pH 7.3. Recombinant human epidermal growth factor (rh EGF) (97 %) and recombinant human lysyl oxidase-like-2 (LOXL2) (> 90 %) were obtained from R&D systems. Collagenase A was obtained from Roche and made up to a concentration of 0.5 mg/mL in DMEM.
Adenine, amphotericin B, cholera toxin (95 %), Dulbecco’s modified Eagle’s medium (DMEM), ethylenediaminetetraacetic acid solution (EDTA) (0.02 %), fetal calf serum (FCS), formaldehyde (37 %), L‑glutamine, HAM’s nutrient mixture F12, hydrocortisone, insulin, penicillin‑streptomycin solution, resazurin sodium salt, transferrin, triiodo‑L‑thyronine (T3), trypan blue and trypsin (0.02 % EDTA) were obtained from Sigma. Pierce™ LDH Cytotoxicity Assay Kit (88953) was obtained from ThermoFisher Scientific.
[bookmark: _Toc2451013]Methods
[bookmark: _Ref525727212][bookmark: _Toc2451014]Isolation and culture of human epidermal keratinocytes
Human epidermal keratinocytes were isolated from human skin, obtained from consenting patients undergoing elective surgery for breast reduction or abdominoplasty at the Sheffield Hallamshire Hospital. Patients gave written consent for skin that had been removed, and was not required for their treatment, to be used for research. Full ethical approval was given by the NHS Research Ethics Committee, ethics number 15/YH/0177.   
Split-thickness skin grafts (STSG) were prepared from full-thickness skin by a laboratory technician. STSG were washed twice with sterile phosphate buffered saline (PBS) and cut into 5 mm  10 mm sections. Sections were placed in 0.1 % (w/v) Difco trypsin solution overnight at 4 C. Following Difco trypsin treatment, the epithelium was peeled from the underlying connective tissue using forceps. Keratinocytes were scraped from the upper surface of the dermis and the lower surface of the epidermis using a scalpel blade. Cells were collected in Green’s media composed of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 nutrient mixture in a 3:1 (v/v) ratio, supplemented with 10 % (v/v) fetal calf serum (FCS), 100 IU/mL penicillin, 100 mg/mL streptomycin, 2 mM L‑glutamine, 0.625 μg/mL amphotericin B, 0.1 μM cholera toxin, 10 ng/mL epidermal growth factor (EGF), 0.4 μg/mL hydrocortisone, 0.18 mM adenine, 5 μg/mL insulin, 5 μg/mL transferrin, and 0.2 μM triiodo‑L‑thyronine (T3). Keratinocytes were cultured according to the method by Rheinwald and Green.204 Briefly, keratinocytes were cultured on a feeder layer of irradiated mouse fibroblasts (i3T3) with media changes every 2‑3 days, or when the media appeared depleted. To passage, cells were treated with 0.02 % EDTA to remove the i3T3 feeder layer first, then treatment with trypsin (0.02 % EDTA) solution for 5 minutes at 37 C, 5 % CO2 removed the keratinocytes. Cell culture media containing serum was added to trypsin-treated cells (to prevent the trypsin continuing to work) and they were placed in a centrifuge tube and centrifuged at 180  g/ 1000 rpm for 5 minutes. Keratinocytes were used up to passage 2.
[bookmark: _Ref513980037][bookmark: _Ref513980511][bookmark: _Toc2451015]Isolation and culture of human dermal fibroblasts
Human dermal fibroblasts were isolated from the dermal connective tissue following keratinocyte isolation. Connective tissue was finely minced using scalpel blades and placed in 10 mL collagenase A (0.5 mg/mL) overnight at 37 C, 5 % CO2. Following collagenase A digestion, the suspension containing connective tissue and cells was centrifuged at 725  g/ 2000 rpm for 10 minutes. The pellet was resuspended in fibroblast growth media consisting of DMEM supplemented with 10 % (v/v) FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 2 mM L‑glutamine and 0.625 μg/ml amphotericin B. To passage, cells were treated with trypsin (0.02 % EDTA) for 5 minutes at 37 C, 5 % CO2. Cell culture media was added to trypsin-treated cells, placed in a centrifuge tube and centrifuged at 180  g/ 1000 rpm for 5 minutes. Fibroblasts were used from passage 4 to 9. 
[bookmark: _Toc2451016]Cell counting and viability assessment
Cells were removed from culture by treatment with trypsin (0.02 % EDTA) for 5 minutes at 37 C, 5 % CO2. Cell culture media was added to trypsin-treated cells, placed in a centrifuge tube and centrifuged at 180 g/ 1000 rpm for 5 minutes. To count, the cell pellet was re‑suspended in a known volume of appropriate cell culture media. An aliquot of the cell suspension was diluted 1:1 with trypan blue, mixed and added to a haemocytometer. Viability was assessed using an OLYMPUS CK40 light microscope. 
[bookmark: _Toc2451017]Screening conditions for lysyl oxidase-like 2 activity assay
A commercial lysyl oxidase (LOX) activity assay kit was obtained to determine enzyme activity of a commercial recombinant human lysyl oxidase-like 2 (LOXL2) standard. To determine an appropriate assay incubation time, recombinant human LOXL2 was serially diluted 1 in 2 in PBS containing 0.1 % bovine serum albumin (BSA) to obtain concentrations from 0.125 to 4.0 µg/mL. 25 µL of each concentration was added to a black-walled, clear bottom 96-well cell culture plate in duplicate. Assay reaction buffer was prepared according to the manufacturer’s protocol and 25 µL was added to each sample well. The plate was incubated at 37 C, 5 % CO2 for 20 minutes then fluorescence was read at excitation 540 nm, emission 590 nm using a BMG LABTECH POLARstar OMEGA plate reader. The plate was allowed to incubate for a further 10 minutes and the fluorescence was read again using the same protocol.  
To determine the appropriate concentration of LOXL2 to be used in test wells, solutions of LOXL2 from 0.125 to 4 µg/mL were prepared in PBS (0.1 % BSA). 25 µL of each concentration was added to a black-walled, clear bottom 96 well cell culture plate. A standard curve was prepared from the data of these solutions. Concentrations of 0.1, 1, 10 and 100 µM β‑APN were prepared in PBS and 25 µL of each was added to the plate according to the plate map in Appendix 2.1 (reflecting final plate concentrations). The plate was incubated for 1 h at 37 C, 5 % CO2. Assay kit reaction mixture was prepared according the manufacturer's protocol. After 1 h, 25 µL assay reaction mixture was added to each well and the plate was incubated for a further 20 minutes, then fluorescence was read at excitation 540 nm, emission 590 nm using a BMG LABTECH POLARstar OMEGA plate reader.
[bookmark: _Toc2451018]Ability of synthesised prodrugs to inhibit lysyl oxidase-like 2 activity
Solutions of LOXL2 from 0.25 to 8.0 µg/mL were prepared in PBS (0.1 % BSA). 25 µL of each concentration was added to a black-walled, clear bottom 96 well cell culture plate in duplicate (final plate concentrations of 0.125 to 4.0 µg/mL). A standard curve was prepared from the data of these solutions. A 4.0 µg/mL solution of LOXL2 was prepared in PBS (0.1 % BSA) and 25 µL was added to all test wells (final plate concentration 2.0 µg/mL). Solutions of β-APN and synthesised prodrugs were prepared by serial dilution to produce concentrations of 0.02 to 200 µM (final plate concentrations 0.01 to 100 µM) in PBS (0.5 % DMSO) and added to test wells containing LOXL2. See Appendix 2.2 for plate map (reflecting final plate concentrations). The plate was incubated for 1 h at 37 °C, 5 % CO2. Assay kit reaction mixture was prepared according the manufacturer's protocol. After 1 h, 25 µL assay reaction mixture was added to each well and the plate was incubated for a further 20 minutes at 37 °C, 5 % CO2. Fluorescence was detected using a BMG LABTECH POLARstar OMEGA plate reader at excitation 540 nm, emission 590 nm. Relative enzyme activity was calculated by interpolating values from the LOXL2 standard curve and expressed as:
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where Activityexp, Activitymin and Activitywindow represent the LOXL2 activity after treatment with different concentrations of β‑APN or prodrugs, the LOXL2 activity after treatment with 100 µM β‑APN (minimum value, maximum inhibition) and the assay window, respectively. 
[bookmark: _Toc2451019]Ability of compound 1b to inhibit lysyl oxidase-like 2 activity
Solutions of β-APN, salicylaldehyde (1a) and compound 1b (2-(2-cyanoethyliminomethyl)phenol) were prepared by serial dilution in PBS (0.5 % DMSO) with final plate concentrations of 0.032 to 100 µM. Solutions of LOXL2 from 0.25 to 8.0 µg/mL (final plate concentrations of 0.125 to 4 µg/mL) were prepared in PBS (0.1 % BSA) and added to the plate in duplicate. A standard curve was prepared from the data of these solutions. A 4.0 µg/mL of LOXL2 (final plate concentration of 2.0 µg/mL) was prepared in PBS (0.1 % BSA) and added to all wells. Plates were incubated for 1 h at 37 °C, 5 % CO2. The assay kit reaction mixture was prepared according the manufacturer's protocol. After 1 h, 25 µL of assay reaction mixture was added to each well and the plate was incubated for a further 20 minutes at 37 °C, 5 % CO2. Fluorescence was detected using a BMG LABTECH POLARstar OMEGA plate reader at excitation 540 nm, emission 590 nm. Relative enzyme activity was calculated by interpolating values from the LOXL2 standard curve and expressed using equation (3.1).  Data was analysed by a non-linear, variable slope (4 parameter) line of best fit of inhibitor vs. response in order to interpolate relative IC50 values. 
[bookmark: _Toc2451020]Cell density screen using the MTT assay
Primary human dermal fibroblasts (HDF) were isolated as described in section 3.3.2. HDF were treated with trypsin, centrifuged and counted before dilution to obtain cell suspensions of 2.5, 5, 10, 20 and 40  103 cells/well in a 96 well plate and cultured for 48 h at 37 °C, 5 % CO2. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) powder was dissolved in PBS (0.5 mg/mL) and sterile filtered through a 0.2 µm polyether sulfone (PES) filter. Cells were washed with sterile PBS, treated with 100 µL MTT solution and incubated at 37 C, 5 % CO2 for 40 minutes. Following MTT treatment, cells were washed with sterile PBS and 100 µL acidified IPA was added to each well to dissolve MTT crystals. Absorbance was measured on a BIO-TEK ELx800 absorbance microplate reader at 570 nm. The results are expressed as mean values ± standard deviation.
[bookmark: _Toc2451021]Cell density screen using the resazurin sodium salt assay
[bookmark: _Ref514148183]Primary HDF were isolated as described in section 3.3.2. HDF were treated with trypsin, centrifuged and counted before dilution to obtain cell suspensions of 2.5, 5, 10, 20 and 40  103 cells/well in a 96 well plate and cultured for 48 h at 37 °C, 5 % CO2. A 1 mM solution of resazurin sodium salt was prepared in cell culture media. Cells were washed with sterile PBS and 100 µL resazurin solution was added to each well. Cells were incubated for 4 h at 37 °C, 5 % CO2. After 4 h, the fluorescence was measured using a BIO-TEK Flx800 fluorescence microplate reader at excitation 540 nm, emission 635 nm. The results are expressed as mean values ± standard deviation.
[bookmark: _Ref530682527][bookmark: _Toc2451022]Effect of synthesised prodrugs on cell metabolic activity 
Primary HDF were isolated as described in section 3.3.2. HDF were plated at 104 cells/well in a 96-well culture (Corning Costar) in fibroblast cell culture medium for 24 h at 37 °C, 5 % CO2. Solutions of synthesised compounds were prepared in filter-sterilised dimethyl sulfoxide (DMSO) and diluted in cell culture media to give concentrations of 0.032 µM to 100 (0.5 % DMSO). After 24 h cell culture media was removed and replaced with 100 µL compound solution. Cells were incubated for a further 24 h at 37 °C, 5 % CO2. Cell culture media containing compounds was removed and wells were washed with sterile PBS. A 1 mM solution of resazurin sodium salt was prepared in cell culture media and 100 µL was added to each well. Cells were incubated for 4 h at 37 °C, 5 % CO2 then the fluorescence was measured using a BIO-TEK Flx800 fluorescence microplate reader at excitation 540 nm, emission 635 nm. All samples were run in triplicate and experiments were repeated three times. Cell metabolism was expressed as:
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where Fluorexp and Fluorcontrol represent the amount of fluorescence produced by cells treated with different concentrations of prodrug and 0.5 % DMSO, respectively. Fluorblank is the fluorescence for the resazurin solution alone. Statistical analysis was performed on Graphpad Prism version 7 using a 2‑way ANOVA with Dunnett’s multiple comparisons test. An alpha value of 0.05 was used. The results are expressed as mean values ± standard deviation. 
[bookmark: _Ref514148199][bookmark: _Toc2451023]Effect of synthesised prodrugs on cell membrane integrity
The concentration of lactate dehydrogenase (LDH) in cell culture media from cells treated with various concentrations of synthesised compounds was analysed using a commercial kit (cat # 88953, Thermo Fisher Scientific). Primary HDF were plated at 104 cells/well in a 96-well culture plate (Corning Costar) in fibroblast cell culture medium for 24 h at 37 °C, 5 % CO2. After 24 h, cell culture media was removed and replaced by solutions of β‑APN or prodrug from 0.032 to 100 µM (0.5 % DMSO). Plates were incubated at 37 °C, 5 % CO2. After a further 24 h, 10 µL of lysis buffer was added to wells in triplicate as a maximum LDH release control. After incubation for 45 minutes, 50 µL of each sample was transferred to a new 96-well culture plate and 50 µL of assay reaction mix was added. Plates were incubated at room temperature for 20 minutes then 50 µL stop solution was added. Absorbance was measured on a BIO‑TEK ELx800 absorbance microplate reader at 490 nm and 680 nm, subtracting the 680 nm background from 490 nm values. Relative LDH release was defined as:
	

	
[bookmark: _Ref519076398][bookmark: _Ref519076391](3.3)


where Absexp and Absspont and Absmax represent the amount of lactate dehydrogenase for cells treated with different concentrations of prodrug, 0.5 % DMSO and lysis buffer control, respectively. All samples were run in triplicate and experiments were repeated three times. The results are expressed as mean values ± standard deviation.
[bookmark: _Toc2451024]Effect of prolonged treatment with high concentrations of synthesised prodrugs on the metabolic rate of cells
Primary HDF were isolated as described in section 3.3.2 and plated at 104 cells/well in a 96-well culture (Corning Costar) in fibroblast cell culture medium for 24 h at 37 °C, 5 % CO2. Plates were prepared in triplicate. Synthesised compounds were dissolved in sterile-filtered DMSO and diluted in fibroblast cell culture media to a concentration of 5 mM (1 % DMSO). Compound 3b displayed solubility issues at this concentration and therefore was prepared at 2.5 mM (1 % DMSO). After 24 h, cell culture media was removed and replaced with 100 µL compound solution. Plates were incubated at 37 °C, 5 % CO2 for 24, 48 and 72 hours. At the appropriate timepoint, cell culture media was removed and wells were washed with sterile PBS. The resazurin sodium salt assay was carried out as described in section 3.3.9. All samples were run in triplicate and experiments were repeated three times. Cell viability was calculated using equation (3.2). The results are expressed as individual values with error bars for the mean ± standard deviation. 
[bookmark: _Toc2451025]Effect of prolonged treatment with high concentrations of synthesised prodrugs on cell membrane integrity 
Primary human dermal fibroblasts (HDF) were isolated as described in section 3.3.2 and plated at 104 cells/well in a 96-well culture (Corning Costar) in fibroblast cell culture medium for 24 h at 37 °C, 5 % CO2. Plates were prepared in triplicate. Synthesised compounds were dissolved in sterile-filtered DMSO and diluted in fibroblast cell culture media to a concentration of 5 mM (1 % DMSO). Compound 3b displayed solubility issues at this concentration and therefore was prepared at 2.5 mM (1 % DMSO). After 24 h cell culture media was removed and replaced with 100 µL compound solution. Plates were incubated at 37 °C, 5 % CO2 for 24, 48 and 72 hours. At the appropriate timepoint the LDH cell membrane integrity assay was carried out as described in section 3.3.10. Relative LDH release was defined by equation (3.3). All samples were run in triplicate and experiments were repeated three times. The results are expressed as individual values with error bars for the mean ± standard deviation. 
[bookmark: _Toc2451026]Results and Discussion
A commercial peroxidase-coupled fluorometric lysyl oxidase activity assay was obtained to measure enzyme activity following treatment with the β‑APN prodrugs. On the manufacturer’s recommendation, a commercial enzyme standard of recombinant human lysyl oxidase-like 2 (LOXL2) homolog was purchased from R&D systems. LOXL2 is one of five members from the same family of amine oxidases, with their function to deaminate specific lysine groups on collagen and elastin fibres to produce highly reactive aldehyde moieties.81 The 5 members of the lysyl oxidase family are found to have a well conserved catalytic domain within the C-terminus of the protein.205 Since β‑APN is an irreversible active site inhibitor,206 and studies have shown that β‑APN is able to inhibit the catalytic function of LOXL2,205 it was decided that LOXL2 would be a suitable standard to investigate inhibition of enzyme activity by the prodrugs.   
[bookmark: _Toc2451027]Effect of incubation time on response in lysyl oxidase activity assay
To determine an appropriate timescale for the assay incubation period, an initial experiment compared the fluorescence response for a standard curve of LOXL2 activity when incubated with assay reagent for 20 and 30 minutes (Figure 3.2). It was found that after 20 minutes of incubation a sufficient fluorescence response was achieved without reaching the detector’s limits. Comparing the response for the enzyme incubated for 20 and 30 minutes with the assay reagent, the fluorescence was found to be similar for the two time points, leading to the conclusion that no benefit was achieved by incubating the enzyme with assay reagent for longer than 20 minutes. As a result, a 20‑minute incubation period was used in all future experiments.  
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[bookmark: _Ref513535854]Figure 3.2. Fluorescence due to lysyl oxidase-like 2 (LOXL2) activity in a peroxidase-coupled fluorometric assay after incubation with assay reagent for 20 and 30 minutes at 37 C. The results are expressed as mean values ± standard deviation.
[bookmark: _Toc2451028]Concentration of lysyl oxidase-like 2 required for inhibition assay
To examine their ability to inhibit LOXL2, the synthesised prodrugs needed to be tested with a known concentration of enzyme. Due to the high cost associated with the LOLX2 standard, it was desirable to find the lowest concentration of enzyme that could provide the largest assay window. To accomplish this, samples of LOXL2 from 0.02 to 2.0 µg/mL were incubated with increasing concentrations of β-APN. LOXL2 activity for each sample was detected using the LOX fluorescent activity assay (Figure 3.3). For samples containing up to 0.32 µg/mL LOXL2, the difference in fluorescence between the maximum and minimum concentration of inhibitor was very small. This was deemed inadequate to detect subtle changes in enzyme activity between different concentrations of inhibitor. Increasing the concentration of LOXL2 to 0.8 µg/mL substantially increased the assay window, whilst a concentration of 2.0 µg/mL LOXL2 gave the largest assay window. It was concluded that 2.0 µg/mL LOXL2 should be used for future inhibition experiments.
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[bookmark: _Ref513539347]Figure 3.3. Fluorescence response due to lysyl oxidase-like 2 (LOXL2) activity in a peroxidase-coupled fluorometric assay after incubation with 0.05, 0.5, 5 and 50 µM β-APN. Samples were incubated with a LOXL2 standard for 1 hour, followed by incubation was assay reagents for a further 20 minutes at 37 C.
[bookmark: _Toc2451029]Effect of synthesised prodrugs on lysyl oxidase-like 2 activity
Having established both the optimum concentration of LOLX2 to be used in the activity assay, and a suitable incubation time for the assay reagent, a screening experiment was performed to determine whether the prodrugs were able to sufficiently dissociate in aqueous media to inhibit LOLX2. As discussed previously, the IC50 of a compound is the concentration required to inhibit the activity of an enzyme to 50 %.191 From the literature, the IC50 of β‑APN is reported to be between 5 µM205 and 10 µM.144 Taking this into account, a concentration range of 0.01 to 100 µM was tested for each prodrug, assuming that the inhibition of LOXL2 would likely occur within this range. 
The data in Figure 3.4 shows the inhibition profiles of β‑APN and the five prodrugs. All five prodrugs displayed a general decrease in activity of LOXL2 with increasing concentration. β‑APN is thought to inhibit the LOX family of enzymes by reacting with the active site via its primary amine group.94 Since this primary amine is masked when β‑APN is in its prodrug form, any inhibition suggests that the prodrugs have successfully dissociated into β‑APN.
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[bookmark: _Ref513625328]Figure 3.4. Inhibition of lysyl oxidase-like 2 (LOXL2) activity by β-APN and synthesised prodrugs from 0.01 to 100 µM in a peroxidase-coupled fluorometric assay. Compounds were incubated with a LOXL2 standard for 1 hour, followed by incubation was assay reagents for a further 20 minutes at 37 C. Data normalised using LOXL2 with 0.5 % DMSO as 100 % activity and a separate triplicate of LOXL2 with 100 µM β-APN as 0 % activity. 
Whilst the general trend is clear, the inhibition curves do not all have smooth profiles and a few data points were found to be below the lowest concentration of the standard curve.  Since an accurate value for relative enzyme activity cannot be calculated if the value is below the standard curve, these values have been omitted from the analysis. As a result, it would be ambiguous to try and derive IC50 values for each prodrug from this data. A likely reason for the ambiguous curves is that each sample was run as a single replicate, due to the high cost and low quantities of LOXL2 available and to allow all five prodrugs to be tested. In order to perform more replicates per sample, and potentially obtain more robust data, it was decided that future investigations into LOXL2 inhibition should focus on a single prodrug. 
[bookmark: _Toc2451030]Ability of compound 1b to inhibit lysyl oxidase-like 2 activity
After evaluating the general ability of each of the synthesised prodrugs to inhibit LOXL2 activity, a single compound was selected to perform further inhibition screens. Compound 1b (2-(2-cyanoethyliminomethyl)phenol) was chosen for this purpose due to its simple structure and ease of synthesis and isolation. LOXL2 was treated with increasing concentrations of β‑APN, 1a and 1b, to determine the effect of each compound on enzyme activity (Figure 3.5). The reason for including compound 1a (salicylaldehyde) in the experiment was to determine whether the aldehyde alone had an effect on enzyme activity.
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[bookmark: _Ref514145752]Figure 3.5. Inhibition of lysyl oxidase-like 2 (LOXL2) activity after treatment with β‑APN, and compound 1a (salicylaldehyde) and compound 1b (2-(2-cyanoethyliminomethyl)phenol) from 0.032 to 100 µM in a peroxidase-coupled fluorometric assay. Compounds were incubated with a LOXL2 standard for 1 hour, followed by incubation was assay reagents for a further 20 minutes at 37 C. Data normalised using LOXL2 with 0.5 % DMSO as 100 % activity and a separate triplicate of LOXL2 with 100 µM β-APN as 0 % activity.
[bookmark: _GoBack]From Figure 3.5 it is clear that ‑APN and compound 1b both decrease LOXL2 activity with increasing concentration. However, compound 1a had a negligible effect on LOXL2 activity over the range of concentrations tested. To determine relative IC50 values, the data was analysed using a non-linear, variable slope (4 parameter) line of best fit. This model was selected since the data is sigmoidal, not linear, therefore a linear analysis would be inappropriate. The non-linear approach, as utilised here, is frequently used to calculate IC50 values and dose-response relationships from bioassay data.191,207 Relative IC50 values for both ‑APN and compound 1b are summarised in Table 3.1. An IC50 value for compound 1a was not able to be reported using this analysis. This is likely because the data does not show a dose-response relationship. The relative IC50 values for ‑APN and 1b are very similar and are slightly lower than those reported for ‑APN in the literature.205 The aim of this piece of work was to investigate whether the prodrugs were able to dissociate in vitro to a sufficient degree to inhibit the target enzyme. The data presented in Figure 3.5, and summarised in Table 3.1, suggests this is the case. Furthermore, the aldehyde 1a shows very little inhibition of enzyme activity at these concentrations. This indicates that it is the dissociation of the prodrug to release ‑APN, and not the presence of the aldehyde substituent, that is causing a reduction in enzyme activity.
[bookmark: _Ref520223253]Table 3.1. Relative IC50 values for -APN, compound 1a and compound 1b in a fluorescent assay of lysyl oxidase-like 2 (LOXL2) activity.
	Compound
	‑APN
	1a
	1b

	IC50 (µM)
	0.67
(CI 0.44 – 0.88)
	N/A
	0.74
(CI 0.49 – 1.06)



[bookmark: _Toc2451031]Cytotoxicity
After establishing the ability of the synthesised compounds to inhibit a member of the LOX family of enzymes, it was considered essential to determine whether the compounds caused any cytotoxicity. Primary human dermal fibroblasts (HDF) were selected for cytotoxicity testing due to being physiologically representative of the target organ for this treatment. Cytotoxicity was assessed by monitoring changes to cell viability and function using appropriate endpoints, namely cell metabolic activity and cell membrane integrity. These assays aimed to gain information on the effects of the synthesised compounds on HDF for short incubation periods. 

[bookmark: _Toc2451032]Cell density screen using the 3‑(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of cell metabolic activity
A variety of metabolic activity assays are available to determine how a compound may alter cellular metabolic activity compared to an untreated control.208,209 One such assay is the MTT assay, which utilises the ability of cells to reduce a yellow tetrazolium salt to insoluble purple crystals of formazan, which are then dissolved in an appropriate solvent to provide a purple solution. The degree of this colour change is used to assess changes in cell metabolic activity. The MTT assay was initially selected to monitor cytotoxicity in HDF when dosed with synthesised prodrugs due to its widespread use for cytotoxicity screening.210
A cell density screen using HDF was performed in order to determine the optimum cell density to use in subsequent experiments. The absorbance data for this cell density screen is shown in Figure 3.6.
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[bookmark: _Ref512693565]Figure 3.6. Cell density screen of human dermal fibroblasts (HDF) assessed by MTT metabolic activity assay. Cells were incubated for 48 hours at 37 C, 5 % CO2. Samples were prepared in triplicate and the results are expressed as mean values ± standard deviation.
The absorbance values for the highest concentration of cells have a much larger spread compared to wells containing lower cell numbers. Although this could be attributed to cells becoming senescent due to contact inhibition at this high concentration,211 it is more likely due to cells becoming overcrowded and losing their adherence to the well plate. This is supported by the experimental observation that during the PBS washing step after MTT treatment, purple debris was found in the waste buffer. It was also noted that the absorbance values for the MTT cell density screen were quite low and that large differences in absorbance values were not detected between the different cell densities. Low absorbance values could be a result of poor elution of the formazan crystals or being too diluted by the volume of elution solvent added. Taken together, it was decided that an alternative cellular metabolic activity assay should be considered for this work. 

[bookmark: _Toc2451033]Cell density screen using the Resazurin Sodium Salt assay of cell metabolic activity
The resazurin sodium salt assay is comparable to the MTT assay in that it measures the reducing potential of the cell. In the resazurin assay, metabolically active cells convert a weakly fluorescent dye resazurin to resorufin, a strongly fluorescent molecule. By producing a fluorescent endpoint, the resazurin sodium salt assay allows increased sensitivity compared to the MTT assay (which measures absorbance as an endpoint).210 For this reason, the resazurin sodium salt assay was selected for further cytotoxicity investigations. As with the MTT assay, an initial cell density screen was performed to determine the optimum cell number to be used in future experiments. The data from the resazurin cell density screen is shown in Figure 3.7.
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[bookmark: _Ref512697016]Figure 3.7. Cell density screen of human dermal fibroblasts (HDF) assessed by resazurin sodium salt metabolic activity assay. Cells were incubated for 48 hours at 37 C, 5 % CO2. Samples were prepared in triplicate and the results are expressed as mean values ± standard deviation.
Similar to the MTT assay data, it was found that at the highest concentration of cells, the mean response was much lower than expected and the data had a greater spread than for all other cell densities. In addition, there is a loss of linearity between fluorescence response and cell density above 5  103 cells/well, which is particularly noticeable for 2  104 cells/well. This further suggests that HDF cultured at densities including and above 2  104 cells/well in a 96-well plate become overcrowded and detach from the culture plate. From the data in Figure 3.7, a satisfactory response was obtained with cell densities of 5  103 and 104 cells/well. Whilst the response for 5  103 cells/well was still within the linear range, it was thought that pipetting errors may have a more pronounced effect at lower cell densities. As a result, a density of 104 was chosen for future experiments, since this reduces the number of cells required for each experiment and allows some flexibility to run experiments for longer timepoints.
[bookmark: _Ref525717943][bookmark: _Toc2451034]Investigating cell metabolic activity after treatment with synthesised prodrugs 
Following the cell density screen, the resazurin assay was used to determine changes in cellular metabolic activity of HDF after treatment with the synthesised compounds for 24 h. The first part of this chapter focussed on the concentrations of synthesised compounds necessary to inhibit LOXL2 in a biochemical assay. Therefore, the cytotoxicity of the synthesised compounds was determined over the same concentration range as the LOXL2 inhibition screen.
HDF were treated with media containing prodrugs from 0.032 to 100 µM (0.5 % DMSO) for 24 hours (Figure 3.8). Overall, the synthesised compounds had a negligible effect on HDF metabolism. Statistical analysis by a two-way ANOVA with Dunnett’s multiple comparisons test indicated that compounds 2b, 3b, 4b and 5b caused a statistically significant decrease in cell metabolic activity when dosed at 100 µM, compared to the 0.5 % DMSO vehicle control. However, the mean metabolic activity for each compound remained above 90 %, suggesting that whilst this had statistical significance, the reduction was not biologically significant.  
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[bookmark: _Ref510527853]Figure 3.8. Metabolic activity of human dermal fibroblasts (HDF) determined by the resazurin sodium salt assay. HDF were treated with synthesised compounds for 24 hours at 37 C, 5 % CO2. a) ‑APN, b) Compound 1b, c) Compound 2b, d) Compound 3b, e) Compound 4b, f) Compound 5b. 100 % cell metabolism normalised to vehicle control of 0.5 % DMSO. Samples were prepared in triplicate and the results are expressed as mean values ± standard deviation. (* = p < 0.0332, ** = p < 0.0021, *** = p < 0.0002, **** = p < 0.0001).
Individual in vitro assays are designed to report a single type of endpoint. However, multiple cellular mechanisms can be used to assess cytotoxicity, including metabolic activity, changes in proliferation and cell membrane integrity. As a result, metabolic assays alone are not sufficient to fully describe the toxicity of a compound.212 Consequently, it was decided that a complimentary cytotoxicity assay was necessary to determine the cytotoxic effects of the lysyl oxidase inhibitors on human dermal fibroblasts. 

[bookmark: _Toc2451035]Investigating cell membrane integrity after treatment with synthesised prodrugs 
The lactate dehydrogenase (LDH) assay is used to evaluate cell membrane integrity, an important marker of cytotoxicity. As an intra-cellular enzyme, LDH is not expected to be detected in the cell culture media of healthy, intact cells.213 Therefore, detection of LDH in cell culture media indicates inconsistencies or defects in the cell membrane. In addition to this, the synthesised compounds have been designed to be more lipophilic than β‑APN, to allow increased delivery through the stratum corneum. Lipophilic compounds are more likely to interact with cell membranes due to the favourable interactions with the phospholipids that assemble to form cellular membranes.214 However, if a compound has a large degree of interaction with the cell membrane, it could lead to too much permeabilisation, killing the cells and causing further damage to the tissue. It was therefore decided that investigating the impact of the synthesised prodrugs on cell membrane integrity was particularly important. 
An initial cell density screen was performed on human dermal fibroblasts for the LDH assay. It was concluded that 104 cells/well produced a sufficient response in the assay as well as allowing direct comparison to the metabolic activity data. The data for the LDH cell density screen can be found in Appendix 3.3. Similar to the resazurin sodium salt assay, the concentrations of synthesised compounds were selected based on the inhibition range as determined by the LOXL2 activity assay. For all concentrations tested, negligible LDH was detected in the cell culture media (Figure 3.9). These results suggest that neither ‑APN, nor the prodrugs, caused adverse cell membrane damage at these concentrations. 
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[bookmark: _Ref512779987]Figure 3.9. Lactate dehydrogenase (LDH) release relating to membrane integrity of human dermal fibroblasts (HDF). HDF were treated with synthesised compounds for 24 hours at 37 C, 5 % CO2. a) ‑APN, b) Compound 1b, c) Compound 2b, d) Compound 3b, e) Compound 4b, f) Compound 5b. 100 % cell metabolism normalised to vehicle control of 0.5 % DMSO. Samples were prepared in triplicate and the results are expressed as mean values ± standard deviation.
Reviewing the data from both the resazurin sodium salt assay of cell metabolic activity and the LDH assay of cell membrane integrity, it has been shown that the synthesised prodrugs did not cause marked cytotoxicity to human dermal fibroblasts up to a concentration of 100 µM when treated for 24 hours. This is higher than the concentration required to inhibit LOXL2 in an in vitro environment, as demonstrated earlier in this chapter. Taken together, these results suggest the potential for the development of these compounds as therapeutic LOX inhibitors. 
[bookmark: _Toc2451036]Cytotoxicity of prodrugs at concentrations used in the 3D tissue-engineered model of human skin
So far, this chapter has focussed on the effects of the prodrugs in a biochemical assay and in 2D culture, investigating both their ability to inhibit LOXL2 activity and two different mechanisms of cytotoxicity. Whilst 2D assays provide essential information for compound development, they cannot be considered fully representative of the cellular environment in vivo.215 Drug discovery programs often find that the potency of a compound is reduced as the test system becomes more complex.216 For example, a compound may be found to be highly potent in an enzyme binding assay, yet much higher doses are required to elicit a biological response in vivo. Considering the process of contraction, many studies use markedly higher doses of β‑APN than its reported IC50 value for LOX inhibition. For example, Harrison et al. found that β‑APN was unable to inhibit contraction in a 3D model of human skin at concentrations below 200 µg/mL (1.56 mM).78 Taking this into consideration, further cytotoxicity experiments were conducted using a single concentration of each prodrug that would likely be used in a 3D model of contraction.  
[bookmark: _Toc2451037]Investigation of prodrugs on cell metabolic activity
Prodrugs were applied at a concentration of 5 mM to HDF for 24, 48 and 72 hours in order to investigate longer term effects of the compounds on cell viability. Due to poor solubility in media, compound 3b was tested at a concentration of 2.5 mM. 
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[bookmark: _Ref512870175]Figure 3.10. Resazurin sodium salt assay for cell metabolism of human dermal fibroblasts treated with 5 mM synthesised prodrugs (2.5 mM for 3b due to poor solubility in media) for 24, 48 and 72 hours. 100 % cell metabolism normalised to vehicle control of 1 % DMSO. Samples were prepared in triplicate and the results are expressed as individual values with error bars for the mean ± standard deviation.
From Figure 3.10 it is clear that after 24 hours of treatment with either β‑APN or the prodrugs, HDF metabolism decreased in all cases. During the initial 24 hours, compounds 2b, 3b and 5b reduced metabolic activity completely. Even β‑APN, the widely-used LOX inhibitor, reduced cell metabolism to ~70 % compared to the 1 % DMSO control. After 48 and 72 hours, only cells treated with β-APN showed any substantial metabolic activity, and even this was markedly reduced (~ 60 % compared to the untreated control). Whilst the exact mechanisms are not clear, the reason prodrugs 2b-5b had such a negative effect on cell metabolism could be due to the substituent groups on the aromatic ring. For example, compound 3b contains a large hydrophobic tertiary-butyl group. Whilst the resazurin assay doesn’t monitor cell membrane integrity, it is possible that the hydrophobic group is disrupting the cell membrane, causing cell lysis and therefore cell metabolism cannot take place. Compound 4b contains a nitro group on the aromatic ring which is electron-withdrawing. This could make the oxygen atom of the aromatic hydroxyl group more acidic, which might lead to changes in pH and result in cellular stress. It is clear that when applied at these concentrations, the prodrugs have a detrimental effect on cell metabolism. Since the main difference between β‑APN and the prodrugs is the inclusion of the aldehyde substituents, it is likely that the toxicity arises from the inclusion of these aldehydes. As with previous work in this chapter, a second cytotoxicity test was performed in addition to the resazurin sodium salt assay. 
[bookmark: _Toc2451038]Investigation of prodrugs on cell membrane integrity
The LDH cell membrane integrity assay was run in parallel to the resazurin assay, to assess the effect of the prodrugs at the higher concentration on cell membrane integrity. The data for the LDH assay after 24, 48 and 72 hours is shown in Figure 3.11.
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[bookmark: _Ref512870911]Figure 3.11. Lactate dehydrogenase (LDH) assay for cell membrane integrity of human dermal fibroblasts treated with 5 mM synthesised prodrugs (2.5 mM for 3b due to poor solubility in media) for 24, 48 and 72 hours. 100 % cell metabolism normalised to vehicle control of 1 % DMSO. Samples were prepared in triplicate and the results are expressed as individual values with error bars for the mean ± standard deviation.
After 24 hours, treatment of HDF with 3b resulted in a large increase in LDH release compared to cells treated with β‑APN and the other prodrugs. This result agrees with the resazurin data (Figure 3.10) for 3b, which showed no cell viability after 24 hours. As discussed above, it is possible that the tertiary butyl group of this compound was able to interact with, and disrupt, the phospholipid bilayer of the cell membrane to a greater extent than the other compounds. This has previously been demonstrated by McKarns et al., who demonstrated that LDH release from rat liver epithelial cells increased as the hydrophobicity of the short-chain aliphatic alcohol increased.217 Whilst these prodrugs are aromatic, a similar trend might be expected. The remaining prodrugs and β‑APN were well tolerated in the LDH assay after 24 hours. After 48 hours of treatment, 1b caused approximately 20 % LDH release compared to the lysis buffer control. This suggests that, whilst short exposures of 1b can be tolerated by HDF, longer exposure times lead to cell membrane disruption. Interestingly, compounds 2b, 4b and 5b showed no LDH release even after 72 hours treatment. The resazurin assay indicated that these compounds reduced metabolic activity to zero after 24 hours. Taken together, this suggests that their mode of toxicity is not by membrane disruption but by an alternative pathway. 
The resazurin and LDH data for HDF treated with prodrugs at a concentration of 5 mM (2.5 mM for 3b) suggests that the compounds are not well tolerated for long periods of time at these concentrations. However, it should be noted that the experimental setup for these cytotoxicity tests is not representative of the therapeutic application. As discussed in the introduction for this chapter, cytotoxicity testing in 2D culture is only intended as an indicator of toxicity and may not fully represent the in vivo environment. In these assays the cells remain in solution with the compounds for the whole period of the assay. In the body, the compounds would likely be metabolised and excreted in relatively short time frames. Since the prodrugs are intended for topical use, they would be delivered from a patch or cream on the surface of the skin. Whilst the use of a topical treatment is intended to circumvent this fast metabolism (by providing a steady release of drug over a prolonged time frame) it would not necessarily mean that the cells are sat in a concentrated solution of the drug. 
The cytotoxicity of the prodrugs at these higher concentrations highlighted a concern that the prodrugs might damage the cells in a 3D tissue-engineered skin (TES) model of contraction, making it difficult to infer any meaningful results. However, it is a well known phenomenon that cells are more tolerant to toxic agents when cultured in a 3D environment compared to 2D monolayers.218 For example, many studies have shown that cells cultured in 3D, such as cellular spheroids, are more tolerant to chemotherapy agents than the same cells tested in 2D format.219,220,221 This has been hypothesised to arise from the increased connection between cells in space, which allows enhanced cell-cell signalling, as well as the presence of extracellular matrix proteins, which provide a stable network for the cells and hinder drug diffusion.222,223 This phenomenon has also been observed in 3D TES models, whereby primary cells cultured in 3D were more tolerant to doses of hydrogen peroxide and silver nitrate than the same cells cultured in monolayers.224 These studies suggest that the HDF and HEK in the 3D TES model of contraction may be more tolerant to the cytotoxic action of the prodrugs than when tested as monolayers. With this knowledge, it was decided that the prodrugs, along with β‑APN, should be tested in the 3D TES model for their anti-contraction properties.
[bookmark: _Toc2451039]Conclusions
The ability of the prodrugs to inhibit a commercial source of LOX was tested using a recombinant LOXL2 standard with a peroxidase-coupled fluorometric activity assay. A suitable assay concentration range was selected based on the reported IC50 of β‑APN from the literature. The prodrugs were found to inhibit LOXL2 in a concentration-dependent manner. Focussing on a single prodrug, IC50 values were interpolated for both β‑APN and compound 1b as 0.67 µM and 0.74 µM, respectively. Comparing the inhibition profiles of β‑APN, 1a (salicylaldehyde) and 1b demonstrated that it was the dissociation of the prodrug back to β‑APN, and not the presence of the aldehyde, which elicited an effect on the activity of LOXL2. 
The cytotoxicity of the synthesised LOX inhibitors was determined by two complimentary cytotoxicity assays, investigating changes in cell metabolic activity and cell membrane integrity. In the first instance, HDF were treated with compounds at the same concentrations as those used in the enzyme activity assay. Initially the MTT assay was used to determine the metabolic activity of HDF. After an initial cell density screen, it became evident that the assay was producing low absorbance values, and therefore may not be sensitive enough to detect subtle changes between cellular effects from different inhibitor concentrations. An alternative metabolic activity assay, the resazurin sodium salt assay, was tested and found to be much more sensitive than the MTT assay. As a result, the resazurin sodium salt assay was selected for further metabolic activity experiments. A cell density of 104 cells/well was selected for future metabolic activity assays. Treating HDF with each prodrug from 0.032 to 100 µM for 24 hours showed negligible changes to HDF metabolic activity. Statistical analysis by 2-way ANOVA with Dunnett’s multiple comparisons test highlighted statistically significant changes to cell metabolic activity when dosed with 100 µM of compounds 2b, 3b, 4b and 5b. It was noted that despite the statistical significance, all cells retained over 90 % metabolism. Therefore, this result was not deemed to be biologically significant. The LDH assay was utilised to determine changes to cell membrane integrity. Treating HDF with the same prodrug concentrations as the resazurin assay resulted in negligible increase in LDH release after 24 hours. 
The results of the two cytotoxicity assays were very positive when testing the compounds at concentrations that inhibited LOXL2. However, previous studies suggested that much higher concentrations of β-APN are required to inhibit contraction in a 3D tissue-engineered skin model. Therefore, further cytotoxicity studies were carried out using a higher concentration of β-APN and the prodrugs, which more closely reflected those used in 3D models of contraction. Both the resazurin assay and the LDH assay indicated that β‑APN and the prodrugs caused varying degrees of cytotoxicity at this higher concentration when tested for 24, 48 and 72 hours.  This caused concern that the prodrugs might damage the cells in a 3D tissue-engineered model of contraction. However, since it has been shown previously that cells are more tolerant to toxic agents in 3D culture, the decision was made to test β‑APN and the prodrugs in a 3D model of contraction.


[bookmark: _Toc520463552]

[bookmark: _Toc2451040][bookmark: _Toc520463553]Chapter Four: Testing synthesised prodrugs in 3D models of contraction
[bookmark: _Toc520463554][bookmark: _Toc2451041]Introduction
Chapter 3 focussed on the ability of the synthesised prodrugs to inhibit lysyl oxidase-like 2 (LOXL2), the enzyme that catalyses elastin and collagen cross-linking. It was shown that the dissociation of the prodrugs into ‑APN and an aldehyde substituent was sufficient to inhibit LOXL2 activity. However, these experiments were unable to evaluate whether the prodrugs were able to inhibit the physical phenomenon of contraction. To examine this, an appropriate, physiologically relevant model of contraction is required. 
Animal disease models have been vital in the modern drug discovery process to evaluate the efficacy and safety of new treatments.225 They also provide insights into disease mechanisms, allowing the development of more targeted therapies. Several animal models have been developed to study the mechanism of scar formation and contraction. For example, Ibrahim et al. established an immune competent murine model of hypertrophic scar contraction to try and closely mimic current burn scar management, with the aim of using the model to test novel therapies.226 Their model differed from pre-existing ones by the presence of an intact immune system, allowing the immune system’s role in scar formation to be examined. Models using larger animals, including canines and horses, have also been used elucidate the mechanism of scar contracture.99,100 
However, the use of animal models to investigate contraction should be treated with caution. Loose-skinned animals, such as rodents and grazing animals, possess a smooth layer of muscle under the skin known as the panniculus carnosus (PC).227 The presence of the PC allows the skin to glide over the underlying tissue without causing distortion. However, this layer is absent in humans.228 As a result, skin contraction in humans leads to deformation of the underlying tissue, resulting in cosmetic deformity and restricted joint mobility.43 Consequently, alternative methods for modelling contraction have been explored.
Several groups have used a mathematical approach to model the mechanism of wound contraction.229–231 This negates the need for animal or human subjects, making the process cheaper with fewer ethical concerns. However, whilst this approach helps to understand the underlying mechanism of contraction at a cellular level, it cannot be used to test the effects of new drug candidates. In addition, many of these mathematical simulations are built using knowledge gained from animal studies which, as discussed previously, may not be fully representative of human wound healing. 
Elsdale and Bard found that fibroblasts grown in a collagen lattice have a different morphology to those grown in 2D culture on plastic or glass substrates.75 This prompted the use of collagen gels to explore cell motility and behaviour in a 3D environment. Following this, Bell et al. demonstrated that fibroblast-seeded collagen gels were able to contract over a number of days in culture.232 This finding led to a wealth of research utilising collagen gels as in vitro models of contraction, investigating the effect of growth factors,233,234 cell phenotype235 and pharmacological treatments236 on contraction. Nishiyama et al. were able to identify three distinct phases of collagen gel contraction and used this to assess kinetic parameters of contraction associated with different cell types.237 The contraction of collagen gels has also been used to understand specific disease mechanisms. For example, Yang et al. compared contraction rates for normal cells with cell populations derived from patients with carpal tunnel syndrome (CTS), and found that patient-derived cells had much greater contractile abilities.238 They hoped that the model would provide a platform to test potential therapies for CTS. Whilst much of the work on collagen gel contraction has focussed on the role of the fibroblast, there has been emerging evidence to suggest the keratinocytes drive contraction of the extracellular matrix. Schafer et al. suggested that keratinocytes have a role in the reorganisation of collagen during wound healing.71 This was supported with work by Souren et al., who demonstrated that fibroblasts and keratinocytes were able to contract free-floating collagen gels in a synergistic manner.68 More recently, Rakar et al. investigated how the addition of melanocytes affected contraction of fibroblast‑, and keratinocyte-populated collagen gels.72 They found that melanocytes were able to inhibit keratinocyte-, but not fibroblast-, mediated gel contraction. 
Some studies have specifically focussed on the role of collagen cross-linking in collagen gel contraction. Woodley et al. demonstrated that pepsin-treated collagen contracted at a much slower rate than untreated collagen.239 They attributed this to a lack of collagen telopeptides (cross-linking sites) in the pepsin-treated collagen. To investigate this further, they compared the contraction of collagen gels treated with and without ‑APN and found that ‑APN treatment led to a delayed and reduced degree of contraction. Redden and Doolin also demonstrated that collagen gel contraction could be inhibited by treatment with ‑APN.79 Interestingly, whilst Woodley et al. noted that ‑APN treatment delayed the onset of contraction, Redden and Doolin found that contraction occurred in a bimodal fashion, where the effect of ‑APN treatment was only apparent after 2 days in culture. 
Despite their widespread use for investigating the mechanism of contraction, collagen gels lack the complexity of an in vivo environment. The amount of collagen in the gel, by weight, is relatively low compared to mature human dermis. Contraction, therefore, occurs much more readily in these models. In addition, Dallon and Ehrlich reviewed several decades of data from collagen gel studies and came to the conclusion that the mode of contraction relied heavily on the method used to cast the gel.77 As a result, collagen gels cannot be considered to fully replicate the in vivo environment. 
In the past few decades, advances in primary cell expansion and an increased understanding of skin disease mechanisms have led to the development of tissue-engineered skin (TES) for both laboratory and clinical use.240 The aim of TES is to mimic part, or all, of the skin’s function. TES models have been utilised in the cosmetic industry to test irritancy and corrosiveness of substances, and have been used as an alternative to animal testing (reviewed in detail by Mathes et al.).241 This approach is being developed further for the pharmaceutical industry to test new topical therapies. 
From a clinical perspective, there is a substantial drive towards producing reliable skin substitutes to treat a range of morbidities including burns wounds, chronic ulcers, scar contraction and pigment defects.240 Success has been shown with a range of TES architectures, varying in complexity and function. Particularly for burn wounds, the key purpose of a skin substitute is to provide wound cover and accelerate wound closure. Either or both of these tasks can be achieved using commercially available TES, which can take the form of an epidermal component, a dermal component, or in some cases both.37 
The MacNeil group at the University of Sheffield have developed a tissue-engineered skin composite, comprising of both dermal and epidermal layers, from sterilised ex vivo human skin.242 The composite was initially intended for clinical use through one-stage grafting for patients with extensive, full-thickness skin loss. The model has since been developed to study reepithelialisation,243 bacterial infection244 and angiogenesis in TES.245 Whilst preparing TES composites as potential wound covers for burns, Ralston et al. noted that the composites were able to contract over a number of days in culture.73 This led to an investigation into the use of TES composites as an in vitro model of contraction. Seeding the composites with fibroblasts, keratinocytes, or a combination of the two cell types, led to the conclusion that contraction was ultimately driven by the presence of keratinocytes. This finding opposed much of the literature on contraction gained from collagen gel studies. This work was reproduced and supported by Chakrabarty et al., who demonstrated that increasing the number of fibroblasts in the TES composite had a negligible effect on the degree of contraction, whilst increasing the number of keratinocytes caused a marked increase in contraction.74 
To try and understand the mechanism driving contraction of the TES composites, Harrison et al. treated TES composites with various pharmacological agents, examining their effect on collagen synthesis, degradation and cross-linking.78 Whilst no clear relationship could be established between either collagen synthesis or degradation with contraction, pre-treatment of the dermis with 0.05 % (v/v) glutaraldehyde was able to greatly inhibit composite contraction. This was attributed to stiffening of the collagen matrix through crosslinking. In addition, treating the TES composites with 200 µg/mL ‑APN led to a significant reduction in contraction (p < 0.05). These findings suggested that contraction in the TES composites was facilitated by LOX catalysed collagen cross-links. Work by the same group prepared tissue-engineered buccal mucosa (TEBM) for urethral replacement246 and successfully transplanted it into five patients with urethral stricture.247 Whilst initial graft take was very successful, two of the five patients presented with fibrosis and contracture after 3 years. The group therefore investigated methods to reduce contraction of TEBM. Similar to Harrison et al., treatment with 0.05 % glutaraldehyde and 200 µg/mL ‑APN were able to significantly inhibit contraction of the TEBM.
The work describing TES and TEBM models of contracture highlights how these models can be used to infer clinically-relevant knowledge about the progression of contracture. As a result, the aim of this chapter was to test both ‑APN and the synthesised prodrugs in a TES model of contraction. 
[bookmark: _Toc520463555][bookmark: _Toc2451042]Materials
Dimethyl sulfoxide (DMSO, > 99.9 %) was obtained from Alfa Aesar. β‑aminopropionitrile fumarate salt (β‑APN, > 99 %) was obtained from Acros Organics. Difco trypsin was obtained from Difco Labs. Industrially methylated spirit (IMS), sodium chloride (NaCl, 99.6 %), sodium hydroxide (NaOH, > 97 %) and xylene were obtained from Fisher Scientific. DPX mounting media was obtained from Merck. Phosphate-buffered saline (PBS) tablets were obtained from Oxoid and prepared in deionised water at a concentration of 100 mM, pH 7.3. Recombinant human epidermal growth factor (rh EGF) (97 %) and recombinant human lysyl oxidase-like-2 (LOXL2) (> 90 %) were obtained from R&D systems. Collagenase A was obtained from Roche and made up to a concentration of 0.5 mg/mL in DMEM. Rat tail collagen I solution (A1048301, 3 mg/mL) was purchased from ThermoFisher. Adenine, amphotericin B, cholera toxin (95 %), Dulbecco’s modified Eagle’s medium (DMEM), ethylenediaminetetraacetic acid solution (EDTA) (0.02 %), fetal calf serum (FCS), formaldehyde (37 %), L‑glutamine, HAM’s nutrient mixture F12, hydrocortisone, insulin, penicillin‑streptomycin solution, resazurin sodium salt, transferrin, triiodo‑L‑thyronine (T3), trypan blue and trypsin (0.02 % EDTA) were obtained from Sigma. 
[bookmark: _Toc520463557][bookmark: _Toc2451043]Methods
[bookmark: _Toc2451044]Cell culture media
Human epidermal keratinocytes (HEK) were cultured in Green’s media, consisting of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 nutrient mixture in a 3:1 (v/v) ratio, supplemented with 10 % (v/v) fetal calf serum (FCS), 100 IU/mL penicillin, 100 mg/mL streptomycin, 2 mM L‑glutamine, 0.625 μg/mL amphotericin B, 0.1 μM cholera toxin, 10 ng/mL epidermal growth factor (EGF), 0.4 μg/mL hydrocortisone, 0.18 mM adenine, 5 μg/mL insulin, 5 μg/mL transferrin, and 0.2 μM triiodo‑L‑thyronine (T3).
Human dermal fibroblasts (HDF) were cultured in fibroblast growth media consisting of DMEM supplemented with 10 % (v/v) FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 2 mM L‑glutamine and 0.625 μg/ml amphotericin B.  
For details on human epidermal keratinocyte and human dermal fibroblast isolation and culture, see sections 3.3.1 and 3.3.2. 
[bookmark: _Toc520463558][bookmark: _Ref522087827][bookmark: _Toc2451045]Preparation of de-epidermised dermis (DED) from donor skin
Full thickness skin (FTS) was obtained from consenting patients undergoing elective surgery at the Sheffield Hallamshire Hospital. Patients gave written consent for skin that had been removed, which was not required for their treatment. Full ethical approval was given by the NHS Research Ethics Committee, ethics number 15/YH/0177.
Split-thickness skin grafts (STSG) were prepared from full-thickness skin by a laboratory technician. STSG were washed twice with sterile PBS and placed in a sterile container with 1 M NaCl until submerged. STSG were incubated at 37 C, 5 % CO2 overnight. After incubation, the sample was washed again with sterile PBS and placed in a sterile petri dish.  If loose, the epidermis was removed from the underlying dermis using sterilised forceps. If the epidermis was still well-attached, the sample was placed back in 1 M NaCl for a further hour at 37 C, 5 % CO2. Following this, the epidermis was removed from the dermis by gentle pulling or light scraping with a scalpel blade. The STSG was rinsed with sterile PBS then submerged in Green’s media and stored at 4 C until required. 
[bookmark: _Toc520463559][bookmark: _Toc2451046]Preparation of DED from Euroskin
Euroskin was purchased from ETB-Bislife in an 85 % glycerol solution. To remove the glycerol and rehydrate the Euroskin, Euroskin was removed from the packaging container and placed in a 100 mL sterile pot. Euroskin was covered with sterile PBS and stored at 4 C. After several hours the PBS was removed and replaced with fresh sterile PBS. This process was repeated 3 times within 24 hours. After the third PBS wash, Euroskin was placed in 1M NaCl and stored at 37 C, 5 % CO2 overnight to remove the epidermis. Epidermis removal was carried out as described in section 4.3.2.
[bookmark: _Toc2451047]Thickness measurement of de-epidermised dermis (DED)
The thickness of skin and DED was carried out using a Mutitoyo microgauge (Mutitoyo Corporation). Thickness measurements were taken at three separate points on the skin or DED and averaged.  
[bookmark: _Toc520463560][bookmark: _Toc2451048]Production of tissue-engineered composites of human skin
To prepare the tissue-engineered composites of human skin, de-epidermised dermis (DED) obtained from either surgical samples or Euroskin, were first cut into 2  2 cm squares and placed in individual wells of a 6 well cell culture plate. DED from a single donor was used for each experiment (6 samples). A sterile, bevelled-edge steel ring was placed in the centre of the DED, bevelled edge facing down into the dermis. A cell suspension containing 105 HDF and 3  105 HEK in Green’s media was added to the papillary surface of the DED, into the centre of the ring. Additional Green’s media was added to the outside of the ring to keep the DED hydrated. The plates containing DED were placed in an incubator at 37 C, 5 % CO2 overnight to allow cell attachment to the dermis. The following day the media was removed and replaced with fresh Green’s media covering the whole sterile steel ring. Plates were incubated for a further 24 h at 37 C, 5 % CO2. After 24 h the steel ring was removed. A 1 cm diameter circle of the DED, where the cells had been seeded, was cut out using a scalpel. The cell-seeded circle of DED was placed on a sterile steel grid in a 6 well plate and media was added to form an air-liquid interface (ALI). Skin composites were cultured for a further 28 days. Media changes of Green’s media were performed every 2-3 days according to a pre-determined schedule (Figure 4.1). 
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[bookmark: _Ref522089929]Figure 4.1. Timeline of tissue-engineered skin (TES) composite preparation. DED = de-epidermised dermis. HDF = human dermal fibroblasts. HEK = human epidermal keratinocytes. ALI = air-liquid interface. On labelled days, images of each composite were recorded by digital photography and the media was changed. 
[bookmark: _Toc2451049]Measurement of composite size
Composite size was recorded at pre-determined timepoints using serial digital photography. Composite surface area was analysed using Image J software, version 1.49, and expressed as a percentage using the following:
	

	
[bookmark: _Ref522609716]( 4.1 )


where Areat and Area0 are the composite surface areas on day t and day 0, respectively. 
[bookmark: _Ref521154332][bookmark: _Toc2451050]Tissue-engineered composites of human skin dosed with ‑APN
Tissue-engineered composites of human skin were prepared as described above. A 20 mg/mL solution of ‑APN fumarate salt was prepared in Green’s media (10 % FCS) and sterile-filtered through a 0.2 µm polyether sulfone (PES) filter to provide a stock solution. This stock solution was diluted 1 in 100 in Green’s media to produce a 200 µg/mL solution. 2 days after cell-seeding of DED, composites were raised on sterile steel grids and dosing solution was added to form an ALI. Media changes of Green’s media and dosed media were performed every 2-3 days according to a pre-determined schedule. Composite size was recorded as pre-determined timepoints using serial digital photography. Composite surface area was analysed using Image J software, version 1.49, and expressed as a percentage using equation 4.1.
[bookmark: _Toc520463561][bookmark: _Toc2451051]Histology
Following digital photography on the final day of culture, tissue-engineered skin composites were removed from grids and placed in a 24 well cell culture plate. Composites were washed with sterile PBS and fixed in 3.7 % formaldehyde for 24 h at 4 C. After 24 h, formaldehyde was removed, and composites were washed with sterile PBS. Individual composites were placed in cassettes in preparation for histological processing. Samples were processed overnight using a Lecia TP1020 bench top tissue processor and underwent the following solution schedule (Table 4.1).


[bookmark: _Ref520916286]

Table 4.1. Solutions and timings for histological processing
	Treatment
	Time exposed to solution

	70 % IMS
	1 hour

	70 % IMS
	1 hour

	80 % IMS
	1 hour 30 mins

	85 % IMS
	1 hour 30 mins

	90 % IMS
	1 hour 30 mins

	95 % IMS
	1 hour 30 mins

	100 % IMS
	1 hour 30 mins

	100 % IMS
	1 hour 30 mins

	100 % xylene
	1 hour 30 mins

	100 % xylene
	1 hour 30 mins

	100 % wax
	2 hours

	100 % wax
	2 hours



Following tissue processing, samples were cut in half and placed cut-side down in wax moulds, to provide the correct sample orientation for sectioning. Samples were embedded in molten paraffin wax using a Leica EG1160 embedding system. Filled wax blocks were cooled for 1 h on ice blocks before sectioning. Sectioning of samples was carried out on a Leica RM2145 microtome using a microtome blade. 7 µm sections of samples were taken and immediately placed in a water bath set to 40 C, to allow the samples to smooth out prior to mounting on slides. Samples were mounted on Polysine microscope slides (ThermoFisher) and allowed to dry on a hot plate set to 42 ˚C. 
[bookmark: _Toc520463562][bookmark: _Toc2451052]Haematoxylin & eosin (H&E) staining
Following sectioning, samples were stained with haematoxylin & eosin (H&E) according to the following procedure, Table 4.2.



[bookmark: _Ref521075646]Table 4.2. Solutions and timings for haematoxylin and eosin staining procedure
	Treatment
	Time exposed to solution

	Xylene
	3 minutes

	Xylene
	3 minutes

	100 % IMS
	1 minute

	70 % IMS
	30 seconds

	Distilled water
	1 minute

	Haematoxylin
	1 minute 30 secs

	Tap water (running)
	4 minutes

	Eosin
	5 minutes

	Deionised water
	Dunk

	Deionised water
	Dunk

	70 % IMS
	Dunk

	100 % IMS
	30 seconds

	Xylene
	Dunk

	Xylene
	Dunk



After staining, a drop of DPX mounting medium was immediately applied to the sample and covered with a glass cover slip (Fisher Scientific). Slides were allowed to dry at room temperature for 24 hours before imaging using a Motic BS digital microscope. 
[bookmark: _Toc2451053]Sodium hydroxide titration of collagen gels
A sodium hydroxide (NaOH) titration was performed with each new batch of collagen I to determine the optimum concentration required to neutralise the acidic collagen solution and set the gel. A 1 M solution of NaOH was prepared in deionised water and sterilised in an autoclave. 400 µL fibroblast cell culture media was added to a series of 1.5 mL sterile Eppendorf tubes. 200 µL of 3 mg/mL rat tail collagen I solution was added to an Eppendorf containing the fibroblast cell culture media and mixed 3 times with a 1000 µL pipette. Increasing volumes of 1 M NaOH from 2 µL to 8 µL were added to subsequent tubes following collagen addition. The solution was immediately mixed a further 3 times with a 1000 µL pipette and allowed to set at room temperature for 20 minutes. Collagen gels were assessed for rigidity and colour. The pH of each gel was also measured using a HACH H160 pH probe. 
[bookmark: _Ref522096454][bookmark: _Toc2451054]Collagen gel cell density screen
To determine the optimum cell density for collagen gel contraction, HDF were prepared at concentrations of 5  104 to 3  105 cells/mL by serial dilution in Green’s media. Each cell suspension was mixed in a 2:1 ratio with 3 mg/mL rat tail collagen I solution in a sterile tube, providing a final collagen concentration of 1 mg/mL (final cell concentrations of 2.5  104 to 2  105 cells/mL). Immediately, the appropriate volume of sodium hydroxide was added, as determined by the sodium hydroxide titration. The mixture was mixed 3 times with a 1000 µL pipette, then 500 µL was added to a 24 well plate in triplicate and allowed to set at room temperature for 20 minutes. After 20 minutes, 500 µL of greens media was added to each well to keep the collagen gels hydrated. A sterile 200 µL pipette tip was used to release gels from well edges by running the tip around the perimeter of each gel. Plates containing gels were placed in an incubator at 37 C, 5 % CO2 and cultured for 7 days. Gels were photographed daily by placing the plate on a lightbox and imaging from above. The surface area of each gel was analysed using Image J software, version 1.49.
[bookmark: _Toc2451055]Collagen gels dosed with ‑APN
A 6 mg/mL stock solution of ‑APN was prepared in fibroblast cell culture media and sterile-filtered through a 0.2 µm polyether sulfone (PES) filter. This stock solution was diluted 1 in 10 in fibroblast cell culture media to produce a 600 µg/mL solution of ‑APN. From this, ‑APN concentrations from 75 to 600 µg/mL were prepared by serial dilution. HDF were prepared at 7.5  104 cells/mL and diluted 1:1 in each dosed solution. Collagen gels were then prepared as described in section 4.3.11. For compound, cell and collagen concentrations, see Table 4.3. All samples were run in triplicate and experiments were repeated three times.



[bookmark: _Ref522097351]Table 4.3. Concentrations of -APN, HDF and collagen I used to prepare collagen gels
	
Method
	Compound concentration
(µg/mL)
	Cell number
(cells/mL)
	Collagen I concentration
(mg/mL)

	Prepare compounds in cell culture media
	75 to 600
	-
	-

	Dilute cells 1:1 into compound solutions 
	37.5 to 300
	3.75  104 
	-

	Mix cell-drug solutions with collagen I in 2:1 ratio
	25 to 200
	2.5  104 
	1



[bookmark: _Toc2451056]Collagen gels dosed with compound 1b
A 156 mM stock solution of compound 1b was prepared in DMSO and sterile-filtered through a 0.2 µm polyether sulfone (PES) filter. From this, concentrations of 1b from 19.5 to 156 mM were prepared in DMSO by serial dilution. Each solution was then diluted 1 in 33 in fibroblast cell culture media to produce solutions of 1b from 0.59 to 4.73 mM (3 % DMSO). HDF were prepared at 7.5  104 cells/mL and diluted 1:1 in each dosed solution. Collagen gels were then prepared as described in section 4.3.11. For compound, cell, collagen and DMSO concentrations, see Table 4.4. All samples were run in triplicate and experiments were repeated three times.
[bookmark: _Ref522097850]Table 4.4. Concentrations of compound 1b, HDF, collagen I and DMSO used to prepare collagen gels
	
Method
	Compound concentration
(mM)
	Cell number
(cells/mL)
	Collagen I concentration
(mg/mL)
	DMSO (%)

	Prepare compounds in sterile DMSO
	19.50 to 156
	-
	-
	100

	Dilute compound solutions 1:32 in cell culture media
	0.59 to 4.73
	-
	-
	3

	Dilute cells 1:1 into compound solutions 
	0.30 to 2.36
	3.75  104 
	-
	1.5

	Mix cell-drug solutions with collagen I in 2:1 ratio
	0.20 to 1.56
	2.5  104 
	1
	1



[bookmark: _Toc2451057]Resazurin assay of metabolic activity on collagen I gels
After the final timepoint for the collagen-gel contraction assay, a resazurin sodium salt assay was performed to monitor the metabolic activity of cells in each gel. Media from each well was discarded and gels were washed with 500 µL sterile PBS. A 1 mM solution of resazurin sodium salt was prepared in HDF cell culture media. 500 µL of the resazurin solution was added to each well and plates were incubated at 37 C, 5 % CO2 for 4 hours. Triplicate wells containing resazurin alone were used as the blank control. After 4 hours, 100 µL of each solution was removed and added to a clear-bottom 96 well plate. Fluorescence was measured using a BIO-TEK Flx800 fluorescence microplate reader at excitation 540 nm, emission 635 nm. All samples were run in triplicate and experiments were repeated three times. Cell metabolism was expressed using the following:
	

	
[bookmark: _Ref522609762](4.2)


where Fluorexp and Fluorcontrol represent the amount of fluorescence produced by cells in the collagen gel and 1 % DMSO, respectively. Fluorblank is the fluorescence for the resazurin solution on collagen gels containing no cells. The results are expressed as mean values ± standard deviation. 
[bookmark: _Toc520463564][bookmark: _Toc2451058]Results and Discussion
In chapter 3 it was shown that the synthesised prodrugs were able to inhibit LOXL2 in a biochemical assay. The next step was to understand whether the prodrugs were able to inhibit the physical phenomenon of contraction. Therefore, the aim of this chapter was to test the synthesised prodrugs in 3D tissue-engineered skin (TES) composites, which have previously been shown to be a good in vitro model of skin contraction.
The TES composites use ex vivo human skin, obtained from patients undergoing elective surgery at the Sheffield Hallamshire hospital. The skin was de-cellularised and the epidermis was removed by treatment with 1 M NaCl, producing de-epidermised dermis (DED). To prepare the TES composite, a 2  2 cm sample of DED was cut out and placed in a 6-well plate. A sterilised surgical steel ring with a 1 cm diameter hole was placed on top of the DED. The DED was seeded with 1  105 human dermal fibroblasts (HDF) and 3  105 human epidermal keratinocytes (HEK), raised to an air-liquid interface (ALI) and cultured for 28 days. The preparation steps are outlined in Figure 4.2. Over the course of the 28 days the TES composites contracted, and this contraction was monitored by measuring the surface area of the composites.
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[bookmark: _Ref522470962]Figure 4.2. Preparation of tissue-engineered skin (TES) composites as an in vitro model of contraction. A) 2  2 cm sample of de-epidermised dermis (DED) is cut out, B) a sterile steel ring is placed on the DED in a 6 well plate. C) human dermal fibroblasts (HDF) and human epidermal keratinocytes (HEK) are seeded into the inner hole of the steel ring and media is added to cover the outer DED, D) after 24 hours, the media is changed to completely cover the DED and the ring, E) media is removed, leaving DED with a 1 cm diameter area seeded with cells, F) the 1 cm diameter area seeded with cells is cut out, G) the 1 cm diameter area seeded with cells is raised to an air-liquid interface (ALI) on a sterile steel grid and cultured for 28 days. 
[bookmark: _Toc2451059]Contraction of tissue-engineered skin (TES) composites
An initial experiment compared DED with no cells to DED seeded with 105 HDF and 3  105 HEK (Figure 4.3). After 28 days, DED cultured in the absence of any cells had a surface area similar to that at day 0, indicating no contraction had taken place. In contrast, DED seeded with HDF and HEK demonstrated a large degree of contraction, with the composite contracting by approximately 60 % after 28 days.
[image: ]
[bookmark: _Ref520729422]Figure 4.3. Effect of the addition of human dermal fibroblasts (HDF) and human epidermal keratinocytes (HEK) on the contraction of tissue-engineered composites of human skin using de-epidermised dermis (DED). Samples were prepared in triplicate. Results are expressed as mean ± standard deviation. 
This data is consistent with the literature that the cells are causing the contraction of the tissue-engineered skin composites,73 rather than a cell-independent mechanism such as the recoil of elastin fibres.248
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[bookmark: _Ref522647900]Figure 4.4. Histology of A) fresh split-thickness skin and B) a tissue-engineered skin (TES) composites after 28 days in culture. Features labelled: a) stratified epithelium, b) keratinocytes in the epidermis, c) papillary dermis, d) reticular dermis. H&E staining, scale bar 0.1 mm.
Histological analysis of the TES composite seeded with HDF and HEK displayed similar features to native skin (Figure 4.4) including a stratified epidermis, a layer of proliferating keratinocytes and fibroblasts distributed through the dermis. In both samples the epithelium appears well-attached to the underlying dermis, although some separation has occurred in the stratified layer, likely due to mechanical stress during tissue processing.
To optimise the inhibition of contraction in the tissue-engineered models of human skin, models were first tested with -APN before progressing to testing the synthesised prodrug(s). Multiple issues arose during model optimisation, outlined in Figure 4.5. The first part of this chapter will discuss the issues that arose, and the actions taken to try and circumvent them. 
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[bookmark: _Ref521154164]Figure 4.5. Problems encountered with the tissue-engineered skin composite contraction assay and suggested causes.
Initial TES composite model of contraction dosed with -APN
Tissue-engineered composite models of human skin were prepared as described in section 4.3.7. Composites dosed with 200 µg/mL -APN were cultured alongside untreated controls, and the extent of contraction was monitored (Figure 4.6). 
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[bookmark: _Ref520908054]Figure 4.6. A) Surface area, expressed as a percentage of surface area at day 0, of tissue-engineered skin (TES) composites, cultured at an air-liquid interface (ALI) for 28 days. Samples were prepared in triplicate. Results are expressed as mean ± standard deviation.  B) Images of untreated composite and composite treated with 200 µg/mL -APN on day 0 and day 28. Scale bar 10 mm.
In this experiment it was noted that both the treated and untreated composites contracted by a total of only ~ 30 %. This was a much lower extent of contraction than has previously been seen in both the literature and the initial scoping experiment (Figure 4.3). There was also negligible difference between the untreated and treated composites at each time point. The thickness of the DED used to construct these composites was measured and found to be 1.2 mm thick. This is much thicker than a typical skin graft for clinical applications (usually 0.3 – 0.45 mm).249 Previous work in the MacNeil group found that the thickness of the composite has a large influence on the degree of contraction.74 Taking this into consideration, it is likely that substantial contraction did not occur in this experiment due to the use of thick (1.2 mm) DED. Therefore, it was difficult to ascertain whether treatment with ‑APN had any effect on the degree of contraction, compared to the untreated controls. As a result, thinner sections of DED were prepared and the experiment was repeated.
Reducing the thickness of de-epidermised dermis (DED)
DED was prepared by taking a thinner layer from the upper surface of the full thickness donated skin, carried out by a laboratory technician. After de-cellularisation, the new DED was measured to be 156 µm thick. TES composites were prepared using this new, thinner DED. The effect of treatment with 200 µg/mL ‑APN on composite contraction was investigated. A large degree of contraction was observed in all samples after 28 days (Figure 4.7). This increase in contraction, compared to the data presented in Figure 4.6, supports the theory that DED thickness has a large influence on the ability of the TES composites to contract. 
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[bookmark: _Ref522477034]Figure 4.7. A) Surface area, expressed as a percentage of surface area at day 0, of tissue-engineered skin (TES) composites, cultured at an air-liquid interface (ALI) for 28 days. Samples were prepared in triplicate. Results are expressed as mean ± standard deviation. B) Images of untreated composite and composite treated with 200 µg/mL -APN on day 0 and day 28. Scale bar 10 mm.
However, treatment with 200 µg/mL -APN had no effect on the degree of contraction. These results contradict those seen previously in the literature. For example, Patterson et al. demonstrated that under the same conditions, untreated controls reduced by 45.5 % of their original surface area, whilst ‑APN-treated composites contracted  by 28.7 %.250 Harrison et al. were also able to inhibit contraction in this model following treatment with -APN.78 They found that whilst treatment with 50 and 100 µg/mL -APN had no significant effect on contraction, composites treated with 200 µg/mL -APN showed a statistically significant reduction in contraction after 28 days.
From this experiment, it has been shown that contraction of human skin composites can be successfully replicated in vitro. However, the lack of efficacy of treatment with -APN suggests that the drug or the model is not working as it had previously.243 This could be due to numerous factors. One area that warranted investigation was the stability of the -APN stock. In previous experiments a 20 mg/mL stock of ‑APN was prepared in Green’s media, which was subsequently diluted 1 in 100 in Green’s media at each timepoint to obtain a 200 µg/mL solution of -APN. This was to reduce variation between the different time points. However, it was theorised that the -APN stock may be unstable in the cell culture media, leading to degradation over time. As a result, a simple experiment was conducted to understand whether the preparation of the ‑APN stock had an effect on its ability to inhibit contraction in the TES composite model.
Effect of ‑APN stock preparation
To investigate how the preparation method for the ‑APN stock solution may affect its efficacy in the model, two experiments were run in parallel. The first used a single 20 mg/mL stock solution of ‑APN in Green’s media, which was used to prepare 200 µg/mL solutions of ‑APN at each time point. The ‑APN stock was stored at 4 C for the duration of the experiment. The second experiment prepared a fresh 20 mg/mL stock of ‑APN at each timepoint and diluted it to a concentration of 200 µg/mL. It was hypothesised that if the ‑APN stock was becoming unstable over the 28 day period, no inhibition in contraction would be observed for the single stock experiment. In contrast, it was theorised that freshly-prepared ‑APN would be more stable and therefore would inhibit contraction in the TES composite model. 
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[bookmark: _Ref522480717]Figure 4.8. Surface area, expressed as a percentage of surface area at day 0, of tissue-engineered composites prepared using surgical DED, cultured at an air-liquid interface for 28 days. Untreated samples were cultured alongside samples treated with 200 µg/mL ‑APN, prepared by: A) a single 20 mg/mL stock of ‑APN and, B) freshly-prepared stocks of ‑APN at each timepoint.
For the two experiments, a large degree of contraction was observed for both the control and treated composites (Figure 4.8). Both the ‘single stock’ and the ‘fresh stock’ experiments contracted by approximately 70 %. However, no decrease in contraction was observed following treatment with ‑APN for either preparation method. This suggests that the lack of efficacy for ‑APN in the model was not due to the preparation method of the compound.
During the course of this work, a reduction was seen in the number of elective surgeries for breast reductions and abdominoplasties, as a consequence of NHS funding cuts. As a result, the frequency and quantity of donor skin available to prepare TES composites was greatly reduced. Previous work in the MacNeil group demonstrated that an allodermis equivalent, Euroskin, could be used to prepare TES composites.251 Euroskin samples are allograft STSG, prepared from cadavers for clinical use. After reaching its clinical expiry date, Euroskin can be purchased and used for medical research. Euroskin is purchased from a tissue bank, therefore it can be supplied more regularly than donor skin from elective surgeries. As a result, Euroskin was used to prepare DED for TES composites as an in vitro contraction model.
Tissue-engineered skin model using Euroskin
An initial experiment using Euroskin compared control composites to those treated with 200 µg/mL ‑APN (Figure 4.9). Prior to preparing the composites, the thickness of the Euroskin was measured and found to be 250 µm thick. 
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[bookmark: _Ref521072854]Figure 4.9. A) Surface area, expressed as a percentage of surface area at day 0, of tissue-engineered composites of Euroskin, cultured at an air-liquid interface for 28 days. Samples were prepared in triplicate. Results are expressed as mean ± standard deviation. Analysis by two-way ANOVA with Bonferroni correction for multiple analyses. *** = p < 0.0002, ** = p < 0.0021, B) Images of untreated composite and composite treated with 200 µg/mL -APN on day 0 and day 28. Scale bar 10 mm.
The composites prepared with Euroskin demonstrated contraction consistent with that observed in the literature for this model.78 Untreated composites contracted by 45 % after 28 days, whilst composites treated with 200 µg/mL -APN contracted by only 25 %. Analysis by two-way ANOVA with Bonferroni correction found these results to be statistically significant after 2 weeks in culture. This data suggested that the use of Euroskin provided the correct conditions to successfully replicate the process of contraction in vitro. The experiment was therefore repeated using a new batch of Euroskin, to confirm the findings could be consistently replicated. Surprisingly, the new batch of Euroskin provided very different results (Figure 4.10). Control and treated composites contracted at a similar rate, with both groups contracting by approximately 35 % after 28 days. A key point to highlight for the data in Figure 4.10 is that the thickness of the new batch of Euroskin was very similar to that used in Figure 4.9, (260 µm compared to 250 µm, respectively). Therefore, it is unlikely that differences in the degree of contraction between these two experiments were due to the thickness of the TES composite. 
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[bookmark: _Ref521072554]Figure 4.10. A) Surface area, expressed as a percentage of surface area at day 0, of tissue-engineered skin (TES) composites of Euroskin, cultured at an air-liquid interface (ALI) for 28 days. Samples were prepared in triplicate. Results are expressed as mean ± standard deviation. B) Images of untreated composite and composite treated with 200 µg/mL -APN on day 0 and day 28. Scale bar 10 mm.
To try and gain an understanding as to why treatment with -APN had no effect on contraction using this new batch of Euroskin, histological analysis was used to investigate the cellular distribution in the composites (Figure 4.11).
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[bookmark: _Ref522363808]Figure 4.11. Histology of tissue-engineered skin (TES) composites after 28 days in culture. A) Untreated TES composite cultured in Green’s media and B) composite treated with 200 µg/mL ‑APN. H&E staining, scale bar 0.1 mm. 
Histological analysis of the tissue displayed an obvious separation between the newly formed epithelium and the dermis, suggesting poor attachment of the keratinocytes to the basement membrane (BM). This was evident for both the control and treated samples, indicating that the lack of cell attachment was not due to treatment with ‑APN. It is possible that this separation between the epidermal and dermal layers was due to the tissue processing for histological analysis, however it implies that the two layers were not well attached initially. Previous work has suggested that the ability of the epithelial layer to adhere to the underlying dermis in reconstructed skin relies on the presence of an intact BM.252 Similar findings were reported by Ralston et al., who demonstrated that epithelial cell attachment increased when BM antigens (such as collagen IV and laminin) were present in the dermal component used to construct the tissue-engineered skin.253 In this work they noted that in the absence of BM antigens, 70 % of TES samples became detached at the epidermal/dermal junction during tissue processing, compared to 30 % of samples with an intact BM. Deshpande et al. analysed how the quality of TES, specifically constructed using Euroskin, was altered when combinations of fibroblasts, keratinocytes and BM antigens were present.251 They concluded that all three components (fibroblasts, keratinocytes and BM antigens) were required to obtain high-quality TES, with a well-attached epithelial layer. 
Taken together, it is likely that the separation observed between the epidermal and dermal layers of the TES composites in this work was due to lack of epithelial cell adhesion, resulting from a poor basement membrane. To investigate this further, immunohistochemical staining should be carried out to detect the presence, or absence, of key BM antigens such as collagen IV and laminin.
Whilst the poor attachment of the epidermis to the dermal layer of the composites is a concern, it doesn’t fully explain why treatment with ‑APN was unable to inhibit contraction. This clearly warrants further investigation. 
[bookmark: _Toc2451060]Discussion of TES composite model of contraction
The initial aim of this work was to test the synthesised prodrugs in an in vitro model of contraction using TES composites. The model was first constructed and tested with ‑APN, a compound known to reduce collagen cross-linking by inhibition of LOX. However, inhibition of TES composite contraction by treatment with ‑APN was not found to be successfully reproducible using this model, despite previous literature supporting this hypothesis.243,250 Changing the thickness of the DED, the preparation of the compound and the source of DED did not alter this outcome. 
Previous work using this model was carried out over a decade ago,243 where supply of donor skin was more plentiful, and a skilled plastic surgeon carried out the isolation and preparation of the tissue. As a result, there are likely multiple variables which are outside the control of these experiments, that could have been critical to model success. For example, the use of primary cells and tissue introduces patient-to-patient variability, with batches of fibroblasts, keratinocytes and primary tissue varying between the experiments. Furthermore, tissue thickness and the donation site of the tissue differed between donors. Often only small sections of skin were available, due to the nature of the surgery that the donated skin was obtained from, providing enough DED for a single experiment (six samples of 2  2 cm). Therefore, batches of donated DED could not be kept constant between experiments. 
In retrospect, there are some key areas which could provide insight into how the TES composites contract and why treatment with ‑APN had no effect on the degree of contraction. First, the use of ‑APN to inhibit contraction relies on the hypothesis that LOX is present in the composites and contributing to the irreversible contraction. Several studies have demonstrated the ability of ‑APN to reduce contraction in in vitro models,78,79,250 however these studies did not specifically identify the presence of LOX. It is already known that skin fibroblasts are able to produce LOX in 2D culture, demonstrated by the work by Layman et al.182 Kobayashi et al. identified LOX in the intracellular region of keratinocytes, suggesting that these cells also synthesise the LOX protein.254 This was further supported by the work of Fujimoto and Tajima.255 Specifically in skin, Noblesse and colleagues demonstrated that LOX and LOXL were present in the dermal and epidermal layers of both native skin and a skin equivalent.256 This strongly suggests that production of LOX by HDF and HEK is possible in this model. Therefore, the next logical step in this body of work would be to confirm the presence of LOX in the TES composites. 
Second, if LOX can be identified in the TES composites, it would be beneficial to analyse its enzymatic activity, since detection of the LOX protein doesn’t guarantee that it is enzymatically active. As LOX is an extracellular enzyme, it may be possible to analyse the supernatant from composites using a fluorescent assay, similar to the assay used in chapter 3 of this work, to determine LOX activity. Alternatively, Langton and colleagues reported a technique to analyse both the location and activity of LOX in tissue sections using hydrogen peroxide (a by-product of LOX activity) coupled with luminol and horse radish peroxidase (HRP).257
Third, since this work was carried out using cells isolated from donor skin, it would be useful to understand whether cells from different donors behaved the same in the TES composites. Work by Irwin et al. found that different strains of human dermal fibroblasts contracted collagen gels to varying extents, with multiple strains of HDF displaying decreased contractile abilities compared to foetal and oral (gingival) fibroblasts.258 This suggests that cells from different patients could behave unpredictably in the TES contraction model.
Inhibition of LOX has been a promising target, outlined by several studies where treatment with a LOX inhibitor has led to a reduction in contraction. However, it is possible that LOX is only partly responsible for facilitating contraction during wound healing. Multiple studies have demonstrated that keratinocytes are key to wound contraction, driven by their differentiation.73,259 Interestingly, Chakrabarty et al. reported that contraction of TES composites could be easily reversed by removal of the epithelial layer from the dermis,74 whereby after 24 hours the dermis had relaxed back to its original area. This finding was replicated by Thornton et al.260 These studies suggest that if LOX is contributing to irreversible contraction by cross-linking gathered collagen fibrils, it is likely doing so at the dermal/epidermal junction, rather than through the bulk of the dermis. In order to probe the mechanism of contraction further, it would be constructive to study different pharmacological agents targeting areas of keratinocyte proliferation, migration and differentiation. 
Overall, it is clear that the mode of contraction in the TES composites requires further understanding. The data presented so far shows it was not possible to reliably inhibit contraction by treatment with ‑APN in the TES composite model. As a result, the model was deemed unsuitable to test the ability of the synthesised prodrugs to inhibit contraction. 
[bookmark: _Toc2451061]Collagen gels as a model of contraction
An alternative contraction model to TES composites is the use of collagen gels. As discussed in the introduction to this chapter, collagen gels provide a more simplified model of contraction compared to TES composites. However, collagen gels have been shown to reliably and reproducibly contract,261 and still serve as a beneficial tool for probing the mechanism of contraction. As a result, collagen gels were prepared, and their rate of contraction was evaluated following treatment with ‑APN and a synthesised prodrug.
Preparation of collagen I gels as a model of contraction
An initial sodium hydroxide (NaOH) titration was performed to determine the optimum concentration of NaOH to add to the acidic collagen solution to set the collagen gels. This was completed with every new batch of collagen to account for any batch-to-batch variation. Gels were inspected for rigidity and colour, which gave an indication of the pH due to the presence of phenol red in the cell culture media (Figure 4.12). In addition, the pH of each gel was measured with a pH probe (Table 4.5). A concentration of 8.3 mM NaOH was selected for future experiments as it produced a firm collagen gel that was homogenous in colour. Below this concentration, gels did not fully set. These results were found to be consistent for each new batch of collagen. Whilst the pH for the collagen gel prepared with 8.3 mM NaOH was relatively high (pH 8.80, Table 4.5), no notable cytotoxicity was observed in HDF seeded in these collagen gels. 
[image: ]
[bookmark: _Ref522127747]Figure 4.12. Appearance of collagen I gels prepared in 1.5 mL Eppendorf tubes with increasing concentration of sodium hydroxide (NaOH). A 1 M solution of NaOH was prepared and increasing volumes, starting at 2 µL, were added to solutions of 1 mg/mL rat tail collagen in HDF cell culture media. Final concentration of NaOH for each sample displayed beneath each sample. 

[bookmark: _Ref522127805]Table 4.5. pH of collagen I gels with increasing amounts of sodium hydroxide (NaOH)
	Concentration of NaOH (mM)
	pH of gel 
(measured at 22 C)

	3.3
	7.57

	5.0
	7.57

	6.6
	7.76

	8.3
	8.80

	9.9
	8.75

	11.6
	8.73

	13.2
	9.02



Following the sodium hydroxide titration, a cell density screen was performed to determine the optimal cell density to contract the collagen gels. Collagen gels were prepared with cell densities from 2.5  104 to 2.0  105 HDF, as well as control gels containing no cells. All gels containing cells contracted over the 7 day period (Figure 4.13). The rate of contraction was dependent on cell density, with gels containing a higher density of cells contracting at a much greater rate than those containing lower cell densities.
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[bookmark: _Ref521169999]Figure 4.13. Cell density screen of primary human dermal fibroblasts (HDF) in collagen I gels for a period of 7 days. Samples were prepared in triplicate and results are expressed as mean ± standard deviation.
This finding is supported by previous studies.262,263,71 Collagen gels without any cells remained a constant size for the duration of the experiment. After 7 days, all cell-seeded gels had reduced to approximately 20 % of their original size. Interestingly, the majority of the contraction for collagen gels containing high cell densities occurred within the first 24 hours. Gels containing lower cell densities, however, contracted in a more linear fashion over the 7 days. Redden and Doolin found that lysyl oxidase-mediated collagen gel contraction occurred in a 2-stage process.79 They reported that an initial phase of contraction occurred independently to collagen cross-linking, which they hypothesised was due to the contraction of myofibroblasts and the gathering of cells. The second phase of contraction was dependent on collagen cross-linking and could be inhibited by ‑APN. Taking this into account, a cell density of 2.5  104 cells/mL was chosen for future collagen gel contraction assays, as this had the most linear rate of contraction and therefore would allow the effect of ‑APN on the rate of contraction to be observed. 
Collagen I gels treated with ‑APN
An initial experiment tested the degree of contraction for collagen gels treated with ‑APN from 25 to 200 µg/mL. After the final timepoint (day 7), a resazurin sodium salt assay was performed to assess cell viability. The rationale behind this was to confirm whether a reduction in contraction was due to the inhibitory effects of ‑APN or due to cytotoxic effects. After 7 days, treatment with ‑APN was found to inhibit collagen gel contraction in a dose-dependent manner (Figure 4.14 (A)). 
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[bookmark: _Ref521336188]Figure 4.14. A) Contraction of collagen I gels seeded with primary human dermal fibroblasts (HDF) and treated with increasing concentrations of ‑APN, cultured for 7 days. Samples were prepared in triplicate and results are expressed as mean ± standard deviation. B) Surface area of collagen I gels seeded with HDF and treated with increasing concentrations of ‑APN on day 7. Analysis by one-way ANOVA with Bonferroni correction for multiple analyses (*** p = 0.0006, ** p = 0.0034). C) Fluorescence response from the resazurin sodium salt assay of cell metabolic activity for collagen gels containing HDF treated with increasing concentrations of ‑APN. 
All cell-seeded collagen gels exhibited considerable contraction during the experiment. Analysing the surface area of each gel on day 7 showed that both 100 and 200 µg/mL ‑APN were able to significantly reduce the degree of contraction compared to the untreated control (Figure 4.14 (B)). No significant difference was found for treatment with 25 or 50 µg/mL ‑APN. Considering the resazurin data in Figure 4.14 (C), all samples displayed similar metabolic activity to the untreated control, suggesting that ‑APN did not cause any cytotoxic effects. This indicates that the reduction in contraction for samples treated with 100 and 200 µg/mL ‑APN was due to the inhibition of LOX.
Having successfully demonstrated the ability of ‑APN to inhibit contraction in the collagen gel contraction assay, an experiment was conducted to study the effect of one of the synthesised compounds on contraction using the same experimental setup. 
Collagen I gels treated with compound 1b
Following the cytotoxicity screen in Chapter 3, compound 1b was found to have the lowest cytotoxicity in monolayer culture of HDF, and therefore was selected for further investigation in the collagen gel contraction assay. Previous work with 1b suggested that, at high concentrations, the compound may elicit an effect on adjacent wells in the same well plate, (data not shown). To prevent any contamination between samples, triplicates of collagen gels treated with 1b were prepared in individual plates, along with an untreated control in each plate. As with the ‑APN-treated samples, a resazurin assay was performed on each gel after day 7 to determine any cytotoxicity. From Figure 4.15 (A) it is clear that compound 1b inhibited contraction in a dose-dependent manner. For the two highest concentrations of 1b, collagen gel contraction was completely inhibited. However, the data from the resazurin assay of cell metabolic activity for these gels indicates a notable reduction in cell metabolism for samples treated with compound 1b (Figure 4.15 (B)). This suggests that the reduction in contraction is likely due to a reduction in cell metabolic activity, rather than the anti-contraction properties of the prodrug. 
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[bookmark: _Ref522045040]Figure 4.15. A) Contraction of collagen I gels seeded with primary human dermal fibroblasts (HDF) and treated with increasing concentrations of compound 1b, cultured for 7 days. Samples were prepared in triplicate and results are expressed as mean ± standard deviation. B) Fluorescence response from the resazurin sodium salt assay of cell metabolic activity for collagen gels containing HDF treated with increasing concentrations of compound 1b. 
Comparing the data from Figure 4.14 (B) and Figure 4.15 (B) suggests that the observed cytotoxicity is due to the aldehyde substituent of the prodrug (salicylaldehyde), since collagen gels treated with ‑APN displayed negligible cytotoxicity. Following the cytotoxicity studies in Chapter 3, it was hypothesised that cells cultured in a 3D environment would be more tolerant to toxic agents than when cultured as a monolayer on tissue culture plastic. However, it appears that even in the 3D environment of the collagen gel, compound 1b still caused marked toxicity to HDF. Due to this cytotoxicity, conclusions could not be drawn regarding the ability of the prodrugs to inhibit LOX in collagen gels. 
As discussed earlier in this chapter, a wealth of evidence indicates that contraction of TES is driven by keratinocytes. Therefore, a potential area of future investigation would be the contraction of collagen gels seeded with keratinocytes. Testing the synthesised prodrugs in keratinocyte-seeded collagen gels may determine whether a lower concentration of prodrug, and thereby a less toxic dose, is suitable to inhibit contraction.
[bookmark: _Toc2451062]Conclusions
The aim of this chapter was to determine the ability of the synthesised prodrugs to inhibit the physical phenomenon of contraction. To achieve this, an in vitro model of contraction using TES composites was trialled using the well-known LOX inhibitor ‑APN as a model drug. 
Despite this model previously showing good reproducibility, the TES composite model of contraction could not be reliably inhibited with ‑APN. Multiple avenues of investigation were explored to understand the shortcomings of the model. This involved changing the thickness of the DED used to construct the composites, changing the preparation of the ‑APN stock solution and using Euroskin as an alternative source of DED. Despite these investigations, it was still not possible to demonstrate inhibition of contraction by treatment with ‑APN in this model. As a result, an alternative model of contraction was sought.
Collagen gels are known to contract reproducibly when seeded with fibroblasts. Whilst collagen gels are less complex than tissue-engineered skin, they can still provide useful information on the mechanism of contraction. Collagen gels were prepared and dosed with a range of concentrations of ‑APN. It was found that ‑APN was able to inhibit contraction in the collagen gel model in a dose-dependent manner. In addition, analysis of cell metabolic activity on day 7 indicated that ‑APN caused negligible cytotoxicity. 
Having demonstrated that contraction of collagen gels could be inhibited by ‑APN, work progressed to investigate the ability of the synthesised prodrugs to inhibit contraction. From the synthesised prodrugs, compound 1b was selected to be tested in the collagen gel contraction model, since it showed the least toxicity in both cell metabolic and membrane integrity assays in Chapter 3. Collagen gels were dosed with 1b at equivalent concentrations to those used in the experiments with ‑APN. Collagen gel contraction was completely inhibited at high concentrations (0.78 and 1.56 mM) of 1b and inhibited to some extend with all other concentrations tested. A resazurin sodium salt assay of cell metabolic activity was performed on the gels after 7 days in culture and found that metabolic activity of HDF was decreased for all samples treated with 1b. This suggests that the reduction in contraction was likely due to cell death as opposed to the inhibition of LOX. Taken together, the results from this work suggest that compound 1b is too toxic at these concentrations to be used therapeutically. 




[bookmark: _Toc2451063]Chapter Five: Conclusions and future work
The purpose of this thesis was to develop a more lipophilic prodrug of ‑APN for the topical treatment of burn scar contracture. In parts, this PhD thesis has been successful in achieving its aims. 
Initially focussing on the prodrug synthesis, an imine was chosen as a suitable functional group to provide a reversible linker to ‑APN, since imines can be hydrolysed in physiological environments. A range of aldehydes and synthetic routes were trialled with varying levels of success. Isolation of imines produced from the reaction of ‑APN with benzaldehyde, anisaldehyde and dodecylaldehyde was unsuccessful, largely due to the instability of the synthesised compounds. Success came from the reaction between salicylaldehyde and ‑APN, producing a stable imine product that could be easily isolated and fully characterised. As a result, four further compounds were synthesised based on salicylaldehyde derivatives. Analysis by single crystal X-ray crystallography suggested that the stability of the imines was due to intramolecular hydrogen bonding from the ortho-hydroxyl group of salicylaldehyde to the imine nitrogen. The formation of stable imine complexes using salicylaldehyde has previously been demonstrated for producing ligands for metal ion complexation.172 However, there are currently no examples in the literature of this method being used to produce an imine prodrug for drug delivery.
The ability of the synthesised imines to act as prodrugs, and therefore dissociate back to ‑APN and the resulting aldehyde, was investigated in both aqueous and organic solvents using 1H NMR spectroscopy. All five imines were found to be stable in organic solvents for one week, with no apparent dissociation from the imines to the starting materials. However, in aqueous solution, all five imines displayed instant dissociation to approximately 70 % aldehyde. Since imines undergo acid-catalysed hydrolysis, future work could gain more information on the stability of these compounds by monitoring prodrug dissociation in response to changing pH. This would certainly be useful when considering the prodrugs for topical delivery, as the surface of the skin is known to have a lower pH than within the body.264 
Testing the prodrugs in an in vitro assay of enzyme activity demonstrated that the dissociation of the prodrugs into ‑APN and the starting aldehydes was sufficient to inhibit the activity of lysyl oxidase-like 2 (LOXL2). Due to the high cost of the commercial assay and enzyme standard, only one imine (compound 1b) was selected for a more detailed enzyme inhibition assay. From this experiment, IC50 values for ‑APN and compound 1b were calculated to be 0.67 µM and 0.74 µM, respectively. 
Cytotoxicity studies focussing on cell metabolic activity and cell membrane integrity were conducted by applying the prodrugs to human dermal fibroblasts (HDF) for 24 hours. At concentrations that caused total enzyme inhibition (100 µM), the prodrugs exhibited minimal cytotoxicity. However, applying the compounds for longer time periods (up to 72 hours) at concentrations that have previously been used in 3D models of contraction (1.56 mM), resulted in a marked reduction in cell metabolic activity. In addition, compounds 1b and 3b compromised the cellular membrane. Cytotoxicity tests were not carried out on the starting aldehydes alone. However, since ‑APN alone caused the least reduction to cell metabolic activity, the observed toxic effects were likely due to the aldehyde moiety of the prodrugs. This suggests that altering the aldehyde substituent could reduce the observed toxicity of the prodrugs. Therefore, future work should investigate alternative aldehyde starting materials and screen these for their cytotoxicity in HDF. 
In the final part of this thesis, the ability of ‑APN and the synthesised prodrugs to inhibit the physical phenomenon of contraction was tested. An in vitro model of tissue‑engineered skin (TES) was used to replicate the process of contraction. Initial work demonstrated that the thickness of the de‑epidermised dermis (DED) used to construct the skin composites had a large effect on the ability of the TES to contract, with thicker DED (~ 1 mm thick) contracting to a much lesser extent than thin DED (~ 250 µm). Following this, difficulties were observed in the ability of ‑APN to inhibit TES contraction, which contradicted previous research. 74,78,260 Changing the preparation of the ‑APN stock did not improve this outcome. Using Euroskin, an alternative DED source, showed more promise, with ‑APN significantly inhibiting contraction over 28 days. However, this finding could not be replicated.
This work highlighted that the use of ‑APN to inhibit contraction in the in vitro TES model was not as robust as once thought. A clear line of future work would be to analyse whether the enzyme LOX is present in the TES composites, as this is the primary target of ‑APN. Failure to identify LOX in this system could explain the ineffectiveness of ‑APN in inhibiting contraction. In addition, if LOX could be identified then it would be beneficial to analyse its enzymatic activity, as detection of the LOX protein doesn’t necessarily mean it is enzymatically active. Furthermore, it would be helpful to probe the model with alternative LOX inhibitors, to understand whether the issue seen in this work was solely due to ‑APN. For example, Hutchinson et al. recently developed some small molecule inhibitors of LOX and LOXL2.265 Whilst the compounds were more selective for LOXL2 over LOX, these inhibitors could still provide an alternative agent to probe the role of LOX in contraction of the TES model.
The TES composite model is a valuable tool for understanding the mechanism of contraction, providing a more complex alternative to the contraction of collagen gels. However, further work is required to fully understand the mechanisms driving contraction in this model, and to establish its relevance to contraction in vivo. Previous studies have investigated discrete parts of the TES model, from DED thickness and DED sterilisation methods,242 to the number of cells seeded onto the DED.74 It would be highly useful to construct a set of essential criteria from this data, outlining specific parameters required for model success. Work could then progress to understanding the robustness of the model when each of these parameters is varied. For example, in this body of work, some of the TES models contracted to 30 % of their original size, whilst others contracted to 50 %. This is quite a large difference to observe within the same model system. It remains to be understood whether such a notable variation can be tolerated whilst still producing meaningful results.
Due to the issues encountered with the TES model of contraction, work moved to the use of collagen gel contraction assays. ‑APN inhibited the contraction of type I collagen gels in a dose-dependent manner, without causing any reduction to cell metabolic activity. Contrastingly, treatment of collagen gels with compound 1b led to a reduction in gel contraction but also a marked decrease in cell metabolic activity, even at the lowest dose (0.195 mM). It was concluded that this reduction in cell metabolic activity was responsible for the observed reduction in gel contraction, rather than the anti-contraction effects of the compound. Whilst this observation was disappointing, it is possible that application of the prodrugs in vivo may provide different effects due to the metabolism of toxic substituents to less harmful metabolites. 
A key observation from this body of work was the lack of up-to-date knowledge regarding the transport of ‑APN into intact human skin. The majority of studies investigating the topical use of ‑APN were carried out over 3 decades ago and studies typically varied between using the free base of ‑APN and the fumarate salt, showing conflicting evidence for both.125,123 In the years since, analytical techniques have developed enormously to allow a much greater understanding of skin physiology and topical drug delivery. Future work should focus on understanding the transport of ‑APN into the skin and its subsequent metabolism, to understand whether prodrugs are necessary for the topical delivery of ‑APN. During this PhD, work was started to determine the transport of ‑APN fumarate salt and compound 1b through ex vivo human skin, using ATR-FTIR as a detection method. Skin was obtained from elective surgeries performed less than 48 hours prior to the experiment. Initial scoping experiments were conducted where the compounds were applied to the epidermal surface of the skin and ATR‑FTIR spectra were recorded every 2 minutes for 1 hour. The aim of these scoping experiments was to determine key parameters such as penetration time and compound concentration. However, this work was severely hindered by issues with the availability of the ex vivo skin. Attempts to use Euroskin for this work were unsuccessful due to poor attachment and retention of the Euroskin epidermis following long-term storage in 85 % glycerol solution. The presence of the epidermis is essential as it contains the stratum corneum, which has been identified as the key barrier for drug transport through skin. To circumvent the low availability of ex vivo human skin, an alternative biological membrane such as porcine skin could be used, which has been shown to be an acceptable replacement for in vitro skin penetration studies.266 
Improvements in primary burn care have led to an increase in patients surviving burn injuries that were previously considered to be fatal.9 As a result, more patients are living with the consequences of severe burn injuries, such as hypertrophic scarring and scar contracture. Despite this increase, there have been very few advances in the prevention and treatment of burn scar contractures in the last half-century, with clinicians opting for compression garments and surgical reconstruction. Consequently, there is an unmet clinical need for new pharmacological agents that target the cellular processes driving contracture.267 The work presented in this thesis has demonstrated a step towards new pharmacological treatments and highlighted areas that will be essential to providing further understanding on the mechanism of burn scar contractures.  
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Appendix 1.1 Results of temperature investigation on imine conversion.
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Appendix 1.2 1H NMR spectrum of 5-methoxy-2-(2-cyanoethyliminomethyl) phenol  (compound 2b) in CDCl3.
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Appendix 1.3 Single crystal x-ray structure of 5-methoxy-2-(2-cyanoethyliminomethyl) phenol (compound 2b).
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Appendix 1.4 1H NMR spectrum of (6-tert-butyl-2-(2-cyanoethyliminomethyl) phenol (compound 3b) in CDCl3.
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Appendix 1.5 Single crystal x-ray structure of 6-tert-butyl-2-(2-cyanoethyl iminomethyl) phenol (compound 3b).
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Appendix 1.6 1H NMR spectrum of 4-nitro-2-(2-cyanoethyliminomethyl) phenol (compound 4b) in CDCl3.
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Appendix 1.7 Single crystal x-ray structure of 4-nitro-2-(2-cyanoethyliminomethyl) phenol (compound 4b).
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Appendix 1.8 1H NMR spectrum of 6-methoxy-2-(2-cyanoethyliminomethyl) phenol (compound 5b) in CDCl3.
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Appendix 1.9 Single crystal x-ray structure of 6-methoxy-2-(2-cyanoethyliminomethyl) phenol (compound 5b).


Appendix 1.10 Hydrogen bond tables from single crystal X-ray structure analysis of the synthesised prodrugs.

Table 1. Hydrogen bond lengths and angle for 2-(2-cyanoethyliminomethyl)phenol (compound 1b). D = donor atom, H = hydrogen atom, A = acceptor atom.
	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	O1
	H1
	N1
	0.98
	1.70
	2.587
	149




Table 2. Hydrogen bond lengths and angle for 5-methoxy-2-(2-cyanoethyliminomethyl)phenol (compound 2b). D = donor atom, H = hydrogen atom, A = acceptor atom.
	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	N1
	H1
	O1
	0.88
	1.93
	2.614
	133.0



Table 3. Hydrogen bond lengths and angle for 6-tert-butyl-2-(2-cyanoethyliminomethyl)phenol (compound 3b). D = donor atom, H = hydrogen atom, A = acceptor atom.
	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	O1
	H1
	N1
	0.84
	1.814
	2.573
	149.514



Table 4. Hydrogen bond lengths and angle for 4-nitro-2-(2-cyanoethyliminomethyl)phenol (compound 4b). D = donor atom, H = hydrogen atom, A = acceptor atom.
	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	N1
	H1
	O1
	0.907
	1.906
	2.6441
	137.3



Table 5. Hydrogen bond lengths and angle for 6-methoxy-2-(2-cyanoethyliminomethyl)phenol (compound 5b). D = donor atom, H = hydrogen atom, A = acceptor atom.
	D
	H
	A
	d(D-H)/Å
	d(H-A)/Å
	d(D-A)/Å
	D-H-A/°

	O1
	H1
	N2
	0.84
	1.90
	2.630
	144.7
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Appendix 2.1 Plate map for experiment to determine the required concentration of lysyl oxidase-like 2 (LOXL2) in test wells to produce a sufficient fluorescence response in a fluorometric assay of enzyme activity.
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Appendix 2.2 Plate map for experiment to determine the ability of the synthesised prodrugs to inhibit lysyl oxidase-like 2 (LOXL2) in a fluorometric assay of enzyme activity.
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Appendix 2.3 Cell density screen of human dermal fibroblasts (HDF) assessed by LDH metabolic activity assay. Cells were incubated for 48 hours at 37 C, 5 % CO2. Samples were prepared in triplicate and the results are expressed as mean values ± standard deviation.
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