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[bookmark: _Toc456437518]Abstract	Comment by John Haycock: Should be a single paragraph and 1–page maximum. 

Background too long.  Aims fine.  Not enough key results / findings.  

Re-balance  
Acute skin irritation is the reversible inflammatory response of the epidermis to a topically applied irritant substance. A tissue engineered model of the epidermis is used to test chemicals. The degree of development of the model needs to be carefully judged in order to get the correct proportion of proliferating through to differentiated phenotypes for normal function. This judgement typically necessitates over sensitive models with an underdeveloped barrier functionality, as opposed to an insensitive model due to terminal differentiation and low numbers of basal keratinocytes. It has been reported that the lack of proliferative epidermal cells in cultures may be due to the absence of fibroblasts. Paracrine signalling in response to potential irritants is required for propagating an acute inflammatory response. The aim of this thesis is to develop a skin model using a Three Dimensional scaffold that accurately mimics the micro-environment at the DEJ, for supporting keratinocyte and fibroblast self-organisation. We hypothesise that it takes a full thickness skin model with a complete cascade of inflammatory stimuli and cytokine signalling to provide a real indication of irritation. Initial studies focused on Alvetex® (Reinnervate Ltd.), a highly porous polystyrene scaffold, with the aim of developing a skin model using the immortalised cell line HaCaT (human adult low calcium high temperature) keratinocytes or NhKs, in co-culture with dermal fibroblasts. Skin models using electrospun biodegradable polymer scaffolds made of Poly L-lactide (PLLA) and a Poly L-lactide/Polyhydroxybutyrate-co-hydroxyvalerate/Poly L-lactide (PLLA/PHBV/PLLA) composites were then developed. Issues with achieving epidermal-dermal separation in the Alvetex® scaffold due to keratinocyte entrapment lead to an Alvetex®-PHBV Bilayer. Concentration of the SDS needed to illicit an irritant response was deduced at 2D to be 0.1-0.15mM, 3D submerged to be 0.33-0.5mM and for 3D air-liquid models were at best unaffected by 8mM SDS with a Bilayer scaffold of PHBV-PLLA.
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[bookmark: _Toc456437523]Skin Morphology
Skin is comprised of dermal and epidermal layers separated by a dermal-epidermal junction. The epidermis is made up of layers of keratinocytes with some supporting cells; including Merkel cells for touch reception, Langerhans cells for immune response and melanocytes for UV absorption via production of melanins; brown-black eumelanin and red-yellow phaeomelanin. The dermis supports the avascular epidermis by having a blood supply, which in turn provides nutrients for these cells, due to the high metabolic demand of the epidermis principally due to the high turnover of keratinocytes as they progress from the basement membrane to stratum corneum. The turn-over division of basal keratinocytes to produce daughter keratinocytes takes around 19 days. The daughter keratinocytes then take 28-60 days to fully differentiate into a stratum corneum, before leaving the skin by the process of ‘sloughing off’. 
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[bookmark: _Toc456437345]Figure 2‑1: Morphology of in vivo human skin. Invaginations of epidermis into the dermis are known as rete ridges. The extent of invagination seems to be independent of epidermis thickness. Pancytokeratin stains the entire epidermis brown by DAB and haematoxylin stains cell nuclei intense blue. The ECM is also stained blue due to background staining.

[bookmark: _Toc428281265][bookmark: _Toc456437524]Functions of skin
Skin is the largest organ of the body with a surface area of around 2m squared. It is far from the simple organ it first appears. It primarily acts as a barrier with functions of: 		
· preventing water loss
· preventing infectious pathogen entry
· absorption of solar radiation by melanins
· heat regulation via sweat glands
· vasodilation
· protection via mechanical strength of epidermis
· shock absorbance of subcutaneous fat

Healthy skin is indicative of a well-regulated immune system, hormonal balance, fitness and a good diet. Healthy skin is also sexually attractive. When the skin has conditions or problems they are usually corrected cosmetically using makeup and skin moisturisers. The use of these can present problems to irritated skin. Further, frequent washing of the skin may lead to a loss of homeostasis by damaging the stratum corneum, which upsets the barrier function, causing dryness and removes the healthy skin microbiome. Dry skin can actually lead to excessive sebum secretion from sebaceous glands.
Disorders of the skin; acne, dermatitis, eczema and psoriasis are all disorders caused by disruption to homeostasis and hyper-sensitivity. For example P.acnes synthesises coproporfirin III, which induces IL-8 production from keratinocytes. [22] Patients with skin conditions may find them psychologically damaging in addition.
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[bookmark: _Toc456437346]Figure 2‑2: Epidermal architecture schematic showing the attachments of the dermis to epidermis and the cytoskeleton supporting the strata of the epidermis. The graded distribution of some of the cytoskeletal and junction elements are shown on the right including keratins and desmogleins. [189]
[bookmark: _Toc428281266]
[bookmark: _Toc456437525]Epidermis
The epidermis is a stratified squamous epithelium composed of morphologically distinct stratum. The epidermis provides a barrier for underlying tissue and provides; chemical and mechanical protection, UV protection, prevents water loss via inter-cellular lipids and an impenetrable barrier to infectious microorganisms. The above is achieved via a high turnover of keratinocyte cells differentiating up from the basement membrane of the DEJ, which form the Cornified cell Envelope (CE) surrounding the dead cells of the stratum corneum.
The thickness of the epidermis depends both on sex, where males have thicker and body-site. There is less difference found between individuals of the same sex. [182]

[bookmark: _Toc428281267][bookmark: _Toc456437526]Production of a basement membrane
Basement membranes are a special form of ECM, they can be found in a number of tissues to separate or compartmentalise epithelium, endothelium, nerve fasia, muscle fascia and the basolateral connective tissue stroma. [185] This thin lamina is ~50-100nm and so necessities transmission electron microscopy to be observed, there are two distinct layers; electron-dense (lamina densa) and electron-lucent (lamina lucida).
The basement membrane is made up mainly of collagen IV and the glycoprotein laminin, as well as heparan-sulphate proteoglycans (HSPGs) and nidogen/entactin. There are also agrin, SPARC/BM-40/osteopontin, fibulins, type XV collagen and type XVIII collagen. [154]
Laminin was discovered in an isolate of a mouse tumour, it was found to be a high molecular weight protein joined with disulfide bonds. Antibodies against the isolated laminin demonstrated presence in basement membranes of skin, placenta and kidney. Laminin was also found to be produced by mouse 3T3 fibroblasts but not human dermal fibroblasts. [206] The heparan sulphate proteoglycan constituent locates within the lamina densa. The basement membrane of the skin and cornea are specialised in that they contain ultrastructural features such as hemidesmosomes and anchoring filaments. [119]
A comparison of the epithelical keratinocyte contribution to basement membrane production verses mesenchymal contribution found that bovine keratinocytes alone on collagen do not produce a recognisable basement membrane. This means that RhE would not be maintained without the addition of basement membrane components such as in Matrigel. It requires the presence of dermal fibroblasts to start producing membrane at the interface by 1 week. Attempts to separately label fibroblast and keratinocyte additions were made via the use of human specific antibodies to label human fibroblast produce basement membrane components such as type IV collagen and laminin. [132]
[bookmark: _Toc428281268][bookmark: _Toc456437527]Cornified cell envelope
The stratum corneum (SC) acts as a cutaneous barrier. It is formed as the keratinocytes of the stratum granulosum assemble a cornified envelope underneath their plasma membrane. The cornified envelope is highly insoluble due to macromolecular polymerisation of keratinocyte proteins, the most abundant being involucrin then loricirn, by disulphide and isopeptide bond formation. [146, 188, 197]  Thickness of the stratum corneum depends mainly on body location. Levels of constitutive pigmentation relates to thicker stratum corneum although sun exposure may also cause thickening due to UV radiation exposure. [182] Mechanical irritation also results in hyperproliferation of keratinocytes and increased barrier function.
The cornified cell envelope is a structure surrounding the cytoplasm of terminally differentiated keratinocytes that have cornified into dead cells, now termed corneocytes (or squames). It consists of a 10nm thick layer of covalent cross-linked proteins supported by a 5nm thick layer exterior lipid envelope made up of a monomolecular layer of large ceramides that interdigitate with other intercellular corneocyte lipids. [87] The apical layers are pushed up to the surface by outward migration, and eventually flake off when weakened due to an enzymatic cleaving of corneodesmosomes and abrasion in a process called desquamation. This removes surface contaminants as well as preventing a build-up of the skin microbiome. The stratum corneum has a pH of around 5.5 due to acidic sweat and sebum secretions. With a surface temperature of around 32◦C on the chest and lower at the periphery, both lower than normal cell culture conditions.

[bookmark: _Toc456437528]Tight junctions
Tight junctions (TJs) such as occludin and claudin-1 between keratinocytes of the stratum granulosum present a physical barrier to the penetration of substances. This barrier limits the movement of water soluble molecules through the paracellular pathway. [222] These tight junctions separate the hydrophobic apical layer from the underlying hydrated layers. Chemical and electrical gradients are generated across the polarised epidermis. 

[bookmark: _Toc428281269][bookmark: _Toc456437529]Barrier equivalents in vitro cell culture
Submerged cultures of keratinocytes on tissue culture plastic (TCP) cannot terminally differentiate, the cornified cells tend to slough off into the medium above. [197] Typically in vitro submerged cultures, involucrin gets synthesised much earlier than in vivo, with only the basal cells and the next cell up remain not expressed. [214] Involucrin is normally expressed in the stratum granulosum. Elafin, also known as skin-derived antileukoprotease (SKALP), is highly expressed in these cultured keratinocytes but not in normal human epidermis. [142] RhE models that use the air-liquid interface have 3% elafin in the cornified cell envelope, the same as native skin. The lipids that hold together the corneocytes can be removed by the anionic surfactant, sodium dodecyl sulfate (SDS) which is found in most detergents. A low concentration of SDS (e.g10−4M) is around the level where it acts as an irritant. Keratinocytes release detectable amounts of ATP after just 10 minutes incubation with irritants.
Keratin marker expression for basal layer includes K5 and K14; for suprabasal layers K1, K10 and involucrin. [57] Hyperproliferation-associated protein keratins 16 and 17 (K16 and K17) indicates cellular activity in migrating keratinocytes.
Tight junctions are also important for RhE models. For RhE models with an underdeveloped stratum corneum, the stratum granulosum becomes a significant contributor to barrier function.
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[bookmark: _Toc456437347]Figure 2‑3: A nylon mesh scaffold was cultured with fibroblasts submerged for 26 days. The fibroblasts produced ECM such as collagen fibrils. Then cultured submerged with human keratinocytes for 7 days, before raising to air-liquid for 21 days to stratify. This extended culture results in the formation of a basal lamina and a keratinocyte anchoring zone. Scale bar = 25µm. [72]

[bookmark: _Toc428281270][bookmark: _Toc456437530]Stem cell niches and basal keratinocytes
The epidermal layer of skin is under consistent renewal in order to maintain a functional barrier of mature keratinocytes. Initially the evidence pointed to a small population of stem cells becoming keratinocytes within a proliferative compartment; deduced from skin macrocolony clonal regeneration assays. [219] There is still some debate over cell lineage and the cell dynamics responsible. [92, 94, 95, 123] Transit amplifying cells may not exist in the manner originally proposed with the stem cells underneath forming an epidermal proliferating unit (EPU) that undergoes terminal differentiation in a column. [96]
It is impossible to study human skin in vivo without also damaging the barrier function, interrupting the homoeostasis so invalidating the results. Genetic labelling techniques have been employed on animal models. 
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[bookmark: _Toc456437348]Figure 2‑4: Identifying label-retaining keratinocytes in the tips of the epithelial papillae of mouse palatal epithelium. [122]

Early experiments to locate stem cells found them specifically within regions of the topography of the DEJ using tritiated thymidine for active DNA synthesis, this finding was supported in an experiment on monkey palm epidermis which found cells least likely to be in S-phase, within the rete ridges. [94, 118] The KSCs have thymidine incorporated into their DNA and are identified as label-retaining cells Label Retaining Cells (LRCs) 30 days after labelling. [129] This cell proliferation labelling can now be done with nonradioactive BrDU or EdU. 
The homoeostasis of the epidermis is maintained by progenitor epidermal stem cells at the stratum basale. A single slow cycling proliferative progenitor cell may sustain epithelial renewal, by indeterminately producing post-mitotic basal cells. [44] This stochastic process does not however support the maintenance of a slow-cycling stem cell population. [120] Computer models have been used to quantitatively link laboratory data with past data. These in silico models were refined to match various hypothesises and ran for extended virtual time periods than what were done in laboratory to check for long term tissue cell population stability. The most likely explanation is that there is a distinct contribution of both stem and progenitor cells to epidermal maintenance, as the simplified models did not maintain stability for more than a year. [1] Experimental evidence points to this being the case; with 80% cell divisions going down the asymmetric fate and 20% undergoing symmetric cell division. [134] On the basement membrane a stem cell can either split vertically, with the uppermost daughter cell then undergoing terminal differentiation leaving the remainder cell still attached to the basement membrane. Alternatively the cell may self-renewal by splitting laterally while still attached on to the basement membrane. The basal keratinocytes are maintained via this lateral propagation from stem cell niches. A stem cell niche provides stem cells for the lifetime of the organism. [116]
Stem cell niches are shielded areas with optimum conditions for cell proliferation. The basement membrane consists of lamina sheets of extracellular matrix proteins synthesised by keratinocytes, these proteins are; type IV collagen, laminin, heparan sulphate, entactin and from fibroblasts; fibronectin. [65] The keratinocytes bind to the basement membrane matrix via laminin bridging to collagen IV. [9] Since the keratinocytes with the highest colony forming capacity adhere quicker to type IV collagen, fibronectin or keratincyte ECM, they can be selected for when passaging from fresh isolated keratinocytes by changing the medium after 20-40 minutes, hence removing unattached keratinocytes. [95] Potentially this could also select for the most basal-like HaCaT keratinocytes.
Collagen IV and laminin has been detected throughout the ECM of long duration (35 days air-liquid) co-culture models. [72] This is probably due to lack of defined interface between cell types; as this system depends on environmental factors and location.  

[bookmark: _Toc428281271][bookmark: _Toc456437531]Differentiation and the effect of calcium on NhK keratinocytes
In the epidermis the proliferation of NhKs occurs in the basal layer, where after they exit the cell cycle and undergo terminal differentiation. Calcium induces differentiation in vitro like it does in vivo. In vivo there is a concentration gradient from low levels at the basal layer to high levels at the granulosum to maintain the differentiated state. [139] Calcium levels above 0.1mM induces basal keratinocytes to commit to differentiation. [82] Greens’ medium used in experiments has physiological levels of calcium at 0.42mM. Calcium at sub-physiological levels prevents the differentiation of keratinocytes, so this level maintains keratinocytes in their proliferative state. [84, 204] Switching the calcium concentration from low during the proliferative phase of an experiment, typically 0.09mM, to high levels of 1.2mM induces differentiation. Differentiation of keratinocytes is expressed most early by Keratin 1 and 10 in the suprabasal layer of skin. The support structure however has a greater effect on differentiation than levels of extracellular calcium. The restriction of substratum space at confluence induces terminal differentiation in 2D. Differentiation is also inhibited by fibronectin coating the support and EGF. [62]

[bookmark: _Ref428267981][bookmark: _Toc428281273][bookmark: _Toc456437532]Reconstructed Human Epidermis (RhE) models
Currently for in vitro testing of irritants, there are a few commercially available Reconstructed human Epithelium (RhE) models representing the human epithelium. The first ECVAM approved model was Episkin™ (Episkin SNC. Lyon, France - subsidiary of L'Oreal SA.) in 2007. EpiDerm® (MatTek, Massachusetts, USA), SkinEthic (Skinethic Laboratories. Nice, France) and the LabCyte EPI-MODEL® (Japan Tissue Engineering Co., Ltd. Gamagori, Japan) were approved in 2009 followed by the epiCS® model (CellSystems. Troisdorf, Germany) in 2014. These models are reconstructed approximations of normal skin epithelium, bearing resemblance to epidermis. They all use Normal human Keratinocytes (NhKs) over a 2D semi-permeable membrane, which when raised to an air-liquid interface differentiate into organised spinous and granular strata under a multi-layered stratum corneum. To create physiologically relevant skin models, an air-liquid interface is needed to complete differentiation across the entire surface area, this method was reviewed by Pruniéras et al. [166] Keratinocytes’ cell shape can be controlled by the substratum. In suspension, keratinocytes prematurely terminally differentiate, this is linked to the rounded morphology. Involucrin decreases with increased surface area as DNA synthesis increases. Paradoxically, cuboidal cells in vivo have less substratum contact area than 2D cell culture, indicating that the adhesion strength to the basement membrane is a controlling factor. [215] 2D culture of fibroblasts flattens the cells which causes an altered gene expression from that of 3D culture, by remodelling of the chromatin structure and organisation. [209] By altering the adhesion of the substratum via surface coatings, the effect of cell shape can be studied on 2D surfaces. The flattened state mimics the cell spreading seen during the S phase of cells, with a differentiated morphology. The nucleosomes in S phase have a transcriptional active conformation; the rounded shape being associated with condensation of chromatin.
Cell morphology alters nuclear shape by the cytoskeletal element linkage to the nucleus via extracellular matrix-integrin engagement. The deformation of the nucleus can cause inhibition of growth factors and protein synthesis of differentiation markers. [203] Synthetic scaffolds may lack cell adhesion sites, coating with ECM proteins can increase cell adhesion. Biodegradation adds another variable that is difficult to control and may influence the cells in unexpected ways. [109] The stiffness of the support matrix affects the cell. With porous scaffolds, a large pore diameter results in cell spread, as the cells effectively see a planar surface, which causes substrate stiffness to dominate. Small porosity allows 3D attachment reducing substrate stress. [169]
RhE models generally consist of either keratinocytes grown over a De-Epidermised Dermis (DED) or over a 2D substrate; such as a collagen gel or polycarbonate filter. Skin models currently lack the structures of hair follicles, sebaceous glands, and sweat glands that may act as routes for chemical invasion. They also cannot include the microbiome present on the skin, which may have a protective role. This is why ex vivo human skin is still considered the gold standard for in vitro penetration experiments, as the normal barrier function is maintained; except for the microbiome.
DED based models are not suitable for routine testing of irritants. Firstly it would be impossible to develop the high numbers of models required by irritant testing and secondarily there would be consistency issues between batches. There are ethical issues with the use of human tissue, DED for example could not be used in a commercial model as the EU has banned financial gain via the use of human tissue. The donation of tissue is an altruistic act, and so financial gain from it would be ethically wrong. Models not reliant on sourcing donor tissue are the only valid choice.
RhE models such as Episkin™, SkinEthic™ and EpiDerm® differ from human skin at a basic morphological level, put simply their representation of the DEJ is a flat interface. The DEJ of in vivo skin consists of a basal lamina conforming to relatively large undulations known as rete ridges (RR) for epidermal troughs, or dermal papillae (DP) for dermal projections. These undulations provide a large surface area of basal lamina for basal keratinocyte cell attachment via hemidesmosomes and integrin-based attachment. Episkin™ uses a collagen matrix with a 13 day culture of normal human keratinocytes. EpiDerm® uses a collagen coated Millicell mixed cellulose esters or a 0.4µm Nunc polycarbonate filter as a support for keratinocytes; the irritant models’ epidermis is thinner (28-43µm) than the penetration model (83-100µm). [33] Another model of interest is the SkinEthic™ RhE model, which is made via the 17 day monoculture of normal human keratinocytes on a polycarbonate filter (Figure 2‑8). [175] 
Analysis of the lipid composition of these models has been undertaken and compared to native skin. The lipid composition, using High Performance Thin Layer Chromatography (HPTLC), was lacking in free fatty acids, polar ceramides 5 and 6, and lacked ceramide 7. EpiDerm® had the highest lipid content, then Episkin™ and lastly SkinEthic™. The thickness of the irritant models was for EpiDerm® 7-14 cell layers (83-100µm) in the epidermis with a stratum corneum of 16-25 layers (12-28µm). The SkinEthic™ model had 5-9 cell layers (23-59µm) with a stratum corneum of 14-24 layers (15-32µm). Episkin™ epidermis had 7-10 cell layers (24-69µm) and 15-24 cell layers (17-37µm) in the stratum corneum. All SkinEthic™ models had hemidesmosomes, some were seen in EpiDerm® models but very few Episkin™ models had hemidesmosomes, this lack in support-cell junctions may have resulted in the irregular shaped basal keratinocytes seen. All models lacked a proper basement membrane without anchoring fibrils, which meant that the epidermis could easily detach from the support substrate. Signs of apoptosis such as spongiosis, the abnormal intercellular accumulation of liquid vesicles, were seen in all of the models. Abnormal differentiation was evident by the sudden transition from columnar to flattened morphology at the suprabasal layer of Episkin™ and SkinEthic™ models, as well as intracellular lipid droplets in the stratum corneum. [160, 162] Similar lipid composition results were found in HaCaT based RhE. [18] Serum in medium has been found to lead to excessive lipid droplet accumulation in stratum corneum. [161] SkinEthic™ has been compared to both Episkin and EpiDerm®; in terms of barrier function, morphology, lipid composition and irritant testing. [147] While the importance of lipid composition has been recognised, the actual effect on the barrier function has yet to be quantified. The effect varies depending on the penetration ability of a chemical.
Episkin™ consists of a type I and III collagen matrix covered by a type IV collagen film, over which a stratified epidermis is cultured (Figure 2‑6). [207] This matrix lacks the lipids, fibrin, glycosaminoglycans and proteoglycans as seen in native dermis, but is closer to the native dermis than the basic collagen membrane of EpiDerm®. Episkin™ uses human adult keratinocytes grown immersed for 3 days in culture medium and then exposed for 10 days at an air-liquid interface for a total of 13 days. [163]
Episkin™ has been validated by ECVAM in 2005 for skin irritation testing, despite having only a 3-4 viable cell thick stratified epidermis, due to the lack of fibroblast secreted growth factors. This was aptly demonstrated over de-epidermized dermis (DED) to be a two-stage process of stimulation with an initially increased keratinocyte proliferation, then a regulation to normal native levels latter on at around three weeks, as the tissue morphology developed (see Figure 2‑8). [56] This lack of thickness means that Episkin™ has higher permeability than native skin, and full thickness skin models using collagen are more permeable than DED based models. [147, 174]
The OS-REp model is produced by robots in Fraunhofer. This is a completely automated ’tissue-factory’ whereby skin can be isolated, expanded, developed into a model, and also tested on the scale of up to 5000 skin equivalents a month. This factory produces a RhE model, unique in that it is open source. [165]
ECVAM have validated the performance criteria and approved the 42bis Episkin™ protocol. Using this standard protocol, the LabCyte EPI-MODEL24 (Japan Tissue Engineering Co. Ltd, Gamagori, Japan) was assessed with MTT and IL-1α post-incubation measurements. ECVAM found 79% accuracy, 78% sensitivity and 80% specificity to the 19 chemicals tested. [102] This has since been adjusted with 55 test chemicals too; 77.8% accuracy, 94.1% sensitivity and 70.3% specificity. The LabCyte EPI-MODEL24® has been validated according to the United Nations Globally Harmonised System (UN GHS) classification system; using the same 12 irritants and 13 non-irritants as per ECVAM testing as well as testing across 6 laboratories for repeatability. The protocol used 25µL of test substance exposed for 15 minutes, then followed by a 42 hour incubation, then tested. The problem with short exposure times is that a small error of say 30 seconds would be a 3.3% error for 15 minutes verses a 1.2% error for 42 minutes exposure. The filter substrate of the LabCyte EPI-MODEL24® has a surface area of 0.3cm2 for a 24-well plate. The culture protocol to produce the model uses a period of differentiation over 13 days at air-liquid culture with Dulbecco’s modified Eagle’s medium and Ham’s F12 medium (3:1) with; EGF, insulin, hydrocortisone, antibiotics, 5% fetal bovine serum and other proprietary stimulators of epidermal differentiation. In regards to IL-1α release, they found that bellow the IC-50 no IL-1α could be measured, but estimated a 120pg/mL IL-1α irritant point. [110] The positive control of 5% (w/v) SDS used is equal to 173mM SDS.  Further investigations improved the protocol with an optimised rinsing operation; using a PBS filled poly wash bottle and a sterile cotton bud. [111] Proper rinsing is critical, as the chemical may cause reduction of MTT itself, mimicking the cellular mitochondria dehydrogenase.
Biomimiq (Leiden, Netherlands) a company started by Ponec and El Ghalbzouri, have developed three skin models; the Leiden Epidermal skin Model (LEM), Fibroblast Derived matrix Model (FDM) and a Full Thickness Model (FTM). The LEM model is a culture of normal primary human keratinocytes on an inert acellular filter, like the SkinEthic™ model. It maintains 15% proliferative basal keratinocytes at 10-12 days air-liquid and produces basement membrane proteins at the cell-filter interface. The FDM instead of an artificial or animal collagen based dermal matrix component, lets human fibroblasts produce their own matrix. This takes 21 days of culture rather than the 7 days with a rat-tail collagen matrix. Keratinocytes are cultured submerged for 4-7 days enabling a basement membrane to form. Transmission Electron Microscopy (TEM) of the basement membrane region show typical features such as lamina lucida, lamina densa, regular hemidesmosomes and anchoring fibres.
The last model FTM, uses an animal collagen matrix with primary human fibroblasts as the dermis. It is similar to the full thickness EpiDerm-FT® model.
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[bookmark: _Ref431220363][bookmark: _Toc456437349]Figure 2‑5: Correlation between cytotoxicity in normal human keratinocytes/dermal fibroblast co-cultures using MTT assay and human skin patch test. (r=0.95) [152]

Osborne et al. tested irritants on NhKs and on co-cultures with NhDFs then measured: cell viability, cytotoxicity, metabolism and the inflammatory mediator prostaglandin E2 release. They identified in vitro endpoints for the MTT assay similar to in vivo levels that would later be used to predict irritation (see Figure 2‑5). Unfortunately they did not publish metabolism and the inflammatory mediator prostaglandin E2 release data. A 48 hour long irritant exposure in medium, was found to under predict toxicity of acids and bases, due to the buffering effect of the medium. This problem lead to the concept of topical application, which prevents dilution and also means non-water soluble substances can be tested. MTT viability assays were found to be better than neutral red, as less scaffold binding occurs. They also found that NhKs/Dfs in co-culture to have an order of magnitude less sensitivity than NhKs monocultures. [152, 153] 
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[bookmark: _Ref434500229][bookmark: _Toc456437350]Figure 2‑6: Episkin™ Normal human keratinocytes over a collagen matrix. 3 days submerged, 10 days air-liquid. [68] 
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[bookmark: _Toc456437351]Figure 7: EpiDerm ® Normal human keratinocytes over a polycarbonate filter.  [67]
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[bookmark: _Ref434399824][bookmark: _Ref434399891][bookmark: _Toc456437352]Figure 2‑8: SkinEthic™ Normal human keratinocytes over an inert polycarbonate filter. [68]

[bookmark: _Ref428267898][bookmark: _Ref428267936][bookmark: _Toc428281274][bookmark: _Toc456437533]Full-thickness models
Reconstructed human skin equivalents (HSEs) include a fibroblast populated dermal analogue usually made of collagen I and/or III, sometimes with the addition of glycosaminoglycans to strengthen the gel and basement membrane proteins such as collagen IV.  Animal collagen matrixes for dermal equivalents can make these models unsuitable for human in vivo medical treatments due to rejection of foreign proteins by the immune system. The addition of fibroblasts to the protocol is the critical addition as it introduces paracrine signalling. This addition of fibroblasts and the dermal matrix they make, increases the lifespan of the model from 8 to 20 weeks proximately as the epidermis has homeostasis of proliferation: differentiation and the organised matrix does not contract. Basement membrane proteins produced at the DEJ include collagen IV and VII, as well as laminin 332. Hemidesmosomes and anchoring fibrils can be seen. [64] Contraction of the collagen gel has various solutions such as a pre-compression step, glutaraldehyde cross-linking. [187, 3] StrataTest® (Stratatech, Madison, USA) a full thickness skin model using the NIKS® cell line was exposed to 0.1% SDS (3.5mM) and 0.3% SDS (10.4mM) showed a response to 10.4mM SDS but not 3.5mM SDS. The 10.4mM SDS dropped the MTT cell viability to below 20% while with 3.5mM SDS there was no different from control viability. The IL-1α response was also upregulated in this coculture from 30pg/ml with 3.5mM SDS to 300pg/ml indicating irritation by 10.4mM SDS. [168] StrataTest® is currently pre-validation but the sister product StrataGraft® is in phase 3 human clinical trials. [37] 


[bookmark: _Toc428281275][bookmark: _Toc456437534]Analysis of the RhE models test methods
Episkin™ and EpiDerm® both use MTT reduction and IL-1α release for analysis. The method for testing chemicals has varied from an original 18 hour exposure down to a 15 minute exposure, with an assessment of viability less or equal to 50% (MTT) being classed as irritant, when taken 48 hours later. [163] However this length of time allowed for too much variability and not enough sensitivity for the test. Lengthening the exposure to 60 minutes produced too much variability. A 42 minute exposure has since been shown to have the least variability for four chemical test intra-runs producing results less ambiguous for irritant classification with the Episkin™ model. This protocol is known as the ’42bis’ consisting of a 42 minute exposure to test medium then a 42 hour incubation protocol. [208] The EpiDerm® topical exposure to irritants was increased, but to 60 minutes. In recognition of this it was re-branded as EpiDerm® Skin Irritation Test (SIT). For IL-1α release the chemical is considered irritant if more than 60pg/mL is present via ELISA taken 24 hours after exposure. Episkin™ over predicted the irritation of 7/39 test substances and under predicted 3/48 test substances, a level of specificity typical of other RhE tests. [4]

[bookmark: _Toc456437535]Analysis of the RhE models 
EpiDerm® appears to have squamous shaped basal keratinocytes instead of the columnar/cuboid basal keratinocytes seen in Episkin™. This suggests use of EGF supplementation for the medium used in EpiDerm® and KGF for Episkin™ [66] (Figure 2‑9). Seeing as Episkin™ is more sensitive a model, the use of KGF instead of EGF in Green’s medium may be a good idea, though a co-culture may need neither, as fibroblasts produce KGF in co-cultures. [127] KGF in the medium also allows for the expression of K1 and filaggrin. [131] 
MatTek (Ashland, Massachusetts) have developed a testing protocol for medical devices by taking ‘extracts’ and exposing EpiDerm™ RhE to the extract. These extracts may contain unreacted chemicals, impurities such as release agents or residuals such as ethylene oxide from sterilization that can leach out of the device. This is needed as animal testing remains in place for medical devices to cover ISO 10993.  [36] 
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[bookmark: _Ref430688834][bookmark: _Toc456437353]Figure 2‑9: Effect of seeding fibroblasts into DED; with the addition of epidermal or keratinocyte growth factors verses no growth factors added on epidermal architecture. [66]

[bookmark: _Toc428281276][bookmark: _Toc456437536]Paracrine signalling and the need for fibroblasts in a skin model
Paracrine signalling is the cell-cell communication that takes place in separated local populations. In the skin epithelial keratinocytes and dermal mesenchymal fibroblasts are separated by the basement membrane. Double paracrine signalling is a feedback loop method of signalling. For example keratinocytes produce IL-1α, which causes fibroblasts to produce IL-8 which in turn causes keratinocytes to reduce the IL-1α secretion. The discovery that skin plays an active role in the immune response came not only with the finding of dendritic epidermal cells of T cell lineage (DETC), but also with the discovery that keratinocytes are capable of producing immunoregulation mediators. These were termed cytokines. Cytokines are hormone-like factors released from non-lymphocytic cells, such as keratinocytes, epithelial cells and fibroblasts. Prior to their discovery, lymphocytes were though to solely regulate inflammation and the skin to be passive. [124]
IL-1α is a major proinflammatory cytokine reported as a potential initiating point in generating an inflammatory response to a wide range of skin irritants. [51, 50, 49, 114] Keratinocyte growth factor (KGF) stimulates keratinocyte proliferation. [131] A double paracrine system is present in co-cultures between keratinocytes and fibroblasts. When keratinocytes increase IL-1α production, there is in turn an increase in KGF from fibroblasts. [127] In response to irritation due to loss of barrier function this paracrine system returns barrier function by increasing keratinocyte proliferation. KGF is specific acting on keratinocytes that express the KGF receptor, which is the splice variant IIIb of the fibroblast growth factor receptor 2 (FGFR2IIIb). [32] The effect of conditioned medium (CM) from keratinocytes on fibroblasts depends on the state of the keratinocytes.
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[bookmark: _Toc456437354]Figure 2‑10: Irritants cause IL-1α to be secreted by keratinocytes in the epidermis; which in turn activates the inflammatory cascade in the dermis. [34]

An experiment where NhKs keratinocytes were exposed for 2 hours to SDS at various concentrations before transferring the conditioned medium to a fibroblast culture and noting percentage NF-κB activation; found SDS at a concentration of 0.01M and 0.1mM to activate NF-κB but not at a concentration of 0.001mM. This very low SDS concentration resulted in suppressed NF-κB activation in comparison to control levels of around 18% activation. NF-κB activation was found to be paracrine signally dependent. [34] It was also noted that at these low concentrations cellular metabolic activity actually increases. 
To deduce the causative initiator of an irritation cascade, mechanical methods are used to damage the barrier function of the skin before analysing the decreases in skin function. Tape stripping removes only the stratum cornea keratinocytes and causes little collateral damage to underlying keratinocytes. This increased expression in suprabasal layers of keratin 16 along with parakeratosis, and increases in TNF-α, IL-8, ICAM-1, and IL-10. [148] Ideally an in vitro model of skin would have similar strength as native skin, and so would also be able to withstand tape stripping. However no such models that would survive this basic test are known to the best of our knowledge. [137]


[bookmark: _Toc428281277][bookmark: _Toc456437537]Paracrine signalling and the effects of growth factors
Paracrine signalling, or at least the associated growth factors, are critical for the correct morphological formation of RhE. Epithelial growth factors were hypothesised to be in medium conditioned by fibroblasts in the early 1980s. [54] Some growth factors work synergistically. KGF, FGF and EGF need insulin or insulin like growth factors (IGFs) to activate proliferation. [71] KGF was first isolated from this medium, and recognised to be a stromal mediator of epithelial cell proliferation. [179]
Growth factor supplementation may not be needed when fibroblasts are incorporated in co-cultures. The appearance of in vivo morphology occurs via keratinocyte growth factor, which causes basal keratinocytes to form a cuboid shape at the DEJ. However it also appears to cause a flattening of the DEJ, perhaps due to the proliferation of basal keratinocytes. The stratum granulosum layer is lacking unless fibroblasts are incorporated or growth factors supplemented. Comparisons of 7-day to 14-day air-liquid models, found increased stratum corneum formation. (Figure 2‑9) They found the number of fibroblasts and time of culture to effect keratinocyte proliferation. Keratin 10 is produced regardless of fibroblasts whereas keratins 16 and 17 are absent only with the inclusion of fibroblasts while keratin 6 is down regulated. Integrin subunits get up regulated as long as fibroblasts are present. Stratum granulosum formation occurs only for fibroblast seeded DED. [66]
[image: ]Thickened epidermis 

Deep epidermal network into dermis. 

Dermis corneum


[bookmark: _Toc456437355]Figure 2‑11: Skin is a dynamic organ with thick and thin regions, this thick region has dermal invasions perhaps for cushioning basal keratinocytes and increased oxygen diffusion. Haematoxylin and pan-cytokeratin stained.

 
[bookmark: _Toc456437538]Early history of Toxicology

At the start of the 20th century, science and medicine was still in its infancy. The use of chemicals was dangerous both to the public and the pioneering scientists developing them. Accidental chemical poisonings, eye damage, explosions and radiation exposure were far more commonplace hazards. The use of animals in testing was first objected by FP Cobbe with the foundation of National Anti-Vivisection Society (NAVS) in 1875, with the idea that the benefit does not justify the means. [45] Prior to 1877 it was widely accepted that the skin was freely permeable to substances such as gases and volatile liquids. Fleischer however declared skin to be impermeable. [183]
The 1938 Federal Food, Drug, and Cosmetic Act (FDA) brought a level of public safety, in response to numerous avoidable deaths for example due to toxic compounds in drug preparations, by requiring testing of drugs on animals before they could be marketed. [77] The concept of refining, reducing and replacing animal testing where possible is known as the 3Rs’. [180] This concept aims to minimise animal suffering, reduce numbers of animals needed and wherever possible replace the use of animals with alternative methods. The 3Rs’ have become central to ethical approval in the biological sciences. In the UK, a national centre called the NC3Rs, has been setup to fund the discovery and application of 3R methods. 
 Like many areas of science in the 20th century, toxicology was driven by warfare. A Nobel Prize winning German chemist, Fritz Haber was notable for inventing fertiliser production but also gas warfare, using gas cylinders of chlorine or phosgene. [180] He later worked on Zyklon A. His investigations deduced the Haber’s rule, which simply relates dose concentration and exposure time to the toxic effect of a poisonous gas. [141] 
The safe usage of these weapons by soldiers necessitated the testing and use of animal models, to deduce the toxic activity of chemicals. The main factors investigated were the routes of exposure and dosage. John Scott Haldane was responsible for the invention of the gas mask as well as animal sentries. Canaries have been used down coalmines, to detect carbon monoxide, carbon dioxide and methane gases. Canaries are very sensitive, and will stop singing when these asphyxiating gases start to affect their health, indicating to the miners to leave.  Both JS Haldane and his son preferred self-experimentation rather than animal experiments. JBS Haldane explained, “For rough experiments one uses an animal, and it is really only when accurate observations are needed that a human being is preferable … it is difficult to be sure how a rabbit feels at any time. Indeed, many rabbits make no serious attempt to cooperate with one.” [6] To make these accurate observations pioneering scientists performed experiments on themselves. Sir John Charnley initially developed and used polytetrafluoroethylene (PTFE) hip replacements on his patients but noticed poor long term response. Deducing that there may be small wear products producing an inflammatory response he performed self-experiments using wear particles of PTFE, against a new high molecular weight polyethylene (HMWP) implanted into his thighs. After 9 months there was encapsulation of the PTFE partials while the HMWP implants were confirmed as biocompatible. [38, 213] 

[bookmark: _Toc456437539]Irritant permeability testing using animals
Pioneering work by Draize, Woodard and Calvary working for the Food and Drug Administration (FDA), developed animal models for testing of chemicals. These experiments were published after the disbanding of the War Research Service (WRS) in 1944. One finding during this research was to make the link between skin metabolism and permeability of chemicals; specifically when comparing human to various animal skins by measuring glucose and lactic acid permeability. 
Post war, the focus turned to the development of nerve agent insecticides that was part of the industrialisation of farming. These agents were also of high toxicity to human health, agents such as VX ((O-ethyl-S- (2- (di-isopropylamino) ethyl) an ester of methylfosfonothioinezuur)) that was 1,000 times more toxic than sarin on skin contact and 2-3x more toxic by inhalation, as well as being more persistent. It was termed a V-series agent due to the venomous nature. It blocks the enzymatic activity of acetylcholinesterase (AChE) resulting in sustained muscular contraction. [191]
The Draize rabbit skin test for acute toxicity was devised in 1944 by the FDA. [61] This method exposes the shaved skin of 6 albino rabbits to 0.5g or 0.5mL of the test substance for 24 hours, after which the rabbit is observed visually for signs of irritation such as erythema or oedema for 14 days. The erythema signs of rubor (redness) and warmth (calor) are due to increased blood flow in response to inflammation. The oedema swelling is seen as raised edges around the exposure site, due to vasodilation of blood vessels to secrete endothelial cells.  These signs are scored against a classification scheme using a primary irritant index. [60] PETA pisc ltd found that the Draize test over-predicted human skin irritation for the 4 hours exposure.  Investigations into human patch testing provide gold standard data for skin irritation. These investigations can however only be tested on chemicals that have been proven noncorrosive and nontoxic by animal testing prior. [12, 10, 223] Mild irritants can then ethically be tested on human volunteers, using a progressive exposure regime for up to 4 hours. [173]
Scientific validity of the test is questionable due to the differences between rabbit and human skin. This is evident by the over-classification of chemicals as irritants as rabbit skin is more sensitive. [13, 150] Comparisons between human skin irritation tests and animal tests were made to double check the sensitivity actually required by the alternative models. These models had been initially validated against rabbit skin. They found human skin to be more resistant than rabbit skin to the EU borderline chemicals tested. 15 chemicals were found to be irritant to rabbits, of which only 5 were actually irritant to humans, see Table 1 below. [93] This is similar to the 40% that Basketter found when testing 65 substances. Not only does this mean that the Draize test was unspecific but also that the alternative models were more sensitive than human skin. The 60 minute exposure concurred with the rabbit skin while the 15 minute exposure was a better match for human skin. The human skin had undergone a 4-hour exposure, making the equivalent skin model actually 16 times less resistant to irritation.
Patch testing was done using a 20% aq Sodium lauryl sulphate solution as a positive control of a skin irritant (R38) to define the borderline. The SLS was positively identified as an irritant only 79.6% of the time. This is typical, however it has been found to be the most reliable control across laboratories. [10] RhE models had 76% (EpiDerm) and 70% (EPISKIN) concordance of with the 4 hour human patch test which as improvement over the Draize rabbit skin test. 

	[bookmark: _Ref426552737][bookmark: _Ref426552741][bookmark: _Toc456438177]Table 1: Classification of 25 chemicals by rabbit Draize Rabbit skin test. EpiDerm assay (15/60min exposure) and human patch test. [93] Shows differences in classification concordance against the 4 hour HPT gold standard. The positive reactions are to 20% SLS. 
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The over prediction of irritation by rabbit skin made the Episkin™ model look initially to be the better choice, however with a revaluation an extension of testing time to 42 minutes was undertaken and the 15 minutes original for the EpiDerm® extended to 60 minutes. The validity was also questionable due to the reliability of human visual analysis for quantification, which is arguably inaccurate due to subjective variation. The ‘miss-categorisation’ of serious irritants as mild irritants is high and varies from 10.3% to 38.7%. [61] The test has been refined by reducing the time down to 1-4 hours and the number of animals first too 3, and then 1. [153] Further refinement to a 3 minute and 1 hour exposure test for a single rabbit, which if negative leads to a 4 hour exposure time for 3 rabbits.

 Taking a list of chemicals well defined as irritant or non-irritant from past animal testing, such as the Draize rabbit skin test, has been used to validate the replacement skin models. Irritants can act acutely with a single exposure causing irritation or for weaker irritants, chronically, whereby cumulative exposure can induce dermatitis similar to Allergic Contact Dermatitis (ACD). [56] Irritants can increase the sensitivity of the skin to other substances by compromising the barrier function or sensitising cells. 

[bookmark: _Toc456437540]Irritant testing using skin models
	Within the European Union all chemicals, medicines, vaccines, medical devices, cosmetics, household products and agricultural products imported into or produced within need to be classified for safety. [78] REACH was adopted in June 2007 to unify regulations and provide the free movement of substances and mixtures throughout the EU market. The Cosmetic directive 76/768/EEC prohibited over 1,100 chemicals from cosmetics in 2003. In 2013, the 7th amendment of the European Council Directive 76/768/EEC enforced the replacement for even complex chemical toxicology tests, such as on cosmetics which contain chemical mixtures that may have a greater combined effect than their individual components. As testing of whole mixtures in vivo is no longer available, for a replacement; European Registration, Evaluation and Authorisation of Chemicals legislation (REACH) registers Multi-Constituent Substances (MCS) but treats these substances as single substances, so long as the purity is over 80%, components and all constituents above 0.1% identified and of similar hazard rating. [105]
	The EU Cosmetic Regulation (EC1223/2009) unified regulations by replacing the Cosmetic directive 76/768/EEC. A regulation has to be adopted into EU member state countries’ law whereas a directive is voluntary. It also adopted Good Manufacturing Practices (GMP) according to the ISO 22716 standard. This standard makes the labelling, definition and safety assessment of nanomaterials a requirement. 
The European Centre for the Validation of Alternative Methods (ECVAM) in 2011 validated a number of alternative in vitro methods. These alternative methods are now tested at a central testing laboratory European Union Reference Laboratory (EURL) in Ispra, Italy. This helps co-ordinate testing across Europe, minimalizing inter-laboratory variability. 

[bookmark: _Toc456437541]EU ban on animal testing
There are two types of cosmetic bans introduced by the EU; a testing ban, which prohibits the testing of cosmetic products or ingredients on animals and a marketing ban, which prohibits the marketing of products which used animal testing. The marketing ban was originally introduced in 1993 with a 1998 deadline. The political desire for a replacement could not be matched by the scientific development of viable alternative methods.
A prevalidation study was done on RhE models by ECVAM deduced only EpiDerm® to be suitable. Meetings were had with L’Oréal to improve the Episkin™ model. [20] In 1998 ECVAM/ESAC made a statement on the Episkin™ skin corrosion test method. Hierarchical testing schemes were chosen so that substances were analysed for in vitro skin corrosion before irritation. [11] The pH of the substance can classify it as corrosive without the need for testing. There is no single test method to fully replace the in vivo test for skin irritation. 
A ban on animal testing of finished cosmetic products was agreed upon on 11th March 2004. The loss of in vivo testing would have placed total reliance on the accuracy of in vitro testing, in regards to specificity and sensitivity, in distinguishing between a toxic, irritant and non-irritant chemical. Therefore the ban was made flexible in favour of public safety, with yearly scientific progress reports. It was not till 2009 that the acute toxicity testing of cosmetic ingredients on animals was finally banned. Alternatives were successfully found for skin irritation and corrosion, phototoxicity and skin penetration tests. The exception being more complex toxicity testing, included repeated-dose systemic toxicity, skin sensitisation, carcinogenicity, reproductive toxicity and toxicokinetics tests. It was estimated a further 4 years was needed for alternative methods to be validated as suitable, so that an extension too 11th March 2013 was granted. In the September 2011 report it became apparent that it would not be possible for reproductive toxicity and toxicokinetics by 2013. Only for skin sensitisation and carcinogenicity testing protocols, could alternative methods be developed and validated in time for the deadline.  [46, 47]
Toxicity testing of cosmetics was then banned in 2013. Cosmetics produced outside the EU, also had to be animal test free in order to be allowed to be imported. Numbers of animals tested prior to the deadline sharply increased. Within the EU member states in 2011; 1,490 rats and 3,151 rabbits were used for skin irritation tests. For acute and sub-acute toxicity tests around 75,000 rats and 3,105 rabbits were used mostly in a non-lethal method. It is worth noting that the decision tree can either start from bottom-up; first testing for irritancy with positive substances then being tested for corrosion or as the numbers suggest more commonly with toxicity testing first. 
The current situation is that new chemicals are being synthesised at a rate that is still increasing above the rate of testing. Therefore ECVAM still state the need for new testing methods to be validated, with the hope of a high throughput method being a valid replacement for the current low throughput methods. This would help the EU with the backlog of chemicals needing to be tested. With 144,000 chemicals preregistered for the 2018 REACH deadline. Which includes registering chemicals produced between 1-100 tonnes per a year within the EU. This is likely to affect substances found within mixtures at these levels.  Only chemicals manufactured or imported over the metric ton limit have to be tested by law, this excludes testing of antibodies and the like for which testing would be prohibitively expensive and probably not relevant due to complexity.

[bookmark: _Toc456438178]Table 2: Phases of the 7th Amendment to the Cosmetics directive
	Date
	Phases of the 7th Amendment to the Cosmetics directive

	15.1.2003
	7th Amendment to the Cosmetics directive; Timeline for the phasing out of animal testing

	        2004
	Testing of cosmetic products on animals banned

	11.3.2009
	Testing of cosmetic ingredients banned

	11.3.2013
	Testing of complex the permitted for repeated dose systemic toxicity, skin sensitisation, carcinogenicity, reproductive toxicity and toxicokinetics band

	11.7.2013
	Cosmetics Regulation repeals and replaces the Cosmetics Directive



[bookmark: _Toc456437542]In silico testing to replace In vivo and accompany In vitro testing
Validation using retrospective meta-analysis on its own may be possible.  [79] The use of in silico testing could potentially replace in vitro testing. It can certainly be used as a first step in predicting toxicity or irritancy so help place chemical testing order in a needs basis.  Since skin models in development can now only be validated against current skin models and past in vivo data. This may not be relevant as too far down the order of human relevance hierarchy.  An advantage of in silico testing, is the potential to test combined substances using individual substance data, this is because there are near infinite permutations of chemical possibilities. Unfortunately combinations of substances do not behave in the same manner as single substances, for example SDS increases the permeability of hydrophilic substances through the lipid containing stratum corneum. Testing of environmental samples for example; surface water, drinking water or air of unknown composition gives the real life response but does not identify the culprit chemicals.

[bookmark: _Toc456437543]Accuracy of irritant testing using skin models
ECVAM have validated the Episkin™, the modified EpiDerm®, and the SkinEthic™, RhE models in stand-alone tests for skin irritation as a replacement of the Draize Skin Irritation Test. [5, 208] When retesting Episkin™ with 87 GHS reference chemicals a high sensitivity and specificity, and accuracy (94, 82, and 89%) for the skin irritation tests was found. [4] ECVAM found the 42bis protocol proposed by SkinEthic™ to exceed the intralaboratory minimum performance standards, as well as better the existing protocols with an overall accuracy of 85% when tested against the 20 ECVAM selected reference test substances. [208] The skin irritant test (EU B.46, OECD adoption of test guideline 439) for RhE was accepted in 2010, and includes the LabCyte EPI-model. The standardization of test methods was made easier with an EU Reference Laboratory, established in 2011. Improvements to this system are needed and ECVAM is currently working on developing multiple chemical exposure methods for testing of intentional and coincidental mixtures, which often end up in the real life environment.

[bookmark: _Toc456437544]Testing guidelines
The Organisation for Economic Co-operation and Development (OECD) have produced Test Guidelines (TG), TG 439 has a negative control of sterile deionised water or calcium and magnesium free dPBS, and a positive control of 5% SDS. It does not allow classification of test substances to the optional UN GHS category 3 (mild irritants) which is an optional subcategory of irritancy, where originally 2/3 animals were seen to have mild erythema or oedema. The issues of having a single protocol is the problem of a single exposure time and dose; this gives a very limited predictive range, outside of which may lie toxic effects. The actual mode of irritation is also not deductible, structurally related substances may be presumed to have the same mode and thus similar irritancy.
The OECD TG 431 (2014) for skin corrosion is very similar to the 439 skin irritation method as both use the RhE model, but with differing protocols. The OECD TG 431 has a 3 hour exposure rather than 42 minutes. The endpoint is more obvious being a cell viability below 35%. This simplicity, means only one test run with three repeats is needed. (Figure 2‑12) It cannot be used for the sub-categorisation of corrosive substances, as it does not distinguish between skin corrosive sub-categories 1B and 1C in accordance with the CLP regulation. (See section 2.3.7) For sub-categorisation an In vitro Membrane Barrier test method for skin corrosion, (OECD 435) is needed. Only Episkin™ can be used in this test to differentiate sub-categories of a corrosive test. As Episkin™ (SM) has a different viability response compared to EpiDerm® (EPI200), epiCS and SkinEthic™ RHE.
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[bookmark: _Ref430964565][bookmark: _Toc456437356]Figure 2‑12 Topical application of chemical onto Episkin™. Viability threshold is 35% for corrosion with each time point relating to the corrosion categories and 50% for irritation. [4]





[bookmark: _Toc428281261][bookmark: _Toc456437545]MTT assay suitability for cell viability/cell number

	The analysis of cell viability for the skin irritation test is via the reduction of (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), by enzymatic activity into the insoluble blue formazan salt. This salt can then be released via cell lysis and solubilised. Optical density at 562nm solely measures for MTT formazan in solution as the MTT stops absorbing above 460nm. This method has been demonstrated to have a linear relationship between number of cells and optical absorbance at 562nm. Phosphate buffer is used at pH7.5 to maintain live cells but also as high pH causes spectral shift of the MTT-formazan absorbance spectra. Mitochondrial dehydrogenase was originally proposed to be responsible for the reduction of MTT to formazan. [85, 190] There has been some dispute with this hypothesis. Formation of formazan salts in mitochondrial range from 25-45% using TMRE and NAO fluorescent probes. [14] To none at all, where MTT formazan granules were found not to co-localize with mitochondria but accumulate in lipid droplets and cytoplasmic granules in the form of unusual fibres of 50nm diameter. [58, 193] Therefore the assay does not measure in principle the total mitochondria as previously believed.

[bookmark: _Toc428281262][bookmark: _Ref431233833][bookmark: _Toc456437546]Global testing
Countries outside the EU that are making progress to match the EU regulations are; India, South Korea (2020 ban drafted for substance testing), China where Episkin™ has been produced since 2008 and the ASEAN (Indonesia, Malaysia, the Philippines, Singapore, Thailand, Brunei, Cambodia, Laos, Myanmar (Burma) and Vietnam). [8] EU regulations are being altered from the original ECVAM performance standard methods, to match US FDA regulations and ISO standards. EU CLP (classification, labelling and packaging) aligned EU classifications with the UN Global Harmonised System (UN GHS). This allows products to be validated across the Globe without additional testing for each market. CLP Regulation (EC No 1272/2008) is for the classification, labelling and packaging of substances and mixtures to align the existing EU legislation with the United Nations Globally Harmonised System. 

[bookmark: _Toc428281264]
[bookmark: _Toc428281278][bookmark: _Toc456437547]Cytokines
[bookmark: _Toc428281279][bookmark: _Toc456437548]IL-1α
IL-1α is synthesised as a 31kDa precursor, this precursor is stored in large amounts ready to be activated. [114] The activation occurs when precursor IL-1α gets fragmented at the N-terminal by proteases, into an 18kDa mature bioactive form. IL-1α is a cell-membrane bound form and IL-1β is a secreted form. IL-1α stimulates fibroblast proliferation (via FGF and EGF) and activity such as type I procollagen chains, secretion of IL-6 and granulocyte colony-stimulating factor (GCSF). IL-1α binds to IL-1α receptors on the fibroblasts, therefore production of IL-1α in keratinocyte monoculture just increases, whereas in co-culture with fibroblasts a decrease in IL-1α from the medium could occur. Fibroblasts internalise and degrade the IL-1α. [24] The effect of secreted IL-1α is to improve the barrier function, lamellar body production, and lipid synthesis in keratinocytes. [97]	Comment by Joe Lemmens: Reference in discussion
For the induction of IL-6 and IL-8 gene expression via the IL-1α pathway, transcription factors NF-IL-6 and/or NF-κβ are needed. [135] NF-IL-6 has broader effects than just the activation of IL-6, it has also been seen to induce activation of TNF, IL-8 and G-CSF via binding to regulatory regions on the proinflammatory acute phase protein genes. [83, 143, 2] The activation of NF-κβ can be seen by the re-localisation from the cytosol to the nucleus. [195] Thus the initiation of the production of secondary cytokines is rapid but there is no burst of release, rather a steady increase over 48 hours.
The use of IL-1α measurement in addition to MTT cell viability measurements typically increases the sensitivity of testing but not the specificity. [110] The induction of c-fos transcription in HaCaTs, by IL-1β is time- and dose-dependent. The peak activation of c-fos occurred at 40 minutes and had deactivated by 60 minutes. The activation occurs via ERK and p38 MAPK pathways. [184] Testing the SkinEthic™ model for IL-1α release showed a linear dose-dependent increase with increasing concentrations of irritant. [48]

[bookmark: _Toc428281280][bookmark: _Toc456437549]IL-6
Discovered in 1980 by Weissenbach et al. [216] IL-6 was initially called interferon (IFN)-β2 from human fibroblasts. IL-6 is a 26kDa protein of 183 amino acids. IL-6 classically is an inflammatory cytokine. All cell types are capable of producing IL-6 in response to various stimuli: lipopolysaccharides (LPS) from Gram-negative bacteria, reactive oxygen species (ROS) and inflammatory cytokines. In the skin its’ role is proinflammatory, but it is also secreted by contracting muscles as a ‘myokine’ into the bloodstream during and post exercise. Increasing exponentially the levels by up to 100-fold depending on exercise duration, along with insulin, IL-8 and IL-15. [156, 155] This mode is different from the muscle damage immune response original presumed in line with the classical inflammatory response, [149] instead it is linked to a metabolism response with decreased intramuscular glycogen. [103] 
IL-6R can undergo proteolysis by metalloproteases ADAM10 and ADAM17 to become an intracellular soluble factor. [144, 136] Whereby it will competitively bind with IL-6 against membrane-bound cellular IL-6R (mIL-6R) with comparable affinity. [177] Trans-signalling can activate cells without the mIL-6R, via a soluble IL-6R (sIL-6R) form in complex with IL-6, activating the signal transducing receptor protein; Glycoprotein 130 (gp130). [201] All mammalian cell types express gp130 and so through this pathway the effects of IL-6 are amplified as the affinity for the complex to bind too gp130 is 100 times greater than IL-6 with mIL-6R. [178] It also means that cells not expressing IL-6R can still be activated by the trans-signalling route. There is however a buffering effect due to 1000x greater concentration of sIL-6R and sgp130 than IL-6, this will bind to the complex and prevent the classical pathway taking place unless huge amounts of IL-6 are produced. [176] Following the activation by one of these two methods the process of IL-6 binding to the homodimerised IL-6Rα/gp130Rβ initiates a signalling cascade autophosphorylation of Janus-activated kinase (JAK).

[bookmark: _Toc428281281][bookmark: _Toc456437550]IL-8
Monocyte-derived neutrophil chemotactic factor (MDNCF) was renamed IL-8 when it was found to be produced by multiple cell types; such as lymphocytes and endothelial cells. It is produced by fibroblasts, but not keratinocytes, in response to IL-1α and to a lesser extent Tumor Necrosis Factor (TNF)α. [117] IL-8 is a member of the CXC family of cytokines and may also be termed CXCL8. It is a chemokine attracting the migration of neutrophils, as well as an angiogenic factor. [23] Fibroblasts secrete IL-8 when induced by irritant levels of IL-1α. [186] Constituent levels are highest in proliferating fibroblasts and reduce with senescence. [126] Irradiated fibroblasts still produce IL-8, but reduce the levels in co-culture with keratinocytes, normal fibroblasts increase IL-8 in co-culture. [127]

[bookmark: _Toc456437551]SDS effect on skin
Surfactants are commonly used in cosmetics to increase the permeability of the skin by overcoming the hydrophobic nature of the lipid rich stratum corneum. This also increases the permeation of ingredients and so their effectiveness. The 12-carbon long-chain alcohol sulphate, sodium lauryl sulfate (SDS) or sodium dodecyl sulphate, (SDS) is an anionic surfactant. Surfactants are amphiphilic molecules with both hydrophilic and hydrophobic ends that interact with lipids. SDS induces irritation by percutaneous penetration. The rate of which, can be modelled using Flick’s first law of diffusion;
	



Where dQ/dt is the rate of skin penetration, D is the effective diffusion coefficient in the stratum corneum, Kp is the partition coefficient of substance between membrane and solution, c is the concentration gradient of substance, and h is the effective thickness of skin barrier. [218]
The effect of SDS on α-keratin (a coiled polypeptide structure of α-helix) is to uncoil and expand the tertiary protein structure, which increases the permeability of the stratum corneum. This interaction occurs via an interaction of the hydrophobic regions of keratin and SDS, resulting in exposure of the hydrophilic regions of the keratin to water. [26] This binding of SDS to keratin may result in a drop of the SDS concentration. This process is used in SDS-PAGE to unravel proteins into their primary structure and aid their solubilisation by imparting a uniform charge density along the polypeptide chain.  The critical micelle concentration (Cmc) of SDS is around 8.0-8.3mM and it increases with temperature. Above the Cmc, stable SDS micelles aggregate, while bellow the Cmc, SDS monomers are free in solution. [104] If FCS was left in the Greens’ medium, it would be encapsulated by micelles, for this reason FCS was removed from the test medium. The DMEM used contains a sodium bicarbonate buffer system (3.7 g/L), which should not induce flocculation like potassium salts would. [81] 

[bookmark: _Toc428281283][bookmark: _Ref429061155][bookmark: _Toc456437552]Immortalised human keratinocyte cell line, HaCaT
Maintaining normal human keratinocytes in a basal state beyond passage 2 is impossible, therefore an immortalised keratinocyte cell line, which remains in a basal-like state for many passages is used; the spontaneously immortalised Human adult low Calcium high Temperature (HaCaT) keratinocytes. HaCaTs are more proliferative at low calcium levels unlike NhKs. [140] HaCaT keratinocytes cultures were initially thought to have normal morphological and functional differentiation properties when transplanted onto athymic nude mice. [21] The HaCaT keratinocytes cell line has since been found to have some abnormal properties. They can revert back and forth between basal and differentiated states, depending on calcium levels.
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[bookmark: _Toc456437357]Figure 2‑13: Dose-dependent decrease in neutral red uptake by HaCaTs after 48hr incubation with alkyl sulphates with variable hydrocarbon chain lengths. (SDS=*) [217]

HaCaT keratinocytes cultures have been used to test the irritation of various anionic surfactants. This experiment deduced the Half Maximal Inhibitory Concentration (IC-50) for a range of sodium salts of N-alkyl sulphates, of hydrocarbon lengths between C8 and C16. With an exposure time of 48hr incubation with each chemical. A comparison too human in vivo data was made, from a 24hr exposure to 300µL of 20mM surfactant. Irritation was observed by trans-epithelial water loss (TEWL) and erythema in vivo and by growth inhibition with hydropic swelling, loss of cobblestone pattern, pyknosis of cell nucleus and loss of cell attachment in vitro. SDS was found to be the strongest irritant both in vivo and in vitro with an IC-50 of 0.15mM. [217]
HaCaTs respond to TNFα in the same way as NhKs, advancing terminal differentiation by increasing ceramide production and inducing terminal apoptosis. [145] High cell confluence in medium with high levels of calcium, actually suppresses keratin 1. [35] Also at greater confluence than 85% they lose basal morphology and express Keratin 1. Standard DMEM does not keep HaCaT keratinocytes completely in the basal state, but expresses certain markers of differentiation. [57] Close contact of HaCaT keratinocytes that have been induced to differentiate with high calcium, are observed to assemble desmosomal and adherens junctions. [75] NhKs are lysed at SDS concentrations about three times lower than HaCaT keratinocytes. [151] 
HaCaT keratinocytes require a higher extracellular calcium concentration and more time, than NhKs, to induce differentiation. 1.2mM calcium increased proliferation rather than differentiation. [140, 181] Furthermore when raised to air-liquid to differentiate, the cells develop a disordered organisation, including rounded cells with abnormally shaped nuclei and the irregular expression of keratins K1 and K10. Stratification is incomplete with the cornified envelope precursors only expressed beyond 2 weeks, and the lipid profile shows few ceramides and no free fatty acids. [18]
Tissue differentiation in NhKs is regulated by stromal interactions, this mechanism is impaired in HaCaT keratinocytes due to very little section of IL-1α which in turn does not activate the paracrine signalling in fibroblasts. The formation of a stratified epithelium can be induced with the addition of TGF-α or EGF such as in Green’s medium. [128] Culturing keratinocytes in high calcium medium would likely cause the differentiation of the cells in their entirety. This would mean the ultimate loss of basal keratinocytes. For this reason the only guidance for differentiation was in the air-liquid interface. A differentiation medium could potentially be used above the scaffold for the submerged time of 3 days. The dehydration at the surface may increase extracellular calcium concentration signalling differentiation.
The amount of Intercellular Interleukin 1 Receptor antagonist (icIL-1Ra) increases in confluent HaCaT keratinocytes cultures. The effect of increasing extracellular calcium from a basal level of 0.42mM to a high level of 1.6mM increases the icIL-1Ra in non-confluent HaCaT keratinocyte cultures but not confluent ones. Lysed HaCaT keratinocytes will release a large amount of IL-1α that was stored intracellularly, but HaCaT keratinocytes only secrete low level of soluble IL-1α into the extracellular surroundings. The anti-inflammatory agent hydrocortisone can significantly increase the icIL-1Ra (the addition of 500ng/mL hydrocortisone results in around a 15% increase in icIL-1Ra) of confluent HaCaT keratinocytes, which in turn decreases the IL-1α. [159] For this reason the recovery Greens’ medium in the ‘42 bis’ protocol was deprived of hydrocortisone as well as medium. 1% topical hydrocortisone has been demonstrated to significantly reduce TEWL on in vivo human skin that had been irritated with SLS. It also significantly reduced blood flow to the applied area.  [122]  
Despite a few concerns that HaCaT keratinocytes do not behave like NhKs, there are no concerns about the supply, reliability and health of the cells.

[bookmark: _Toc456437553]Keratinocyte Metabolism and MTT cell viability 
The action of drugs and chemicals topically applied to the skin is known to cause keratinocyte activation. These chemicals when metabolised by the keratinocytes are said to be bioactivated. This activation can be via desaturation, oxidation, deethylation, hydration, reduction, glutathione or glucuronide conjugation, demethylation, acetylation or hydrolysis. The metabolites then may cause sensitivity reactions. Using 2D HaCaT keratinocyte to metabolise test substrates then analysing the human skin S9 subcellular fractions, which contains NhK enzymes, is insufficient for a sensitivity cell model replacement. [98] Other indicators of cell irritancy can have better sensitivity than the MTT for cell viability (minimum effective concentration, MEC: 100µM) these include cell loss, membrane permeability, mitochondrial mass and mitochondrial membrane potential. Using HCS for fluorescent dye/antibodies and multiple parameters sensitivity is increased up to 160 fold, at least in the 2D HepG2 culture investigated.  [211]

[bookmark: _Toc456437554][bookmark: _Toc428281284]TEWL - Trans Epithelial Water Loss
Water transported through skin occurs via passive diffusion. It is equivalent to the rate of evaporation of water from the skin, as long as there is homeostasis – that is equivalent replacement by tissue fluid diffusion. Dry skin is a result of increased loss of water, usually due to a compromised stratum corneum. This damage can occur by surfactants such as the SDS tested. Overexposure of compromised stratum corneum to irritants leads to a chronic irritation condition known as dermatitis. [171] Commonly, TEWL is used to assess the effect of surfactants and detergents on barrier function, during repetitive hand washing. The dielectric constant of water is 80.4 at 20°C which would be raised in an ionic solution such as a culture medium. As it is much greater than the low dielectric constants of the lipids in the stratum corneum, hydration dramatically increases conduction. [171]

[bookmark: _Toc456437555]3D cell culture verses 2D cell culture
True 3D cell culture provides the microenvironment needed by cells for optimal cell growth, differentiation and function. In comparison to the 3µm thick flattened morphology of cells in monolayers on a flat surface, cells in 3D are typically ellipsoids with dimensions of 10-30µm.

[image: ]Void

Interconnect


[bookmark: _Ref431236000][bookmark: _Toc456437358]Figure 2‑14: Alvetex ® scaffold showing voids between polystyrene struts. Voids have an average diameter of 40µm and interconnects of average diameter 13µm.

Scaffolds developed with potential applications for skin culture tend to be a substrate representative of the basement membrane rather than the complex 3D ECM. The cell cultures grown over 2D scaffold may be termed 2.5D, as the stratas created are parallel due to the lack of z-axis topographical features. These include substrates that are held by well inserts so that medium is in contact with just the basolateral surface at air-liquid interface. These substrates therefore tend to be microporous membranes developed originally for nanofiltration (NF) purposes, this allows for medium diffusion up through the pores by capillary action as the moisture evaporates off the apical surface. Materials used for the scaffold include hydrophilic polytetrafluoroethylene (PTFE), mixed cellulose esters, polycarbonate and polyethylene terephthalate (PET). Alternatively biodegradable electrospun polymers such as poly(glycolic acid), poly(lactic acid) and their co-polymers poly(lactic-co-glycolic acid) have been electrospun. [196] Biodegradability while important for scaffolds developed for in vivo use is not a requirement for dermatotoxicity testing purposes.  Polystyrene scaffolds such as in Alvetex® (Reinnervate Limited, Sedgefield, UK) can then potentially be used. [107, 199]

[bookmark: _Toc456437556]Characterisation of Alvetex®
Alvetex® is formed by the polymerisation in a biphasic emulsion of aqueous and a nonaqueous surfactant/monomer phase known as a high internal phase emulsion (HIPE). Polymerisation occurs around the aqueous droplets creating large voids with interconnecting windows see Figure 2‑14. [31] Growing HepG2 cells on Alvetex® helps maximise cell surface area which aids the normal metabolic activity of cells, reducing the sensitivity to a cytotoxic compared to 2D. [19] The Alvetex® comes as 24 well plate or 6/12-well insert form; holding scaffolds cut to 200µm thickness, a distance that allows mass diffusion of gas, nutrients and waste products in static culture. They can be plasma treated or coated with fibronectin or collagen. [130] The collagen coating at 2mg/mL will form a layer on top of the Alvetex® when it is made hydrophilic. A thin layer will minimalize the loss of permeability across the membrane. [107, 109] 
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[bookmark: _Ref430945880][bookmark: _Toc456437359]Figure 2‑15: Alvetex® scaffold fixed and sectioned for immunocytochemistry. HaCaTs grown in Alvetex® scaffold for 7 days at air-liquid. The three images from the same region show; phase contrast (top), blue fluorescent Hoescht 33258 nuclei stain (middle) and Ki67 staining (bottom). 
[image: three-dimensional-hacats-fig-5]
[bookmark: _Toc456437360]Figure 2‑16: Alvetex® scaffold (A) TEM image of keratinocytes cultured at air-liquid interface without collagen or fibroblasts for 14 days. The scaffold is indicated by a black arrow. (B) TEM image showing cells progressively flattening towards the upper surface of the culture after 14 days at air-liquid interface. (C) High magnification image showing desmosomes, indicated with white arrows. (D) High magnification image showing bundling of keratin filaments underneath cell membrane, indicated with white arrows. Scale bars: (A) 10 µm; (B) 2 µm; (C,D) 500 nm. [170]
[bookmark: _Ref453006873][bookmark: _Toc456437557]Electrospun fibres
An electrospun fibre dermal analogue has the potential to improve upon the matrices in current models such as Apligraf® and Integra® which both use bovine collagen as dermal replacements. [28, 63] This would replace the use of animal tissue in dermal substitutes by using synthetic biodegradable materials instead. The material for a dermal replacement would still ideally have a structure analogous to the extracellular dermal matrix seen in DED. (See section 2.1.10) The papillary dermis is mostly made up of a loose network of collagen I and III fibres. The precursor to collagen 1 is synthesised bellow the epidermis by fibroblasts and assembled into fibrils. Collagen fibres are the largest ECM fibre when formed into nanofibrous fibrils. These fibrils vary in size depending on the tissue, with strong thick fibrils present in tendons and thinner fibres in less demanding tissues. Other dermal ECM fibrous proteins are much thinner and so cannot be modelled with electrospun fibres. The keratin filaments in the skin for example are 10-12nm thick. So while the highly porous structure of the dermal collagen matrix can be replicated by electrospun fibres, the actual fibre sizes cannot. 
The structure produced by electrospun fibres is a mat of overlaying fibres. The porosity of PLLA fibres was very high when dry but when hydrated the fibres lose their fluffiness. Compared to Alvetex®, electrospun scaffolds do not have the closed pore structure seen in the polyHIPE material, as all edges are convex rather than concave. Convex edges may improve cell migration as the positive curvatures would encourage orbital movement where a concave structure entraps. (Figure 2‑17)
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[bookmark: _Ref436579660][bookmark: _Toc456437361]Figure 2‑17: Comparing an electrospun fibre to the pores of Alvetex®. Windows in the Alvetex® voids allow for cell migration, but then can trap cells that form cell-cell bonds within the porosity.



The material properties of the polymers used would ideally be similar to the soft and elastic dermal matrix. This is because the underlining material properties have an effect on the cellular response and stem cell fate. The incorporation of natural biomacromolecules such as chitosan, collagen and gelatin into synthetic polymers has the effect of decreasing stiffness and increasing cell migration. Fibres have a high surface area to volume ratio and therefore undergo homogeneous degradation. Factors that affect the hydrolytic degradation are; water permeability, solubility, porosity, molecular weight and distribution, glass transition temperature, chemical composition, sterilisation method, additives, morphology, physico-chemical factors and mechanism of hydrolysis. [7]
Biocompatibility of polymers and their degradation products is complex. Poly(lactic-co-glycolic acid) (PLGA) microparticles induced the production of TNF-α and IL-6 from murine dendritic cells, and maturation of human dendritic cells in vitro. [224] Dendritic cells are specialised antigen presenting cells that have a role in both innate and adaptive immunity. The activation of these cells may be due to the bacterial origin of the polymer.  

[bookmark: _Toc456437558]Wettability of polymers for cell attachment and degradation
Polystyrene is a super hydrophobic material having water contact angles of 140-150°, this means water droplets will normally run off as they are repelled. To support cell attachment it must be made hydrophilic. To do this the polystyrene can be wetted using 70% ethanol or surfactants such as tween-20 or SDS. Plasma-treating the surface can also be employed, this technique is commonly adopted by manufacturers of polystyrene tissue culture plates to improve cell attachment. The effect on the surface chemistry of electrospun polystyrene has not been reported, but may have an effect of polymer degradation dependent on molecular weight. A more direct comparison to Alvetex® could potentially be made using electrospun polystyrene, however developing the scaffold down the biodegradable route would allow for inter-laboratory projects in the MacNeil group. [199]
[bookmark: _Toc456437559]Electrospinning introduction
Electrospinning has been around since 1934, when it was patented by Formhals. The electrospinning process uses a jet of positively charged polymer solution that is attracted to an earthed collector. The electrostatic field is generated by a potential difference of between 5-30kV. This potential difference drives a positively charged jet of polymer from a needle towards an earthed collector. This completes the circuit as the polymer discharges on the anode, at a distance dependant on the polymer conductivity. The viscosity of the polymer dictates the potential difference needed to overcome the surface tension at the tip. At which point a conical tip is formed as polymer is drawn towards the anode in a Taylor cone. [202] The solvent in the polymer fibre evaporates off across the air gap and arrives on the collector at least partially dry. The retention of some solvent causes the first fibres to flatten against the collector and the following fibres to meld into each other. A continuous flow of polymer by the syringe pump is desired at a rate which matches the jet rate. Continuous fibres are pulled by the rotating drum, causing an alignment. The process of electrospinning can produce polymer fibres with a wide range of characteristics desirable for various applications. The electrospinning parameters that could be controlled are; polymer concentration, polymer solution, applied voltage, solution feeding rate, needle tip-to-collector distance (NTCD) and needle number. 

[bookmark: _Toc456437560]Electrospun fibre cell interactions
Morphology and fibre diameters are the most important factors for the choice for electrospinning parameters. Assessment of the polymer properties such as molecular orientation of polymer chains and polymer degradation was not undertaken in this study. At the cellular scale of a few microns, the diameter of the fibres has an effect on cell attachment and behaviour. Microfibres are of a scale where cells will bridge between fibres but not attach to a singular fibre as the degree of curvature is too great for cell membrane distortion. Orientation of fibres can be controlled to produce random or aligned fibres. Aligned fibres can be used to control the direction of cell migration, typically guidance along fibres. Work by Frazer Bye and Dr Julio Bissoli has characterised the PLLA and Trilayer scaffolds. In the Trilayer scaffold the Polyhydroxybutyrate-co-hydroxyvalerate (PHBV) should have a porosity that prevents the migration of both fibroblasts and keratinocytes from passing through, it should not however present a barrier to diffusion of nutrients in the medium. [30] The idea behind the development of this model, was to have a synthetic basement membrane which may act as a precursor site onto which an actual barrier membrane assembly can occur.


[bookmark: _Toc456437561]PLLA and PHBV Material properties
PLLA
[image: C:\Users\Joe2\Pictures\PLLA image.png]
[bookmark: _Toc456437362]Figure 2‑18: PLLA chemical structure
In PLLA fibres the degree of crystallinity affects most of the polymer properties; stiffness, yield stress, modulus and tensile strength and solubility. Crystallinity decreases with an increase in the polymer solution concentration. Polymer chains can orientate themselves parallel to the fibres easier in low concentrations, as there is relatively more solvent to move around in. 10% PLLA was the maximum concentration used, as the viscosity increased due to chain entanglements. Crystallinity peaks at an optimum accelerating voltage, whereas needle tip-to-collector distance was an unpredictable affecting factor. The flexibility in crystallinities ranges from 23% to 46% crystalline. [69] PLLA is biodegradable in vivo being metabolised into lactic acid. PLLA electrospun fibres for dermal replacement have been developed and the degradation of implants studied in mice. [16] 



PHBV
Imperial Chemical Industries (ICI) developed a copolymer, PHBV in the late 1980s as an improvement over the thermally unstable polyhydroxybuyrate P(3HB). [91] A semicrystalline thermoplastic, PHBV dissolves in chlorinated solvents, but has fair resistance to dilute acids, UV and alcohol.

	[image: C:\Users\Joe2\Pictures\PHBV.png]
[bookmark: _Toc456437363]Figure 2‑19: PHBV chemical structure.



The PHBV used (Goodfellow) PHB88 and PHV12 Polyhydroxybutyrate / Polyhydroxyvalerate 12% (Biopolymer PHB88/PHV12). This polymer was made up of 10% plasticised pellets by a citric ester. Triethyl citrate (TEC), an ester of citric acid, is an effective plasticiser of PHBV blends. It affects the crystallinity of the polymer, producing thinner lamella evident by lower glass transition temperature and melting temperature. Mechanically this makes the polymer less strong but more elastic. [40] Alternatively water can be used as a plasticiser by reducing the glass transition temperature and increasing the free volume. [210] Plasticisers should improve the biocompatibility. Poly(propylene) carbonate additions to PHBV increases the elongation to breaking point by 1300% with reactive blending whereby cross-linking occurs between compatible blends, and 74% for mechanical blending. It has a low thermal stability, above the transition temperature cleavage occurs at the ester bond by elimination reaction, this annealing and recrystallization of PHBV can improve properties. 
It is a biobased co-polymer initially synthesised by the bacteria, Alcaligene eutrophus, during fermentation of glucose and propionic acid under phosphate starving conditions. [88, 221, 125] PHBV is a biodegradable nontoxic and biocompatible thermoplastic polymer. The biocompatibility has been shown with human T lymphocytes which had no inflammatory interaction with PHBV nanofibres. [200] Human fibroblasts cultured on PHBV nanofibres of 724±91nm upregulated genes for collagen 1 and elastin production over TCP, and formed focal adhesions (intracellular vinculin and actin cytoskeleton) with the PHBV fibres. PHBV degrades and swells by hydrolysis to over 1µm diameter even after a week.  [113] 
PHBV has a high modulus and tensile strength. It is brittle, having low elongation at break and low impact resistance probably due to high crystallinity in spherulite form. During electrospinning, the crystals of polymer would align with the tensile stress from extensional forces from the pulling of the rotating drum. The alignment of the fibres with the drum would depend on the speed of the drum to the rate of polymer extrusion flow. 

[image: ]
[bookmark: _Toc456437364]Figure 2‑20: SEM of PLLA/PHBV/PLLA Trilayer scaffold; A) 200µm thick layers, with the uppermost layer here being loose and the bottom layer tighter packed due to electrical insulation effect of previous layers over drum. B) High porosity of the PLLA layer over PHBV. C) Smaller PHBV fibres coat around PLLA fibres resulting in tight cell impervious layer.

[bookmark: _Ref428279614][bookmark: _Ref428279644][bookmark: _Toc456437562]Laser ablation of electrospun fibres
Laser ablation of electrospun fibre meshes is a recent technique, the first reported scientific use being in 2006, although it has a long history of uses in the textile industry. Laser ablation in this thesis is used to introduce surface topography to the randomly distributed electrospun fibre mat. The surface topography affects cell seeding, whereby niches into the scaffold can collect cells from which cell proliferate out from. These niches in theory then act like rete ridges, whereby stem cells form proliferation units at the bases between ridges, by collecting the primary seeded cells from which daughters are produced. Laser ablation has been used to produce large and controlled porosity into electrospun scaffolds. Shallow etching into scaffolds is not commonly applied. 
Electrospun PCL using a femtosecond laser cut very large 432µm diameter holes and melted regions surrounding into a film with very poor resolution.  [220] Laser ablated down to 38µm into electrospun PLA scaffolds also demonstrated redeposition of melted PLA onto surrounding areas causing loss of fibre morphology, which increases with larger pores cut up to 50µm. [138] Laser scanning can increase hydrophobicity via increased oxygen content on the surface of electrospun scaffolds. The melting and coalescing of fibres increases fibre diameter, morphology and surface chemistry. [80] The nanoporosity, due to solvent evaporation during electrospinning of the fibres, is likely removed by the melting. The highest quality etching of PCL/gelatin nanofibres achieved was by Lim et al. without causing excess melting around the etched area down to 5µm with a Gaussian beam of diameter 3.34µm at 1.16J/cm2. They noted that plasma of the vaporised polymer gets produced by high energies at the material-laser interface. [121] Fibres melt when energy is less than that needed to vaporise, and this forms a surface film with large windows on nano-fibrous PCL. Scattering not absorption was found to be the dominant factor in the attenuation of laser radiation. [41] 






[bookmark: _Toc456437563]Aims and objectives
Current irritant models lack the native architecture of skin. They are simplified models of skin’s epidermal component only and the tests used do not test for irritancy response but mild toxicity. Our aim is to produce a skin models that maintains the correct proportion of proliferating through to differentiated cell phenotypes which is needed for sufficient barrier function. Specifically we wish to maintain basal keratinocytes, which are responsive to inflammatory stimuli/cytokines, signalling the initiation and amplification of inflammatory reactions. The irritation potential of a substance can be quantifiably identified by the reaction to it by keratinocytes. Maintenance of the most sensitive keratinocytes and having a functional barrier would make for an improved model.
[bookmark: _Toc456437564]Aim
The main aim of this project is to develop an improved 3D human skin model for use as an alternative to animals for the irritant testing of chemicals. To do this the models developed will be examined morphologically and tested functionally using exposure to the irritant SDS. Following irritation the production of IL-1α and secondary cytokines IL-6 and IL-8 into the culture media will be analysed to evaluate the models.

[bookmark: _Toc456437565]Objectives
1. To develop a cell culture protocol that produces a suitable 3D skin model with Alvetex®, initially using the HaCaT keratinocytes cell line then moving on to normal skin keratinocytes, both with fibroblasts in co-culture and how they behave in monoculture.
2. To identify whether suitable self-organisation of keratinocytes and fibroblasts will occur when keratinocytes are co-cultured in a 3D scaffold that contains precultured fibroblasts.
3. To monitor production of ECM proteins in the 3D scaffolds and determine whether the ECM on the scaffold is sufficient to be used as a dermal component and produces a surface on to which keratinocytes cannot penetrate.
4. To deduce SDS concentrations that are irritant but not toxic to the models under development.
5. To qualify the model as suitable by its’ resemblance to human skin; 	Comment by gwen reilly: Too vague change as per above
a Morphology of the formed epidermis to include distinguishable stratas and a separate dermis. 
b Composition analysis by immunostaining for proteins; keratin 10, collagen IV, pancytokeratin and Ki67.
6. To increase the barrier property of the model beyond that of the current models and validate by;	Comment by gwen reilly: This one doesn’t make sense those test don’t increase the barrier property they measure it
a Testing the functionality of the barrier via the ’42bis’ SDS irritant test.
b TEER measurements. 
7. To detect secondary cytokines IL-6 and IL-8, after exposure to a topically applied irritant substance on the apical keratinocyte layer.


[bookmark: _Toc431273861][bookmark: _Toc456437566]Materials and Methods
Unless otherwise stated, all materials were sourced from Sigma Aldrich UK.


[bookmark: _Toc431273862][bookmark: _Toc456437567]Isolation of epidermal keratinocytes and dermal fibroblasts from human donor skin
[bookmark: _Toc431273863][bookmark: _Toc456437568]Ethical approval
Human keratinocytes were isolated from donor tissue, left over from abdominoplasty or breast reductions. The donated tissue was from patients of the Royal Hallamshire Hospital, Sheffield. The patients were made fully aware of the scientific use of the tissue. In accordance with local ethically approved NHS guidelines and under HTA Research Tissue Bank license (number 12179) regulations.
[bookmark: _Toc431273864][bookmark: _Toc456437569]Isolation from skin biopsy
The tissue biopsy had the subcutaneous adipose tissue removed using a Watson knife fitted with 9940 Sterile S/S Skin Graft Blades (Swann-Morton Ltd. Sheffield). Split-thickness skin sections, of approximately 0.6-0.8mm were taken by a trained technician. Sections were stored in pots containing PBS, penicillin/streptomycin (100 IU/mL penicillin, and 100 mg/mL streptomycin) and Fungizone (625µg/mL amphotericin B). The pots were stored in a locked fridge at 4°C, anomalous patient numbers were made to enable traceability in the human tissue log book, and have a record of users and disposal. The tissue was processed either on the same day of arrival or the next.
The strips were then cut into small pieces of around 2mm x 6mm with a No.22 scalpel (Swann-Morton Ltd. Sheffield). The skin pieces were incubated in 0.1% w/v DifcoTM-Trypsin (plus 0.1% w/v D-glucose in PBS to pH7.45) at 4°C for 16-20 hours. The Difco-Trypsin is a pancreatic enzyme used for dermal-epidemal separation, while maintaining the ultrastructure of the epidermis.
Post incubation, medium containing fetal calf serum was added to inactivate the Difco-Trypsin. The epidermis was peeled away and basal keratinocytes were scraped gently away from the papillary surface of the dermis with a scalpel into medium. The isolated cells were spun down at 400g. A feeder layer of irradiated immortalised Swiss mouse fibroblast cells (i3T3) were used to support the keratinocytes and also suppress unwanted human fibroblast growth in keratinocyte culture. [172]
Human dermal fibroblasts were isolated from the dermis as described previously. [167] The remaining dermis was very finely minced and incubated in collagenase A, overnight at 37◦C. The subsequent collagenase-cell suspension was spun down at 400g for 10 minutes. The pellet was then resuspended in DMEM supplemented with 10% FCS, 2x10−3 mol/L L-glutamine, 0.625 mg/mL amphotericin B, 100 IU/mL penicillin and 100 mg/mL streptomycin for seeding into a T25. The fibroblasts were subcultured and used from passage 5 to passage 9. For co-cultures, fibroblasts were initially seeded in 10% FCS DMEM before moving to Green’s medium when keratinocytes were seeded. 
Green’s medium used consisted of; Dulbecco’s modified Eagle medium, (Gibco® GlutaMAX™ DMEM, Life Technologies Ltd., Paisley, UK) and Ham’s F12 medium (Biosera., Ringer, UK) in a 3:1 ratio supplemented with 10% fetal calf serum (FCS, Biosera Ltd., Ringmer, UK), 10 ng/mL of epidermal growth factor (EGF, R&D Systems, Minneapolis, USA), 0.4 mg/mL (1M) hydrocortisone, 0.18mM (1.8x10-4 mol/l) adenine, 5 mg/mL insulin, 5 mg/mL transferrin, 2 mM glutamine, 0.2 mM triiodothyronine (T/T), 0.625 mg/mL amphotericin B (Fungizone), 100 IU/mL penicillin, and 100 mg/mL streptomycin (Pen/Strep).

[bookmark: _Toc456437570][bookmark: _Toc431273865]HaCaT keratinocytes  
HaCaT keratinocytes expand rapidly, and were passaged or used in experiments after just 2 days from resurrection. The cell-cell binding of HaCaTs is quite extensive despite the low cell-cell contact area in 2D, so that 0.2% ethylenediaminetetraacetic acid (EDTA) for 10 minutes is needed to break the cell-cell adhesions, by chelating calcium ions that stabilize the cadherins, that act as transmembrane bridges in junctions between cells. The exposure allows trypsin access to quickly cleave the peptide bonds between cell-cell and cell-TCP substrate bonds. The speed prevents excessive damage to surface peptides that would occur if cells were left in trypsin for the alternative 15 minutes.
It is important not to let HaCaT keratinocytes get over-confluent, as it makes for inaccurate cell counts, poor seeding due to cell clumping, and also the loss of the basal like state. HaCaT keratinocyte experiments initially used 10% FCS DMEM, then used Green’s medium for experimental consistency along with the introduction of normal human keratinocyte experiments. 
[bookmark: _Toc431273866][bookmark: _Toc456437571]Freezing and thawing of cells
All cell types used were stored long-term in liquid nitrogen or short-term in the -80°C freezer. NhKs were stored at passage 0, passage 1 was used for cell proliferation before seeding at passage 2. Normal human fibroblasts were stored at ≥passage 3 and HaCaTs were found in long-term storage at passage 68. 
	When 70-80% confluent cells were trypsinised and centrifuge at 1,000g for 5 minutes to make a cell pellet. A cell count was made and the amount of medium needed to dilute to 1x106 cells/mL calculated. The cell pellet was resuspended in FCS and then 10% DMSO added. The suspension was quickly aliquoted by 1mL into cyrovials. Cryovials were placed into Nalgene Mr. Frosty™ Freezing Containers (Thermo Scientific, USA) or CoolCell® SV2 containers (BioCision, CA, USA), both cool at -1°C/minute, which is the optimal rate for cell preservation. With a preference for the CoolCell® SV2 containers as they have a superior cooling cycle based on a Lonza, Germany study. 
	Cyrovials were removed from long-term storage and placed short-term storage to reduce disruption.  Cryovials were rapidly warmed in a water bath at 37°C. Then with a pipette containing medium was removed and mixed with 5mL culture medium. Centrifuged at 1,000g for 5 minutes and resuspended in 12mL of fresh medium in a T75 flask. 

[bookmark: _Toc456437572][bookmark: _Toc431273867]Initial cell culture protocol for 2D TCP 
Initial work was carried out to identify the difference in irritant responses between 2D and 3D submerged Alvetex® models; comparing a 30 minute exposure and 2 hour exposure to SDS, using similar methods to Chunthapong et al. [34] Cultures were of fibroblasts, keratinocytes and a co-culture at a 1:2 ratio in 24-well plates for 48 hour long cultures. While the experiments both used 3D culture, the scaffold material was Alvetex® rather than viscose rayon scaffold and concentrations of irritant was increased up to 0.1mM SDS.
For the HaCaT keratinocytes and fibroblast cultures Delbucco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) containing 10% foetal calf serum (FCS) was originally used before a switch to Green’s medium for the NhKs. From that point on HaCaTs were also cultured in Green’s so as to keep the conditions the same.
For 2D experiments 3x104 HaCaT keratinocytes and fibroblast cells were seeded onto two separate 24-well plates. For the co-culture 2.7x104 HaCaT keratinocytes and 3x103 fibroblast were seeded onto a 24-well plate to give a 90:10 ratio. These 3 well plates were incubated at 37◦C in a 5% CO2 humidified cabinet for 36 hours. SDS solutions were prepared in the same manner as the preliminary experiment at concentrations of: 8x10−5, 10−4, 2x10−4, 4x10−4, 6x10−4, 8x10−4, 10−3 molar (0.08, 0.1, 0.2, 0.4, 0.6, 0.8 and 1mM). Each of the solutions and the control were added to 3 wells of each well plate. 

[bookmark: _Toc431273868][bookmark: _Toc456437573]Initial cell culture protocol for Alvetex®
The standard expression of seeding density is in cells/cm2 and we can use it even for 3D cultures. The disc diameter measurement of the Alvetex® scaffold is 15mmø for 12-well Alvetex® inserts giving a surface area of 1.76cm2. The seeding densities of 8, 12 and 20x104 cells/cm2 were chosen for fibroblasts, and 6.33x105 cells/cm2 for keratinocytes.
	Alvetex® form
	Actual Diameter (cm)
	Actual Surface Area (cm2)
	Cells Seeded for 200,000 cells/cm2

	12 well plate
	2.1
	3.46
	692,000

	6 well insert
	1.860
	2.72
	544,000

	12 well insets
	1.225
	1.19
	238,000



Alvetex® scaffolds are made of polystyrene with is hydrophobic, but by rinsing with 70% ethanol it can be hydrated. The scaffolds have been irradiated for sterilisation, which also introduces hydrophilic groups onto the polystyrene surface. To remove the ethanol they are rinsed twice with PBS and then with medium. Prior to seeding, excess medium was pipetted off, but the scaffold was allowed to retain internal moisture. Fibroblasts were used at P6 in all experiments. Primary or secondary (P1 or P2) NhKs were used in experiments due to a loss of basal state with further passaging. Cell were counted in a Neubauer chamber and a trypan blue cell dye 0.4% exclusion test was also implemented to confirm cellular viability prior to seeding.
Fibroblasts were seeded at 1.4x105, 2.11x105 and 3.52x105 cells per well insert in a total of 125µL medium. Cells were left to attach for 30 minutes or more before submerging with 10mL of medium, from the bottom up, minimising the chance of washing cells off the scaffold. The seeded cells were placed in a 37◦C, 5% CO2 humidified incubator. After 2 days of fibroblast culture, 6.33x105 NhKs or HaCaT keratinocytes were added in the same manner as before but with a changed to Green’s medium. As cells fall through the scaffold and proliferate on the well plate, a change to a new well plate was done on the first medium change after seeding. When transferring Alvetex® scaffolds to a new 6-well plate, the medium on top of the scaffolds was also transferred. The cells were then incubated for 4 more days submerged.
After 4 days of keratinocyte proliferation in a submerged state the scaffolds were raised, so that 10-day cultures had 6 days at air-liquid. For 15 and 23-day cultures fibroblasts were allowed to proliferate for 4 days before adding normal human keratinocytes for a further 4 days submerged. The 15-day cultures therefore had 7 days at air-liquid and 23-day cultures had 15 days at air-liquid. Fibroblast and HaCaT keratinocyte monocultures had 4 days submerged followed by 6 days at air-liquid interface. A change in protocol for longer fibroblast culture was initiated to allow a more developed ECM to be in place before keratinocytes are added to hopefully have improved separation between cell types. 7 days fibroblasts submerged followed by 3 days keratinocytes submerged before raising to air-liquid for 14 days, a total of 24 days. A 10 day air-liquid model was also investigated as it represents a less differentiated state. A 3 day keratinocyte culture followed by 10 days at air-liquid is the same protocol as Episkin™. [163]
The 3D submerged cultures; 5x105 cells  were seeded and left for a total of 7 days submerged, to developed into thicker tissue like models. The submerged Alvetex® model was cultured for 7 days with either; 5x105 HaCaT keratinocytes, a 90:10 ratio of keratinocytes:fibroblasts or 5x105 fibroblast cells. 



[bookmark: _Toc431273874][bookmark: _Toc431273869][bookmark: _Toc456437574]Methods of raising to Air-liquid interface 

[image: ]
[bookmark: _Toc456437365]Figure 4‑1: Various model culture protocol timings investigated.

	x105 cells/cm2
	cells/12-well insert

	0.8
	1.408

	1.2
	2.112

	2
	3.52

	3.6
	6.336



Table 3.1: Table of cell seeding densities relative to total cells seeded per 12-well insert for 1.76cm2 surface area of Alvetex® scaffold.

Raising the scaffold to air-liquid interface induces differentiation of keratinocytes and the formation of a surface barrier in the form of a stratum corneum. In initial experiments a minimal amount of medium was used, as it was decided to add medium until a rapid colour change from white (dry scaffold) to red was seen. This happened as medium contacts the bottom of the Alvetex® scaffold, and permeates the scaffold via surface tension. With a 6-well plate around 8mL of medium achieves air-liquid by this method. Latter experiments reduced the medium down too 5mL, by getting the medium to contact the insert via surface tension. This was done as it was noted that the scaffolds were too damp, with medium permeating the surface. There are three possible pressure states for the inserts, positive pressure where there is more fluid on the outside of the insert, neutral pressure where the medium is level with the insert and negative pressure whereby water tension wicks onto the insert. While in the body the pressure state is positive the model had to have a negative state.
	[image: 9.24.fig2]
[bookmark: _Toc456437366]Figure 4‑2: All media levels and types in relation to the well inserts. Note in diagram A) that medium 1 is common inside and outside the well insert, connected via the window in the well insert wall. In B), media 1 and 2 are not connected through the window. In C) the medium is in the lower chamber only in contact with the bottom of the Alvetex® Scaffold membrane. 



The use of an extra deep Petri dish with the well insert holder set at the highest setting allows for 48mL of medium for up to three inserts. The large reservoir is needed for the much greater cell number in 3D cultures and longer incubations. The 6-well inserts for the long cultures really needed the Petri dishes as when they were in the 6-well plates the medium needed changing daily. This was indicated by the medium’s phenol red going to orange due to the higher metabolic demands of a much greater number of cells in the larger 6-well inserts. The 12-well inserts proved to be much more sustainable in the 6-well plates. The other issue with the Petri dishes is a sharing of medium. This would average out the results between the three samples in the Petri dish as medium is shared between them. For an experiment comparing 6-well plates to Petri dishes see section 7.10.3.

[bookmark: _Toc431273870][bookmark: _Toc456437575]Developed cell culture protocol for Alvetex®, PLLA and Trilayer
[bookmark: _Toc431273871][bookmark: _Toc456437576]Scaffold preparation and sterilisation
Pre-treatment of inserts
Polystyrene inserts used firstly for Alvetex® were reused in the electrospun fibre studies. This was also routine practice within the Przyborski’s laboratory in Durham where Alvetex® was developed. Sterilisation was initially done using UV light, via a few fast passes through a 80 W/cm2 GEW Mini UV light sterilisation machine (GEW (EC) Limited, West Sussex, UK) followed by a 70% ethanol wash. The ethanol wash may cause esterification of carboxyl groups, but this blocking does not appear to cause a decrease in cell adhesion. [55] UV light was found to cause damage to the polystyrene inserts and so 0.1% peracetic acid (PAA) was used as an alternative. Long term storage of polystyrene inserts in 0.1% peracetic acid did not cause surface degradation. 0.1% has the additional benefit of being safer in use as at this concentration as it becomes a mild irritant. Peracetic acid decomposes to acetic acid and hydrogen peroxide or oxygen when in an aqueous solution. [73] Peracetic acid at 32% in acetic acid, was diluted to a 1% solution in distilled water and used for sterilisation prior to cell culture.

Pre-treatment of electrospun scaffolds
Treatment of the Alvetex® to hydrate also has the added benefit of sterilising the scaffold, if submerged for 15 minutes but this is not a validated method as it may not adequately eliminate hydrophilic viruses and bacterial spores. [192, 89] It does not cause changes in molecular weight of polymers by cross-linking chains or scaffold morphology and nanoporosity within the fibres is maintained. Plasma or gamma sterilisation of the scaffolds would typically have these issues. The treatment should also elute surface contaminants that could potentially remain from manufacture.
The potential effect on biodegradable materials, such as the PLLA and PHBV, is the possibly partially dissolution of polymer which could then cross-link adjacent fibres or jump start the degradation process by damaging the surface skin of the polymer. Peracetic acid is antimicrobial due to having a high oxidising potential which causes proteins to denature and disrupts cell-wall permeability. Mycobacteria have resistance towards it. [27] The scaffolds have been irradiated for sterilisation which also introduces hydrophilic groups onto the polystyrene surface. To remove the ethanol they are rinsed twice with PBS and then with medium. Prior to seeding, excess medium was pipetted off, but the scaffold was allowed to retain internal moisture to prevent air drying returning the material to a hydrophobic state. The use of oxygen plasma treating the surface can also sterilise the scaffolds.

[bookmark: _Toc431273872][bookmark: _Toc456437577]Cell seeding for 3D scaffolds
Since the material is left dampened it can only support a very small addition of medium containing the cells. Air drying the scaffold at the back of the hood a little, does appear to aid the capillary action of the scaffold. Excess wetting of the scaffold before seeding leads to a central drip forming under the scaffold or if very wet on the rim of the insert. These drips were found to seed cells on the well plate once medium is added. Ideally the cells will attach in a central region and migrate outwards. Larger cell numbers were seen at the periphery when seeding with an excess volume and vice versa with dry seeding. The volume of the scaffold was calculated but when that volume was added medium would pool and drip out, between 50-100µL is the preferred volume. 50µL became the standard as some medium would still remain in the scaffold and over hydration should be avoided.
Fibroblasts were used between P6-P9 in all experiments. Primary or secondary (P1 or P2) keratinocytes were used in experiments due to a loss of basal state with further passaging. HaCaT keratinocytes were used between P72-P80. Cell were counted in a Neubauer Chamber and a trypan blue cell dye 0.4% exclusion test was also implemented to confirm cellular viability prior to seeding. Fibroblasts were seeded at 1x106 cells per well insert in a total of 100µL medium. Cells were left to attach for 1 hour before submerging with 10mL of medium from the bottom upwards, minimising the chance of washing cells off the scaffold. The seeded cells were placed in a 37◦C, 5% CO2 humidified incubator.
After 7-10 days of fibroblast culture, 5x105 keratinocytes were added in the same manner as before, but with a change to Green’s medium. As cells can fall through the scaffold and proliferate on the well plate, a change to a new well plate was done on the first medium change after seeding. When transferring Alvetex® scaffolds to a new 6-well plate, the medium on top of the scaffolds was also transferred. The cells were then incubated for 3 more days submerged. Then brought to the air-liquid interface by decreasing the medium amount to 5mL.

Epidermis over collagen coated Alvetex

Epidermis over uncoated Alvetex


[bookmark: _Ref436222175][bookmark: _Toc456437367]Figure 4‑3: Histology of skin developed on uncoated Alvetex® and collagen coated (0.8mg/mL). Astarix highlights keratinocyte invasion due to increased migration. The uncoated scaffold appears to contain more basal keratinocytes. Scale 50µm. Dr Supatra Marsh, Barts and the London School of Medicine and Dentistry Centre for Cutaneous Research.

[bookmark: _Toc431273873][bookmark: _Ref436584681][bookmark: _Toc456437578]Collagen coating Alvetex®
The 4.2mg/mL (Sigma calculated) rat tail collagen 1 was diluted via 20mM acetic acid down to 2mg/mL. The acid was neutralised via the addition of 0.1M NaOH to 476µL collagen 1 and 517µL Green’s medium. A pH of around pH7.7 was desired for improved assembly of collage fibrils. This can be seen by an intensifying of the phenol red indicator around pH8, or more accurately by wastefully removing a small amount and using pH strips.
The use of GAG complicates the procedure, as the laboratory did not at the time have the high sheer mixer required for homogeneous mixing. When 0.18mg/mL GAG in 20mM acetic acid was added too 2mg/mL collagen, there was aggregation even before neutralising the pH. This made it impossible to gelate over the scaffold. An alternative would be fibronectin which has been shown to increase keratinocyte attachment over plain collagen coating. However the advantage of GAG is in making a strong structure that would survive handling. 

Collagen coating a fibroblast populated Alvetex®
Preliminary experiments found that leaving a fibroblast populated scaffold at the air-liquid caused a surface stratum made up of elongated fibroblasts to be formed. To see if a thin collagen 1 coating over an Alvetex® scaffold populated with 1x106 fibroblasts for 10 days of submerged culture, could provide a separating surface membrane to prevent keratinocyte ingress. This has been demonstrated in CaCo-2 colorectal adenocarcinoma cell line culture but was not needed for separation (Figure 4‑3).  [133] 
Rat tail collagen 1 (Sigma) was diluted with cold 20mM acetic acid to a concentration of 2mg/mL, then 20µl NaOH at 0.1M was added and 200µl of the solution was pipetted over the top of the scaffold. Collagen was left for 1 hour in the incubator to gel, then rinsed with PBS thrice and then left in medium. 

Fibroblast cell removal
Fibroblasts were removed after 7 days of culture from the Alvetex®, to test the theory that ECM produced by the fibroblasts will support the keratinocytes better than scaffold alone. This was done by rocking the Alvetex® inserts in a 6-well plate for 3 hours on a Stuart STR6 platform rocker at 10rpm in solution of 1% Triton X and 0.1% ammonium hydroxide in 10mL distilled water. This solution will lyse all the fibroblasts. Scaffolds are then washed three times in PBS.

[bookmark: _Toc431273875][bookmark: _Ref453506539][bookmark: _Ref453506568][bookmark: _Toc456437579]42bis protocol for exposure to SDS
The 42bis protocol has been found to be the most accurate irritant test having originally been developed as the SkinEthic irritant test. After having cultured the scaffolds in the inserts for the required amount of time. Scaffolds were washed three times with PBS, and replaced with fresh 10% Green’s medium. Then excess liquid on the top was removed by careful pipetting. 50µl of warmed test medium containing SDS from lowest concentration to highest was added to the apical face of the air-liquid model. Incubate for 42 minutes exposure at 37°C. The apical face was then washed with warm PBS three times. Placed in a new 6-well plate with serum and hydrocortisone free Green’s medium. Then cultured for 42 hours. 

[bookmark: _Toc431273876][bookmark: _Toc456437580]Post-experimental analysis
[bookmark: _Toc431273877][bookmark: _Toc456437581]MTT for cellular viability
3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyl tetrazolium bromide (MTT; Sigma Aldrich, St. Louis, MO) was used at 0.5mg/mL MTT in PBS. The yellow MTT is reduced to an insoluble purple coloured formazan salt. After 45 minutes, the solution was aspirated and the intracellular formazan product was solubilized and released from cells by adding acidified iso-propanol (0.5mL per well of 24-well plate or 7mL per scaffold in a 6-well plate) and incubated for 10 minutes or placed on a rocker overnight for 3D scaffolds to fully elute all the stain from within. Optical absorbance at 562nm, minus a 630nm background absorbance reading, was then measured using a plate-reading spectrophotometer BioTek ELx800 plate reader (Potton, Bedfordshire, UK). [34]
[bookmark: _Toc431273878][bookmark: _Toc456437582]ELISA assays for measuring interleukins in test media
Supernatant from each sample well was aliquoted into four 500µL or 1.5mL Eppendorf’s for individual freezing (-20◦C) to minimalize freeze cycles. Short-term (less than 3 days) ELISAs used refrigerated media. A PeproTech human IL-1α ELISA development kit (Cat. 900-K11) was used for a quantitative measure of the IL-1α concentration in the test media. 60pg/mL IL-1α is considered by ECVAM to be the level of irritancy. While basal levels of IL-1α are around 35.5pg/mL ±11.5 [67] For IL-6 and IL-8 detection, PeproTech kits were used. These are sandwich ELISAs. Firstly 100µl of capture antibody at 0.5µg/mL (1µg/mL for IL-6) in PBS was added to each well of a 96-well plate (Nunc-Immuno™) and incubated overnight.  Capture antibody coated plates were aspirated four times using 300µl per well of wash buffer (0.05% Tween-20 in PBS). The well plates were inverted and all residual buffer taped out between washes. 300µl of block buffer (1% BSA in PBS) was added per well and incubated for 1 hour or more at room temperature. After removing all traces of block buffer, the standards and samples were added in triplicate to the plate and incubated for 2 hours or more. After washing, 100µl detection antibody at 0.5µg/ml was added and incubated for 2 hours. Detection antibody was washed out. Avidin peroxidase (diluted 1:2000 in 0.05% Tween-20, 0.1% BSA in PBS) was added at 100µl per well and incubated for 30 minutes. After washing 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) at room temperature was added 100µl per well and incubated for up to 30 minutes taking readings every 5 minutes on a spectrophotometer BioTek ELx800 plate reader (Potton, Bedfordshire, UK) operating at 405nm and 630nm. Readings of around 25 minutes were found to be the most accurate. Taking the time zero reading from the 25 minute reading, corrected for pipetting/background errors and then the 630nm reading from the 405nm reading.

[bookmark: _Toc431273879][bookmark: _Toc456437583]Fixing of samples
Samples were initially fixed in 3.7% v/v formaldehyde in PBS for over 24 hours. This process inactivates enzymes and cross-links proteins via methylene bridges. A change in process to fixing for 20-45 minutes was undertaken, as the samples are 200µm thick and more porous than a tissue. A shorter fixation step was deemed sufficient, to prevent over fixation. Over fixation is essentially excess formaldehyde and methylene bridges, which can cause blocking or distorting of antigen sites which can reduce antibody binding during immunostaining.

[bookmark: _Toc431273880][bookmark: _Toc456437584]Embedding and sectioning of samples
The water present in the tissue, and the paraffin used to embed the sample are not miscible. The samples were therefore put through a Leica tissue embedder, which dehydrates the sample with a series of increasing industrial methylated spirits (IMS) solutions before replacing with the clearing agent xylene and then paraffin wax can infiltrate the sample. The wax has the effect of shrinking the sample on solidification from the 66◦C melt temp, making the Alvetex® thinner than the original cut 200µm sections. Sections were cut in half and stood upright with the apical surfaces face-to-face. This was done in paraffin wax that was cooled to nearer to the solidification temperature, to prevent epitope destruction by heat. Alvetex® samples were sectioned using a Minot Microtome Leica RM 2145 to 7µm thin sections. After trimming, the microtome blade was moved to a fresh sharp edge and the block recooled to -20◦C prior to critical sectioning at a 7-8◦ angle. Post-sectioning, the sample was floated on a 37-45◦C water bath to flatten it out. If the sample was still not flattened it was floated over 60◦C water for 5 seconds to stretch. Thermo Scientific Polysine charged slides were used for increasing adherence when mounting. The sample was dried at 37◦C on a hotplate. Cryosectioning was carried out on PLLA and Trilayer scaffolds, as they are soluble in xylene.

[bookmark: _Toc431273881][bookmark: _Toc456437585]Cryosectioning of fixed PLLA and Trilayer scaffolds
Samples were placed on O.C.T cryocompound (Jung Leica, or Sakura Tissue-Tek) inside a standard round cryomolds (Ø 23 mm) and then covered with a film of O.C.T. At the point when the sample had sunk to half way they were plunge-frozen over liquid nitrogen. The O.C.T can crack due to internal stress build up during rapid cooling, and so when half frozen the cryomolds were set aside to slow freeze.   
The Leica microtome was set at -21◦C, adjusted plus or minus 5◦C. Low profile blades were used at a 3-5◦ angle as the sample was soft. Menzel-Gläser Superfrost slides were chosen as they provided the greatest attachment of the scaffold materials. 
The thickness of the sections was a compromise between obtaining sections that could withstand the pressures during processing verses obtaining sections with a greater resolving clarity of cells. 25µm sections cut initially but found to not resolve the scaffold structure and cells sufficiently well. 15µm sections held together well for heavily cell populated scaffolds but 10µm sections tended to fragment. PLA fibres were easily lost as low fibre density reduces polymer-glass contact area, but especially in combination with low cell density as cells strongly bind to the glass. 

[bookmark: _Toc431273882][bookmark: _Toc456437586]Haematoxylin and eosin staining
The stronger haematoxylin dye by Harris is used in the regressive staining procedure. At a pH of 2.6 Hematoxylin stains the nuclear chromatin a dark purple, as well as other elements of the tissue. 
The 7-15µm sections were deparaffinised by immersion in xylene twice for 3 minutes and checked for residual paraffin. Then rehydrated in a graded alcohol series of; 100%, 95%, 70%, and 50% IMS for 3 minutes each. Dipped in distilled water. Then Hematoxylin stained for 1 minute 30 seconds. The samples were then given a tap water wash for 5 minutes to cause ‘blueing’. This is pH dependant, which can vary in the Kroto laboratory around pH6 to pH8. Bluing should occur in weakly alkaline water of pH8 - 8.2. Distilled water had a pH of 7.8. There is very little excess staining in RhE, which would otherwise prevent eosin staining and so no differentiation step was done.  Eosin Y stains the cytoplasmic material, it is a clear red dye at pH5.5 but a cloudy orange at pH4.2. The staining intensity of the acidified eosin is greater as the number of charged groups on the tissue is increased. The samples were placed in Eosin Y for 5 minutes washed in distilled water and dehydrated in 75% IMS for 30 seconds, 100% IMS for 1 minute then xylene twice for 3 minutes. Permanently mount in Depex and allow to dry. Positive tissue control were native skin sections of the same 7µm thickness.
For cryosectioned samples the deparaffinization step was not needed. Three 10 minute soaks in PBS were used to remove the O.C.T. Then rinsed in distilled water. Then Hematoxylin stained for 1 minute 30 seconds.  The samples were then given a tap water wash for 5 minutes to cause ‘blueing’. The samples were placed in Eosin Y for 5 minutes washed in distilled water and dehydrated in 75% IMS for 30 seconds, 100% IMS for 1 minute then xylene twice for 3 minutes. Permanently mount in Depex and allow to dry. Positive tissue control were native skin sections of the same 7µm thickness.
Slide covers used were Menzel-Gläser Nr.1.5 (0.16 - 0.19mm) for the 1.7 lens on Miotic B5 microscope.

[bookmark: _Toc431273883][bookmark: _Toc456437587]Immunohistochemical staining of Alvetex® samples
7µm sections were left for one hour at 50◦C prior to deparaffinizated by immersion in xylene twice for 3 minutes then rehydrate in a graded alcohol series of; 100%, 95%, 70%, and 50% IMS for 3 minutes each, then submerged in a slow flow of cold tap water. Quenching of endogenous peroxidase activity was then undertaken by incubating the sections in 3% H2O2 in water for 20 minutes. Then rinsed in PBS. Antigens were retrieved by incubating in a 0.05% trypsin solution (pH 7.8, 37◦C) for 15 minutes, then rinsed in slow running tap water. Sections were placed into a humidity chamber and incubated at room temperature for 30 minutes with 1.5% horse serum for blocking of epitopes that the secondary antibody could potentially bind too.
Primary antibody diluted in PBS was added, and left for at least an hour but usually overnight. Slides were rinsed 3 times in PBS then incubated with biotinylated secondary antibody. Rinsed 3 times in PBS. Then incubated with Vectastain elite ABC reagent for 30 minutes. Slides were incubated for 5 minutes in Diaminobenzidine (DAB) chromogen to stain brown, then rinsed in tap water. Counterstained with Harris haematoxylin for 1 minute, and blued in running tap water for 4 minutes. Then dehydrated in 75% IMS for 30 seconds, 100% IMS for 1 minute then xylene twice for 3 minutes. Slides were permanently mounted in Depex and allowed to dry. Positive tissue control used were native skin sections of the same 7µm thickness.
[bookmark: _Toc431273884][bookmark: _Toc456437588]Immunohistochemical staining of cryosectioned samples PLLA and PHBV samples
	12-15µm sections were taken as the additional thickness was needed to hold together the looser packed electrospun fibres. The PLLA in particular is a very open porous scaffold with little to no interweaving. The PLLA scaffold needed fibroblasts to help glue together the fibres otherwise it would disintegrate upon sectioning. The cryoembedding medium was removed from the sections by washing 10 minutes in PBS. Quenching of endogenous peroxidase activity was then undertaken by incubating the sections in 0.3% H2O2 and 0.3% goat serum (Sigma G9023) in PBS for 5 minutes, followed by a rinse in PBS for 5 minutes. Antigens were retrieved by incubating in a 0.05% trypsin solution (pH 7.8, 37◦C) for 15 minutes, then rinsed in slow running tap water. Sections were placed into a humidity chamber and incubated at room temperature for 30 minutes with 1.5% goat serum, the serum blocks epitopes that the secondary antibody could potentially bind too.
Primary antibody diluted 1:100 in PBS was added, and left for at least an hour but usually overnight. Then rinsed 3 times in PBS and incubated with biotinylated secondary antibody. Rinsed 3 times in PBS, then incubated with Vectastain elite ABC reagent for 30 minutes. The Vectastain elite ABC reagent contains an Avidin and Biotinylated horseradish peroxidase macromolecular Complex that is extra sensitive. Incubated for 5 minutes in Diaminobenzidine (DAB) chromogen to stain brown, then rinsed in tap water. Counterstained with Harris haematoxylin for 1 minute, and blued in running tap water for 4 minutes. Then dehydrate in 75% IMS for 30 seconds, 100% IMS for 1 minute then xylene twice for 3 minutes. Permanently mounted in Depex resin (distyrene + xylene) and allow to dry. Positive tissue control were native skin sections of the same 12-15µm thickness.
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[bookmark: _Ref436580103][bookmark: _Toc456437368]Figure 4‑4: Pancytokeratin antibody DAB stain of human skin done in house, verses human tonsil (GeneTex).
[bookmark: _Toc431273885][bookmark: _Toc456437589]Primary antibody details
Proliferative cells and basement membrane identification
Primary antibodies were chosen for the proteins that mark for differentiation as well as maintenance of basal cells in the skin. The basal cells were identified using the marker Ki67 (ab16667, Abcam) Rabbit monoclonal [SP6] to Ki67. It is a nuclear marker. The Ki67 should identify basal keratinocytes attached to the basement membrane and some daughter keratinocytes in the suprabasal epidermal stratum. In addition within the dermal compartment of the model, proliferating non localised fibroblasts should be labelled.
Rabbit polyclonal to collagen IV (ab6586, Abcam) should stain collagen IV normally localised at the basal lamina of native skin. Within the dermis some background staining is expected. 

Keratins; Pancytokeratin, keratin 5 and 10
Keratins are intermediate filament proteins that make up a cytoplasmic network across the cell. This intercellular scaffold ‘stress-shields’ the keratinocytes, as the keratin network associates with transmembrane hemidesmosomes and desmosomes to form a pan-cytoplasmic network of filaments. There are two types of keratins based on their primary function of strength, hard and soft keratins. [52] The strength of the skin is due to keratin filaments in the epithelium organising during stratification to form a cytoskeleton of keratin 1 and 10 in the stratum spinosum and from the primary keratins, keratin 5 and 14 in the stratum basale. [25] Keratin 1 expression occurs before keratin 10, over the pre-existing keratin 5 and 14. The formation of the suprabasal cytoskeleton is dependent on the pre-existing basal cell intermediate filament network.  [101] The Anti-cytokeratin 5 antibody (ab52635, Abcam) stains early skin keratinisation in basal keratinocytes. [52]
The anti-pancytokeratin mouse monoclonal antibody (GeneTex73583) labels most of the acidic (type I) keratins and basic (type II) keratins present in the epidermis. Specifically the pancytokeratin labels keratin polypeptides of 40, 48, 50, 52, 54, 56.5, 58, 59, 64 and 67kD. In native skin the cytokeratin proteins develop into higher molecular weight forms, from 50kD at the stratum basale to 56.5-58kD in the suprabasal layers. This results in stains that appear to have an increased density of staining with progression up the strata from basal to apical epidermal layers as more of the polypeptides are labelled. (Figure 4‑4) Rabbit monoclonal [EP1607IHCY] to Cytokeratin 10 (ab76318, Abcam) identified the keratin 10 formed in the stratum spinosum, is present in the stratum granulosum but then has cross-linked at the stratum corneum and should not stain. 

[bookmark: _Toc431273886][bookmark: _Toc456437590]Secondary antibody details
For florescent immunostaining all that was needed was a change of the secondary antibody too Abcam Goat anti-rabbit IgG H&L Alexa Fluor 488 (ab150077) instead of the Goat Anti-Rabbit IgG HL (HRP)(ab6721).  DAPI was used as a counterstain; samples were mounted using ProLong® Gold Antifade Mountant (Thermo Fisher) then incubated for 24 hours at room temperature in the dark before confocal imaging.

[bookmark: _Toc431273891][bookmark: _Toc456437591]Electrospinning.

[bookmark: _Toc431273892][bookmark: _Toc456437592]Calculation of speed of electrospinning drum.
The speed of the electrospinning mandrel (Heildolph, Germany) is applied using arbitrary units from 0 to 10. The 0 setting is not stationary but the minimum speed. Finding a consistently accurate setting was difficult due to the analogue setting. Some play in the dial allows for a slightly negative value, up to a stop. The minimal setting should limit fibre alignment while still collecting a large volume of fibres.
[bookmark: _Toc431273893][bookmark: _Toc456437593]Data collection.
This data was collected by taping a plaster pipette tangentially to the surface of the drum, normal to the axis of rotation. The mandrel was then set to spin at the arbitrary units of 0 and the minimum stop setting. At this point the speed cannot be decreased any more. In the case of setting the dial to a point the setting will always be an interpretation and thus open to error. To calculate the mandrel revolutions per a minute (Revolutions per a minute (rpm)) at the negative setting, a recording of a pastor pipette impacting onto an empty plastic bottle using an iPhone 3GS was employed.
[bookmark: _Toc431273894][bookmark: _Toc456437594]Data analysis.
The waveform spectra was analysed using Audacity 1.2.6/2.0.3, (Dominic Mazzoni, US). This software was used to remove noise from the track and allowed the ‘ticks’ to be counted per minute and hence rpm (Figure 4‑5). Audacity is accurate to the millisecond and so the impact wave could clearly be identified as a sharp peak followed by some decay (Figure 4‑6).  The time point between 23 impacts was deduced, divided by 23 to get an interpulse time. 60 divided by the inter pulse time gives the beats per a minute (Beats per a minute (bpm)) which in this case corresponds to rpm.
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[bookmark: _Ref436580889][bookmark: _Toc456437369]Figure 4‑5: Peak counting in Audacity to calculate bpm and thus rpm.
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[bookmark: _Ref436580915][bookmark: _Toc456437370]Figure 4‑6: High zoom into spectra shows 5ms pulse.




[bookmark: _Toc431273895][bookmark: _Toc456437595]Electrospinning process
Shielding of the drum collector by the build-up of insulating fibres on the drum, causes an effective reduction in the accelerating voltage felt by the fibres towards the collector. This helps spread the fibres across the collector but also means that fibres are collected slower and more randomly. The fibres first collected are thinner and packed denser than thicker fibres on the top. The other effect noted was repulsion of the fibres produced from multiple tips as they are of the same charge, this helps distribute the fibres collected.
Bulk material properties such as strength and elasticity can be controlled with material choice, processing, post-processing and scaffold design. Bulk elasticity is especially important in scaffold design due to the issue of necking; whereby the scaffold can, under stress, be elongated and have a ’cheese-wire’ effect on local tissue. This would necessitate complicated surgical removal; as the scaffold becomes encapsulated due to the inflammatory response of the irritated surrounding tissues.
Polymers can be biodegradable, the rate of degradation can be controlled via a number of processing parameters, post-manufacture treatments and conditions. Treatments, such as radiation and partial solvation by polar solvents, damage the outer skin structure of the polymer which provides a pathway for hydrolysis. The solvent diffuses into the porous structure, swelling the polymer chains by the net repulsion between polymer chains.
The Kroto laboratory had humidity around 50%RH in November verses 55%RH (±3.5% RH) in May (at 22.9°C), as tested by the CEM Humidity & Temperature Meter (CEM DT-615, Shenzhen, China). Air-flow in the hood was prevented by taping over the air inlets and turning off the fan.
The DC high-voltage generator (73030P, Genvolt, Shropshire UK) was applied to produce a voltage of 17kV with the positive cable connected to the needles or manifold, and the mandrel/drum/collector earthed. The polymer solutions, PLLA 14-20mL and PHBV 1-4mL, are placed into 4x 5mL syringes with a 20 gauge stainless steel blunt tip needle having an inner diameter of 0.3mm. The needles are connected using copper plate. A syringe pump (Genie plus, Kent Scientific) set to 40mL/min was used to feed polymer solution into the needle tip. The tip-to-collector distance (d) was set at 17cm for PLA and 10cm for the PHBV.
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[bookmark: _Toc456437371]Figure 4‑7: Electrospinning Trilayer scaffold. A central mandrel collects electrospun fibres from both 10cm away PHBV syringes and 17cm away PLLA syringes from opposing sides. A flexible drill extension has been used to aid stabilisation of the drum.
A sheet of Aluchef ® heavy duty aluminium foil (Terinex, England) wrapped around a (15.95cm length x 8.15cm diameter) steel mandrel. The drum was dampened first with a spray of 70% IMS which is a novel way to flatten the foil by surface tension. The drum is earthed. The drum was rotated at the lowest setting (less than 0) on the variable speed drill (Heildolph, Germany), which was found to be 265.5rpm or 1.13m/s (setting of 0 gives 275.4rpm but there is dial play) this measurement was made from waveform spectral analysis. In a previous paper this was miss-stated as 200rpm. [29]
Aluminium foil is made by rolling folded sheets to a few microns thickness, it has a matte side which was foil-on-foil and a shiny side which was foil-on-oiled roller, the shiny side is supposed to be smoother and so it is place shiny side up for easier peeling off of the polymer.
Collection rates across the drum can vary, so moving the needle along the mandrel length was done to get a more even distribution. The electrospinning was done in a fume hood which had the fan vent tapped over to minimize the airflow, which influences the rate of solvent evaporation. The potential difference between the charge on the polymer and the earthed rotating stage decreases as the polymer collecting on the aluminium foil electrically insulates the earth.
[bookmark: _Toc431273896][bookmark: _Toc456437596]PLLA and PHBV preparation
In this study two biodegradable polymers were investigated. For electrospinning 20mL of 10% PLLA was dissolved in Dichloromethane (DCM) solvent by leaving on a rocker overnight. 10mL of 10% PHBV was prepared in the same manner but with 10%wt methanol and 80%wt DCM. Polymers were stored at 4◦C which caused precipitation of the PHBV but not the PLLA, both polymers were placed in the water bath at 37◦C to increase the dissolution and lower the viscosity for easier experimental setup. Once setup, polymers had returned to room temperature.  There was no observable effect on the rate of evaporation of solvent.

[bookmark: _Toc431273897][bookmark: _Toc456437597]Reduced apical layer of PLLA in Trilayer
The PLLA amount was firstly decreased from 20mL to 14mL as 20mL was excessively thick. A reduction of the apical layer of PLLA in the Trilayer was made. Firstly 14mL PLLA was spun onto the drum then 2mL PLLA cospun with 1.2mL PHBV to give a thinner nanofibrous layer, then 2mL PLLA on top rather than 6mL to allow keratinocytes to more freely differentiate. (Figure 7‑58)

[bookmark: _Toc431273898][bookmark: _Toc456437598]Bilayer electrospinning process
To produce the Bilayer only little modification to the Trilayer method was made. The PLLA was spun on its own up to 12mL. Then PHBV was turned on and left co-spinning for another 2mL of PLA with 2mL of PHBV. The PLA pump was turned off, leaving just the PHBV spinning on top for 2mL. The amount collected was increased by wrapping an extra width of aluminium foil over the edges of the mandrel to collect more fibres. The sides were tapped down afterwards to prevent delamination.

[bookmark: _Toc431273899][bookmark: _Toc456437599]Alternative 12 needle manifold process
A manifold was used for electrospinning PLLA. This device has a 12-needle array. Using a 50mL syringe (set to 28.8mm diameter on the syringe pump) running at 300µl/mL with 12 needles attached in a custom made manifold array, the spinning time was decreased to a third and more even coating was achieved. To fill the manifold, excess polymer was sucked up (around 30mL) and squeezed out till the polymer solution was running out the needle tips. Excess drips were cleaned off and the amount in the 50mL syringe noted. After spinning was complete, residual polymer was cleaned out of the manifold by pumping through first with air and then DCM. 
The needles’ small internal diameter provides a back pressure on the system which causes flow to be equal on all needles. This can be demonstrated by passing water through and the height loss being equal. One problem with the multi syringe manifold is that when a needle or two blocks the flow for the remaining is effectively increased. 

[bookmark: _Toc431273900][bookmark: _Ref436581137][bookmark: _Toc456437600]Cutting out electrospun scaffold discs
Too high a power meant that reflected and scattered laser beams off the aluminium foil and fibres, were intense enough to cut a V. The thicker scaffolds then had an unwanted taper. (Figure 4‑8) The power was subsequently lowered and cut-outs were improved.
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[bookmark: _Ref436580944][bookmark: _Toc456437372]Figure 4‑8: 16mm diameter laser cut-outs of the Trilayer scaffold minimalize wastage and prevent ripped edges.  Dampening with 70% IMS improves handleability when transferring to the inserts.
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[bookmark: _Toc456437373]Figure 4‑9: For PLLA the top layer is left somewhat fluffed up, the flatter underside was used as the upper face in the inserts as it was more consistently intact. Refinements to laser cutting latter resolved this issue.

[bookmark: _Toc431273901][bookmark: _Toc456437601]Laser patterning of electrospun fibres for Rete ridge analogue
One area of interest was in creating a rete ridge analogue. The rete ridge is a network of epidermal invaginations between the dermal papillae. An improvement over the current models would be to increase the surface area at the keratinocyte-fibroblast boundary, and preferably have a basement membrane analogue there too. 
The best method deduced to do this, was to spin 20mL of PLLA using the 12-needle manifold. The drum can then be taken over and mounted on the rotating stage of the laser cutter. Patterns can then be etched into the PLLA as it rotates. This has the advantage of preventing distortion of the fibres that happens when they are removed from the drum and flattened out. The drum can then be returned to the electrospinning rig and 4mL of PHBV from a 4 needle set up coated over the top to provide a complete cell impermeable nanofibrous layer. 
	[image: C:\Users\Joe2\Pictures\Pictures\Pictures\Laser etching and spinning of bilayers 20.1.14\DSCF3587.JPG]
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[bookmark: _Toc456437374]Figure 4‑10: Laser etching a Rete ridge pattern.

[bookmark: _Toc431273903][bookmark: _Toc456437602]PHBV electrospinning onto Alvetex®
Sheets of Alvetex® (7.5x11cm) were mounted longitudinally with the short side central, and taped to an aluminium foil covered drum. The PHBV was spun on top in the same manner as for the Bilayer. 4mL of PHBV was spun. The PHBV Alvetex® was then cut on an Epilog Laser cutter with ‘white’ and ‘no fill’ settings. Firstly 15% power and 30% speed to etch the ‘white’ pattern, then 35% power and 50% speed to cut out the rings.  The ‘white’ setting cut holes into the PHBV leaving behind Alvetex®. This allows keratinocytes to seed onto the Alvetex® and on top the PHBV. 
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[bookmark: _Toc456437375]Figure 4‑11: Progress of electrospinning PHBV onto Alvetex® sheet taped to drum. Then entire drum is removed and placed on the rotating stage for perfect laser cutting. 

[bookmark: _Toc431273904][bookmark: _Ref453005555][bookmark: _Toc456437603]Hydrocortisone effect on irritant response
Sheets of Alvetex® were cut using a laser to 15.55mm diameter as per section 4.6.9. These disks were used for submerged cultures, rather than 15.74mm disks usually used, to account for the lost area usually enclosed in the insert. The 24-well plate Alvetex® was treated with 70% ethanol and washed three times with PBS. The scaffolds were seeded with 5x104 human dermal fibroblasts in 1mL medium and 1x105 normal human keratinocytes in 1mL medium. For a total 2mL of 10% FCS Greens’ medium. It was changed every other day for 10 days, then the ‘42bis’ protocol was done. The ‘42bis’ in the 24-well plate was done with 200µL of medium to submerge not 42µL This prevents drying out as there is no basal medium in a separated compartment, as provided by the inserts of the air-liquid models. The SDS concentrations used were 0, 0.1, 0.6, 1 and 6mM SDS for recovery conditions of 0, 100, 200 and 400ng/mL hydrocortisone. These levels were 0, 0.25, 0.5, 1 and 2 times the normal 400ng/mL concentration in Green’s 10% medium. 
For the repeat it was decided to remove the plastic parts which hold down the Alvetex® as cells were seen not to be under these sections during MTT staining. The effect of not having cells under this section may be that the seal of the cell barrier is compromised, especially if the plastic sections are knocked out of position. 
In retrospect - best method may be to place the holder on during the test only, so as to seal the base against the well plate. The repeat was done with 0, 200, 400 and 800ng/mL Hydrocortisone on Alvetex® and then PLLA. 
[bookmark: _Toc431273905][bookmark: _Toc456437604]Scanning Electron Microscopy on scaffolds
Samples were then sputter coated with gold (25nm thick approximately) then examined using a scanning electron microscope (FEI XL-20 SEM, Philips, Guildford, UK) at an accelerating voltage of 12 to 15KV with magnifications between 100x too 800x. Voltages were adjusted to remove smoothed out parts of the image. An image of the surface topography was taken with detection mode set to secondary electrons (SE). There is also a degree of backscattered electrons (BSE) that give an apparent third dimension and shadow casting to the image. As polymers are made of light elements there are large amount of BSEs produced. The depth of penetration may exceed the width of the fibres causing BSEs to impact on surrounding fibres, a lower accelerating voltage than that used would have decreased penetration.
Typically the working distance of the lens to specimen was 8-11mm with a spot size of 3.0. Images were processed in the Philips software for brightness and contrast, as well as scale bars added. Images were saved as uncompressed TIFF files.
Work was carried out in the Department of Biomedical Sciences (BMS) building with initial guidance by Chris Hill, a technician. Additional insight as to settings was from Understanding & optimising SEM performance by Steve Chapman, published in infocus 2009.
[bookmark: _Toc431273906][bookmark: _Toc456437605]Scanning Electron Microscopy on scaffolds with cells
Constructs were removed from culture medium, washed briefly with PBS then fixed in 2.5% glutaraldehyde for 10 minutes in Kroto before washing in PBS. Then transported to BMS where the rest of the procedure was carried out by the technician. The specimens were then incubated with 2mL of 0.1M sodium cacodylate buffer for 35 minutes, then in 2mL of 2.5% glutaraldehyde for 30 minutes. Each sample was then rinsed with sodium cacodylate buffer to remove any remaining glutaraldehyde. Secondary fixation was carried out in 2% osmium tetroxide (aqueous) for 2 hours before incubation in 2mL of 0.1M sodium cacodylate buffer for 15 minutes. Samples were then dehydrated in ascending grades of alcohol then dried overnight, bisected and mounted on 12.5mm stubs using carbon dots.

[bookmark: _Toc456437606]Cryosectioning
Samples were fixed in 3.7% formaldehyde solution for 10 minutes. Then rinsed with PBS and left in 30% sucrose solution for one or more hours. The samples were removed and some paper towel used to dry both sides. A cryomold was half filled with O.C.T compound (Tissue-Tek) being careful to avoid bubbles. The sample was placed face-up on top the O.C.T. The circular samples were placed centrally in the container for even freezing. Samples in embedding medium were most rapidly frozen by floating in liquid nitrogen, this helps to minimize freezing artefacts as well as make for a quick processing.
Orientation of the sample was recognised by the smooth side facing the plastic being the basal side of the model, and the topside having a meniscal edge and typically a raised centre having the apical side of the model. Samples could be just seen through the embedding medium. Samples discs were held in between paper towel to prevent thawing and cut in half by running a scalpel blade back and forth with gentle pressure. Then a flat base was also cut to help edge mounting. Samples were moved to the -25◦C cryostat (Leica CM1850) with cold forceps and placed on a chuck with some embedding medium to glue the surfaces together. The chuck was inserted into a Peltier freezing stage to rapidly freeze the block vertically on edge, the heat is diffused away by this thermoelectric device.
After mounting the block and adjusting to be perpendicular to the blade length. Trimming sections of around 35µm were taken to get a flat face. These sections were undertaken on the area of blade close to the pivot, where access was poor, before adjusting to the open right end for critical 15µm thick sections. For sections with less cell density, the thickness was increased to 20µm, to better hold the sample together.  Samples with electrospun fibres had to be collected on superfrost coated slides to achieve sufficient adherence. Low profile blades (Leica 819) were set at a 4◦ bedding angle as this best matches the blade bevel.
Skin samples are orientated perpendicular to the blade. Skin often separates from the embedding medium due perhaps to desquamation at the stratum corneum creating planes of separation. This results in curling away. An antiroll mechanism with a throat space of 100µm between glass and blade was used to catch the shaved sections. Fat remains soft at cutting temperature, and so can be smeared across the sample, therefore it is best to make sure it meets the blade last. [157, 158]

[bookmark: _Toc431273908][bookmark: _Toc456437607]Histology
Images were taken on the Motic B5 microscope. Back of slides were cleaned with an azowipe to remove bound stain residues to get a clear background. Front of slides cannot be cleaned as they contained the sample.
[bookmark: _Toc431273909][bookmark: _Toc456437608]Image adjustments
Images taken on the Motic B5 saved as TIFF files have been through the Motic image manipulation software (Motic Images Advanced 3.2) and are not RAW images, this software is of poor quality, leaving improvements in exposure and white balance often much desired. To improve on this situation proper adjustments to these fields were undertaken in Photoshop CS4 64bit. Images were firstly cropped either to 10:8 or 1.618:1 aspect ratios. Curve adjustment was then done by using the white dropper with show clipping enabled. The white balance point was found by minimising clipping and thus bleaching of the samples. Only white point was adjusted, not the grey midpoint or black low point which was left to the original autoexpose function. Then a clean-up around the sample was done to remove a grey area due to dirt on the sensor and any material not on the section due to less than clean H&E. Finally a light unsharp mask was applied to correct for the focus being off.
When using high magnification, the lenses could not focus on the entire sample plane. This meant that to get an in focus image, several images were taken and then auto-blend layers was done to focus-bracket. An additional problem is when the frame would not be large enough to cover the sample. In this case, multiple frames were taken and auto aligned to get a complete picture. Sometimes an x200 image was sharpened by using an additional x400 image also in the region of interest. All images were saved as TIFFs without image compression. Images published in this thesis are preferably PNG at 150dpi.

[bookmark: _Toc431273887][bookmark: _Toc456437609]Data analysis and Statistics
Data from ELISAs were analysed in Microsoft Excel, using a solver plugin designed by Andreas Swart, to calculate a 5 parameter logistic curve fit for a standard curve. The program was kindly adapted after communication to include up to 12 readings for the standard curve to increase accuracy from the usual 10 when possible. Standard curves were made with data from serial dilutions of the standard antibody and fitted so that 1≥R2≥0.95. 
Excel was also used to plot the graphs. Descriptive error bars used were standard deviation to show data spread by data point difference from arithmetic mean value, using excels data analysis function. Where significance of difference was plotted a two-sample unequal variance Student’s T-test was used with a 95% confidence. 
For irritants tests, attempts were made to include population means (N) as well as sample means (n). ImageJ was used to analyse SEM images and then generate data for export to Excel which was used to create histograms. Fibre diameters were measured from fibre edge to edge at 90° degrees to fibre direction. 




[bookmark: _Ref431137436][bookmark: _Toc431273919][bookmark: _Toc456437610]Cell culture in the Alvetex® model
The aim of this chapter is to deduce a cell culture protocol that produces a suitable 3D skin model.  Initially using the HaCaT keratinocytes cell line then moving on to normal skin keratinocytes, both with fibroblasts in co-culture and how they behave in monoculture. Monocultures were investigated to give perspective to the coculture behaviour. Short cultures were conducted to investigate the effectiveness of the seeding protocol directly on the early development of the model, before moving to extended cultures. Co-seeding verses seeding in a staggered regime was investigated to see if the cell types when co-seeded would self-organise and allow a shortened cell culture time. 

[bookmark: _Toc431273920][bookmark: _Toc456437611]Investigating fibroblast and HaCaT keratinocyte monocultures
To produce a skin model using the Alvetex® scaffold a simple 4 day submerged followed by 6 days at air-liquid interface culture with fibroblasts, HaCaT keratinocytes and co-cultures of fibroblasts with HaCaT keratinocytes was followed. 
Images of H&E sections of monocultures which were 4 day submerged followed by 6 days at air-liquid interface. In Figure 5‑1 (a) had 2.5x105 fibroblasts in monoculture, these cells covered the entire Alvetex® scaffold with ECM. The only feature that stood out was the stratum formation at the upper surface of around 2 cells thick, but also present on the bottom surface more sporadically and only 1 cell in depth. Fibroblasts within the scaffold porous structure had no orientation, bridging pores but not conforming to the underling structure. The 6.33x105 HaCaT keratinocyte monoculture found that after 10 days total they have migrated evenly across the entire 200µm depth or thickness of the Alvetex® scaffold. There was an increase in cell density at the upper surface, where a thin but confluent stratum of around 2 cells thick was formed. No stratum formed at the bottom surface. The formation of a 3 cell thick stratum corneum in monoculture is similar to results by A. Ghalbzouri et al. [141]




	(a)	(b)

Fibroblast stratum


			(c)						(d)
[bookmark: _Ref428540345][bookmark: _Ref428540340][bookmark: _Toc431205293][bookmark: _Toc456437376]Figure 5‑1: H&E staining of; (a) 2.5x105  fibroblasts; (b) 6.33x105  HaCaT keratinocytes; (c) Co-seeded co-cultures; 6.33x105 HaCaT keratinocytes and 2.5x105  fibroblasts; and, (d) 2.97x105  HaCaT keratinocytes and 2.97x105   fibroblasts. All 4 day submerged, 6 day air-liquid. Scale bar = 100µm


[bookmark: _Toc431273921][bookmark: _Toc456437612]Investigation into co-seeding of co-cultures on Alvetex®
Co-seeding is the seeding of both keratinocytes and fibroblasts at the same time as opposed to seeding in a staggered regime. For this experiment cells were once again cultured submerged for 4 days then raised to air-liquid for 6 days. Co-cultures of 6.33x105 HaCaT and 2.5x105 fibroblasts completely covered the scaffold, with a distinct fibroblast stratum at the bottom a few cells thick of horizontally organised fibres. HaCaT keratinocytes numbers are increased. Comparing the HaCaT monoculture to the co-culture we see an increase in cell density and ECM staining with the co-culture, confirming the importance of fibroblasts in the formation of a more fully developed tissue. 
At this stage we were seeding cells only on the apical side. This meant that cells had to self-organise themselves rather than the seeding of keratinocytes on the basal and fibroblasts on the basal side that was later adopted. (Figure 5‑1)  In both cases the HaCaT keratinocytes were observed not to form an epidermal like structure above the Alvetex® but within the Alvetex® pores. Higher seeding density of HaCaT keratinocytes lead to a well populated model but with little order. 
In Figure 5‑1 (d) a separate experiment of a co-culture of 2.97x105 HaCaT keratinocytes and 2.97x105 fibroblasts, found contradictory to the other co-culture, that the cells had not covered the entire scaffold, there was a distinct middle-to-bottom region lacking cells. The HaCaT keratinocytes appeared to favour the upper surface and the fibroblasts formed a stratum on the bottom surface. Fibroblasts in gels have been found to migrate away from keratinocytes up to 1100µm. [106] The number of HaCaT keratinocytes were not enough in this case to form a confluent upper surface interface, perhaps due to fibroblasts not being established in the scaffold or perhaps due to clumping during seeding there were areas of high and low upper surface cell density. A related reason may be that due to over confluence of HaCaTs prior to seeding, so that the basal-like phenotype was lost.
 The issue of HaCaT keratinocyte ingress is due to the larger porosity of this scaffold. A smaller porosity Alvetex® has since been invented which would be much better for a RhE model, similar to other microporosity membrane based models such as SkinEthic™ RhE.
[image: ]
[bookmark: _Toc431205294][bookmark: _Toc456437377]Figure 5‑2: Alvetex® well insert holders encapsulate the outer rim of the scaffold, which perhaps due to oxygen depletion, causes the co-culture not to differentiate in the same manner as the unconstrained scaffold.
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[bookmark: _Ref453344400][bookmark: _Toc431205295][bookmark: _Toc456437378]Figure 5‑3: Evidence for concerns was confirmed by pancytokeratin staining. No staining is seen in the constrained region suggesting that only fibroblasts are present. HaCaTs encapsulate this region as evident by the pancytokeratin staining. The unconstrained area has intense pancytokeratin staining at the surface but also staining across the entire Alvetex® scaffold area, indicating HaCaT differentiation. Scale bar = 100µm



[bookmark: _Toc431273922][bookmark: _Toc456437613]Investigating the effects of increasing the ratio of fibroblasts to primary human keratinocytes
The ability of fibroblasts to support the proliferation and development of NhKs was investigated by increasing the seeding density of fibroblasts and observing the effect on the model developed. Fibroblasts were seeded first and allowed to populate the scaffold submerged for 2 days. Then NhKs were seeded on the apical face, raised to air-liquid on day 6 and kept at air-liquid for 4 days.
In Figure 5‑4 an increase in the cell density can be seen with increased fibroblast seeding from (a) 1.4x105 to (b) 2.11x105 fibroblasts to (c) 3.52x105. There also appears to be an increase in the thickness of surface stratum formed. In Figure 5‑4 (d) at 1000x magnification, thin intercellular fibres can be seen. The stratum corneum formed is quite thin and there are large gaps between cells, this could mean chemicals would more easily penetrate by circumnavigating cells within the Alvetex® model. In comparison to the current RhE models penetration would be higher.
Having formed both upper and lower stratum, it may now be the case that the cells have developed a control over the conditions present within the compartmentalised environment of the scaffold. This control over the local environment would mean that growth factors secreted would be in much greater concentration than an unenclosed scaffold. This may explain the difference seen previously between the 2.97x105 HaCaT keratinocytes with 2.97x105 fibroblasts in co-culture, and the 6.33x105 HaCaT keratinocytes with 2.11x105 fibroblasts in co-culture. (Figure 5‑1) The 2.97x105 HaCaT keratinocyte co-culture had not formed a full upper surface interface and so a population explosion due to growth factors had not occurred.
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[bookmark: _Ref429757715][bookmark: _Toc431205296][bookmark: _Toc456437379]Figure 5‑4: H&E staining of various fibroblasts numbers with 6.33x105 primary human keratinocytes at P2 seeded on day 2, raised to air-liquid on day 6 and fixed on day 10: (a) 1.4x105 fibroblasts; (b) 2.11x105 fibroblasts; (c) 3.52x105 fibroblasts; and, (d) 1000x of 3.52x105 fibroblasts with imagined easiest route for irritant into model demonstrates need of sufficient barrier. Scale =100µm

	(a)	(b)
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(c)
[bookmark: _Ref430526648][bookmark: _Toc431205297][bookmark: _Toc456437380]Figure 5‑5: H&E staining of HaCaTs cultured on; fibroblasts, ECM and collagen 1/ fibroblasts: (a) 5x105 HaCaT keratinocytes with 1x106 dermal fibroblasts; (b) 1x106 dermal fibroblasts collagen 1 coated then 5x105 HaCaT keratinocytes added; and (c) 1x106 dermal fibroblasts removed after 10 days by rocking for 3 hours in a solution of 1% Triton X and 0.1% ammonium hydroxide in distilled water. Then 5x105 HaCaT keratinocytes added submerged for 3 days and raised to air-liquid for 21 days.10µm thick sections. Scale =50µm
[bookmark: _Toc431273923][bookmark: _Toc456437614]Investigating the effects of fibroblasts, ECM and collagen 1 coating on HaCaTs
Collagen gels are often used as dermal matrixes to support keratinocytes either on their own or with the addition of fibroblasts. A collagen coating was added to the Alvetex® to provide a surface film to separate keratinocytes and fibroblasts. The collagen coating did not form this film but surface coated the entire Alvetex®. ECM produced by fibroblasts after 10 days was also investigated.  
Fibroblasts just in co-culture with normal human keratinocytes produced a thick apical layer of HaCaTs as seen in Figure 5‑5A. A section in the middle third has less cell density, there is also a low cell dense lower third but with a thin basal strata. This was improved upon with the collagen 1 coating of the Alvetex® prior to seeding with fibroblasts in Figure 5‑5B. Cell density was greater across the scaffold with a more gradual change from HaCaT to fibroblasts. The collagen 1 coating has given a lighter pink ECM. This is because collagen 1 is a basic positively charged protein that forms a salt with the acidic eosin. Collagen has low affinity for background haematoxylin staining, which is removed in the regressive protocol’s 70% alcohol wash steps.  Definition of the purple staining HaCaTs against the lighter pink of the background was improved. The collagen coating seemed to favour the fibroblast population.
The production of ECM by fibroblasts onto the Alvetex® scaffold was investigated via removing the dermal fibroblasts after 10 days, leaving behind the ECM. This was done by rocking the 10-day model for 3 hours in a solution of 1% Triton X and 0.1% ammonium hydroxide in distilled water. This will lyse the fibroblasts. Then 5x105 HaCaT keratinocytes were added apically on the Alvetex®, and cultured submerged for 3 days then raised to air-liquid for 21 days. The model produced was less organised with no particular gradient of HaCaT too fibroblasts seen. (Figure 5‑5C) The lack of paracrine signalling due to removing the fibroblasts seems to have prevented the weak stratification normally seen in co-cultures with HaCaT keratinocytes. HaCaT keratinocytes appeared more rounded.



Delaminating stratum corneum corneum
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[bookmark: _Ref430528351][bookmark: _Toc431205298][bookmark: _Toc456437381]Figure 5‑6: H&E staining of NhKs cultured on fibroblast, ECM and collagen 1 /fibroblasts: (a) 5x105 NhKs with 1x106 dermal fibroblasts; (b) 1x106 dermal fibroblasts collagen 1 coated then 5x105 NhKs added; and, (c) 1x106 dermal fibroblasts removed after 10 days by rocking for 3 hours in a solution of 1% Triton X and 0.1% ammonium hydroxide in distilled water. Then 5x105 NhKs added submerged for 3 days and raised to air-liquid for 21 days. 10µm thick sections. Scale = 50µm

[bookmark: _Toc431273924][bookmark: _Toc456437615]Investigating the effects of fibroblasts, ECM and collagen 1 coating on NhKs
Compared to HaCaTs, NhKs responded very differently to the collagen 1 surface coating, fibroblasts and ECM. (Figure 5‑6) Fibroblasts in co-culture with normal human keratinocytes filled the entire Alvetex® (Figure 5‑6A). Collagen coating of the Alvetex® prior to seeding with fibroblasts did not improve the NhK model to the same degree as the HaCaT model. (Figure 5‑6B) The production of ECM by fibroblasts was investigated by removing the dermal fibroblasts after 10 days by rocking for 3 hours in a solution of 1% Triton X and 0.1% ammonium hydroxide in distilled water. Then 5x105 NhKs were added and cultured submerged for 3 days before raising to an air-liquid for 21 days. (Figure 5‑6C) This produced some disorganised stratification. Overall there was less difference compared to the equivalent HaCaT models. The addition of collagen into the model did not appear to be significant improvement over the coculture model. This is due to the NHKs signalling the fibroblasts to produce sufficient ECM.


[bookmark: _Toc431273925][bookmark: _Toc456437616]Pancytokeratin labelling of Alvetex® 10, 15 and 23 Day co-cultures with increasing fibroblast seeding numbers.

Pancytokeratin labelling identifies areas of the models which have had keratin deposited as synthesised by the NhKs.

Pancytokeratin labelled sections of 10-day co-cultures of 1.4x105, 2.11x105 and 3.52x105 fibroblasts with 6.33x105 primary human keratinocytes
The majority of cells did not produced keratins as seen by the lack of pancytokeratin labelling. The cells that did, tend to be clustered together with a preference for the upper surface. There is also some keratin formed on the bottom surface. Upper surface indentations on the scaffold are areas that receive particularly high keratinisation with a U shaped stain typical, also the larger voids within the scaffold interior are seen to have been stained. (Figure 5‑7) 

[bookmark: _Ref429755088][bookmark: _Toc431205299][bookmark: _Toc456437382]Figure 5‑7: 100x Pancytokeratin staining of 10-day co-culture. From top to bottom; 1.4x105, 2.11x105 and 3.52x105 fibroblasts each with 6.33x105 primary human keratinocytes.
1. Pancytokeratin labelled sections of 15-day co-cultures of 1.4x105, 2.11x105 and 3.52x105 fibroblasts with 6.33x105 primary human keratinocytes
The 15 day co-culture showed increased pancytokeratin staining over the 10 day culture but not to the extent of the 23 day culture. Cells were evenly distributed but keratinisation appears localised. (Figure 5‑8)


[bookmark: _Ref429755157][bookmark: _Toc431205300][bookmark: _Toc456437383][bookmark: _Ref429755173][bookmark: _Toc431205301]Figure 5‑8: 100x pancytokeratin staining of 15-day co-culture. From top to bottom; 1.4x105, 2.11x105 and 3.52x105 fibroblasts each with 6.33x105 primary human keratinocytes.
1. Pancytokeratin labelled sections of 23-day co-cultures of 1.4x105, 2.11x105 and 3.52x105 fibroblasts with 6.33x105 primary human keratinocytes
Pancytokeratin was labelled across entire scaffold, similar to epidermis. Darkest staining appears at the upper and bottom surfaces. There appears to be far less cells blue staining than the shorter cultures, indicating that the cells were terminally differentiating and losing their nuclei. Cells remaining may have formed cornified envelopes but maintained their nuclei and are termed para-keratotic. [143] 

Figure 5-9: 100x pancytokeratin labelling of 23-day co-culture between top to bottom; 1.4x105, 2.11x105 and 3.52x105 fibroblasts each with 6.33x105 primary human keratinocytes.

[bookmark: _Toc431273926][bookmark: _Toc456437617]Keratin-10 labelling of Alvetex® 15- and 23-Day co-cultures.
Keratin-10 labelled sections of 15-day co-cultures of 1.4x105, 2.11x105 and 3.52x105 fibroblasts with 6.33x105 primary human keratinocytes
The 15-day co-culture showed keratin-10 staining at the apical surface particularly in the open pores. It is supposed that open pores at the surface get filled with ECM and provided the ideal area for keratinocyte differentiation. Keratin 10 is also seen within the model away from the surface where it ideally should not be, this differentiation appeared to occur within the larger pores where there is some strong staining. There was weak labelling in many individual cells. (Figure 5‑9)
Keratin 10 labelled sections of 23-day co-cultures of 1.4x105, 2.11x105 and 3.52x105 fibroblasts with 6.33x105 primary human keratinocytes
Keratin 10 labelling was much more intense in 23-day than 15-day co-cultures. The apical surface had a very dark stain at the outer edge but also in regions bellow. There was much stronger internal labelling with 2.11x105 fibroblasts: 6.33x105 NhKs. There was also some basal surface labelling. The 3.52x105 fibroblasts co-culture appeared weakly labelled. (Figure 5‑10)    

[bookmark: _Ref429754167][bookmark: _Toc431205302][bookmark: _Toc456437384]Figure 5‑9: 100x keratin 10 staining of 15-day co-culture between top to bottom; 1.4x105, 2.11x105 and 3.52x105 fibroblasts each with 6.33x105 primary human keratinocytes.

[bookmark: _Ref429754735][bookmark: _Toc431205303][bookmark: _Toc456437385]Figure 5‑10: 100x keratin 10 labelling of 23-day co-culture between top to bottom; 1.4x105, 2.11x105 and 3.52x105 fibroblasts each with 6.33x105 primary human keratinocytes. Interesting feature of an internal pore with surrounding encapsulating keratinocytes and internal keratin stain which darkens above.
[bookmark: _Toc431273927]


10, 15 and 23 days spent at air-liquid demonstrated the development of the Alvetex® model. The 10-day fibroblast monoculture has formed a stratum on apical and basal surfaces of uncoated Alvetex® and covered the entire section in ECM. HaCaTs in monoculture showed a preference for the apical surface, forming a confluent stratum around three cells thick. Only co-cultures formed confluent slabs of tissue. Pancytokeratin staining of Alvetex® co-cultures showed a preference for keratinisation of the apical surface stratum as well as large voids. Cell density increased with increased fibroblast seeding numbers. With HaCaTs, a thicker apical surface stratum was also formed by increasing the fibroblasts. 
After 15 days at air-liquid there was increased pancytokeratin staining over 10-day cultures, however it was localised more to the middle of the model, indicating HaCaTs had further penetrated into the scaffold. Keratin 10 staining was localised to the surfaces, with the apical being somewhat more distinct than the basal surface, but also to the larger pores within the Alvetex® suggesting internal differentiation occurring. The production of Keratin 10 by HaCaTs indicates that they are starting to terminal differentiate. However internal HaCaTs differentiating indicates a problem as keratin 10 is usually formed by keratinocytes in the upper layers of the epidermis stratum spinosum and granulosum. This may be due to the small inflexible windows through pores preventing the migration of cells. For HaCaTs this is especially problematic in that differencing keratinocytes form hemidesmosomes and adherens making tight junctions.
After 23 days at air-liquid pancytokeratin staining showed complete covering of the scaffold like the epidermis in vivo. Live cell number may of actually decreased with increased keratinisation as expected of stratum granulosum. Keratin 10 staining was more intense than the 15-day model but was not particularly localised to the apical surface but also in the large voids.  In direct comparison to HaCaTs, the NhKs in co-culture on Alvetex® after 21 days at air-liquid had stratum corneum formation with a basket weave appearance. The Alvetex® still prevented the formation of defined strata. NhKs appeared also to be present at the basal surface indicating that NhKs had migrated throughout the porous Alvetex®.  Removing fibroblasts with 1% Triton X and 0.1% ammonium hydroxide solution to leave just ECM, resulted in a less organised NhK cell differentiation. This indicates that fibroblast are need to support NhKs and that fibroblast derived ECM is not enough. Culturing with increased fibroblast numbers improved organisation of the co-culture model. Collagen 1 coating over the fibroblasts improved the model by increasing cell migration.

[bookmark: _Toc456437618]Consistency of models developed.
	[image: C:\Users\Joe2\Desktop\all-blend-2-copy_19429633713_o copy.jpg]
[bookmark: _Ref430683642][bookmark: _Toc431205304][bookmark: _Toc456437386]Figure 5‑11: Issue of consistency. DAB staining of pancytokeratin. Regions unstained are presumed to be fibroblast only. There is a preference for fibroblasts at sides. Scale = 100µm



Consistency in cell density across the entire surface of the model was an important factor to consider. Images of sections of the current RhE models are likely to be of the best areas of the most successful cultures. While this is a good advert for the model it does not allow for fair comparisons with models undergoing development. The budget did not allow for the purchase of the market models. 
Figure 5‑11 shows large regions where there is lack of pancytokeratin labelling. Regions stained brown by DAB against the pancytokeratin primary antibody are dominated by NhKs producing keratins. The regions unstained by DAB but haematoxylin counterstained are fibroblast populated. There is a thin stratum of keratinocytes on top this region. Irritants such as the SDS used will preferentially permeate the weaker areas, then lateral affect the rest of the model. This bypassing of the barrier will produce inaccurate results.  MTT staining of models after the 42bis protocol, should ideally produce uniform purple, blue, and light blue or white models depending on the impact of the irritant. Images have been included when available to demonstrate this.

[bookmark: _Toc456437619]Discussion on cell culture in the Alvetex® model

This chapter followed the development of a suitable cell culture protocol to produce an Alvetex® based skin model. Developing the Alvetex® scaffold into a skin model initially focused on fibroblast and HaCaT seeding cell numbers and lengths of cell culture. Then on to normal skin keratinocytes, both with fibroblasts in co-culture and with each cell type in monoculture. Monocultures were investigated to give perspective to the cocultures. Short cultures were conducted to investigate the effectiveness of the seeding protocol directly on the early development of the model, before moving to extended cultures. Co-seeding verses seeding in a staggered regime was investigated to see if the cell types when co-seeded would self-organise into separate epidermal and dermal compartments which would allow a shortened cell culture time. This was not the case, even with the inverted method of fibroblast cell seeding. The inverted method of seeding fibroblasts was hypothesised to help create separate epidermal and dermal compartments. With the fibroblasts seeded on the underside and keratinocytes on the top of the scaffold. This was an improvement over seeding both cell types together on the topside. The Alvetex® model developed did not have the clear epidermal-dermal differentiation as present in native skin. Fibroblasts did not reach a level of confluency or form strong enough apical barrier to prevent keratinocyte ingress into the Alvetex® scaffold. Efforts to improve the Alvetex® model were based on the observation that fibroblasts at air-liquid were producing a thin stratum. It was hoped that this stratum would prevent keratinocyte ingress and would provide an interface to form a DEJ complete with deposition of basement membrane proteins. This unfortunately was not the case. Knight et al. were able to achieve a separation of keratinocytes and fibroblasts without any collagen coating using the same protocol of a 7 day fibroblast culture then seeding keratinocytes on top.  [109] This may be due to a greater amount endogenous collagen being produced by their fibroblasts. Stimulation of collagen synthesis by the fibroblasts, for example with ascorbic acid (AA) or magnesium ascorbyl phosphate (MAP) during this stage of the protocol would be an area of future study. [42, 205] An excellent Alvetex® model has recently been demonstrated by Hill et al. with 2.0 × 106 fibroblasts and with the addition of 100 μg/ml ascorbic acid to the medium. [86]  
The protocol deduced by Marsh to produce a separating DEJ collagen I layer was not achieved on the Alvetex® model. [107, 133] It did however improve the development of the HaCaT model via increased cell migration. This effect was less noticeable with NhKs. 
Alvetex® prevents cells from forming the flattened morphology of 2D culture but they also bind to each other within the pores. [109] This interference of the scaffold, prevented the HaCaTs and NhKs from undergoing their unconstrained stratification. With NhKs undergoing differentiation within the pores, the strong cell-to-cell binding prevented stratification. It was found that HaCaTs did not fully differentiate and were not able to produce a defined stratum corneum. 
NhKs needed to have a fibroblast populated Alvetex® in place, seeding a greater number of fibroblasts prior to seeding keratinocytes lead to a better formed model but not a more cell populated model by day 10. It was found that a high fibroblast seeding density helped support both the HaCaT keratinocytes cell line and normal skin keratinocytes, by increasing total cell numbers in submerged cultures. Fibroblast numbers seeded in the 3D air-liquid experiments were therefore increased to 1x106 fibroblasts per a 12-well insert.





[bookmark: _Toc431273928][bookmark: _Toc456437620] Cultures to investigate irritant exposure effects in 2D and 3D submerged
This chapter aims to deduce SDS concentrations that are irritant but not toxic to the models under development.
The preliminary experiments (see section 11.1.1) had identified the IC-50 for irritancy to lie somewhere between 0.1mM and 1mM SDS for 2D HaCaT co-cultures. To clearly identify a concentration of SDS that is irritant but not toxic, a range of concentrations in this region were tested. This resulted in a more accurate dose response curve that can be used to deduce the irritant concentration of SDS for 2D cell culture. Underdeveloped 3D models are likely to be similar in resilience to irritation as 2D cell culture models. Exposure times investigated initially were the same as per the preliminary experiments, namely 30 minutes, 2 hours and 24 hours, then a move to the 42 minute SkinEthic ‘42bis’ assay was made.

[bookmark: _Ref429472176][bookmark: _Toc431273930][bookmark: _Toc456437621]Exposing 2D TCP cultures of HaCaTs, co-cultures and fibroblasts to SDS for 30 minutes and 2 hours.
The same 2-day culture protocol was used as per the preliminary experiments (see section 11.1.1). The effect of increasing exposure time of SDS from 30 minutes to 2 hours was a decrease in the IC-50 from around 0.15mM to 0.1mM SDS for the HaCaTs. This demonstrated the expected mild-toxic effect of lysing cells slowly over time. 0.2mM SDS decreased cell viability to roughly zero for both time points and so was a toxic concentration. The 0.1mM concentration was most interesting as the viability was high for 30 minutes but dropped significantly after 2 hours. The 0.08mM SDS seemed to have no effect on HaCaT cell viability.  It did have an effect of fibroblast viability however, decreasing it slightly from control levels and then at 0.1mM introducing much more viability variability. The co-culture curve lies between HaCaT and fibroblast curves but with a more HaCaT-like viability profile. HaCaTs that have proliferated to form a confluent sheet have a cobblestone like appearance, this occurred after 3 days submerged culture on 2D tissue culture plastic.    
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[bookmark: _Toc431205306][bookmark: _Toc456437387]Figure 6‑1: Effect of various concentrations of SDS on HaCaTs, Co-cultures and fibroblasts cell viability after 30-minute exposure. Seeded at 3x104 cells per well 3 days prior. All data is shown as the mean of 3 replicates (n = 3) and the error bars represent the standard deviation.
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[bookmark: _Toc431205307][bookmark: _Toc456437388]Figure 6‑2: Effect of various concentrations of SDS on HaCaTs, Co-cultures and fibroblasts cell viability after 2-hour exposure. Seeded at 3x104 cells per well 3 days prior. All data is shown as the mean of 3 replicates (n = 3) and the error bars represent the standard deviation.




[bookmark: _Toc431273932][bookmark: _Toc456437622]Exposing 2D TCP cultures of HaCaTs, co-cultures and fibroblasts to SDS for 30 minutes, 2 hours and 24 hours.
Following on from the last experiment, and extending the exposure time up to 24 hours. (Figure 6‑3) Accurate IC-50 results cannot be made from the 30 minute exposure, as concentrations bellow 1mM may also toxic. This non-linear situation makes extrapolations difficult. The mechanism behind the irritation effect of the SDS appears to be following a linear-quadratic model of effect. The shown IC-50 estimate of around 0.3mM SDS, is inaccurate as it is more likely to be in the same 0.15mM SDS region as per previous results. The 2 hour exposure found 0.1mM SDS to decrease cell viability, with co-cultures most effected. Extending the period of exposure up to 24 hours found that 0.1mM SDS proved toxic to HaCaT and co-cultures but not fibroblasts. 
ELISAs for interleukins produced were carried out on media from 0.01mM SDS and controls for each time point. At 0.01mM SDS the level of irritation was very low with less than 10pg/mL IL-1α secreted by HaCaTs after 24 hours exposure. IL-6 was found to be produced by HaCaT monocultures but not biologically significantly higher (130pg/mL) than control samples. HaCaTs produced very little IL-8 compared to fibroblasts. It was concluded that ELISAs done on sub-irritant levels of SDS on media from 100% viable cells does not provide meaningful information. (data not shown)
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[bookmark: _Ref429391531][bookmark: _Toc431205308][bookmark: _Toc456437389]Figure 6‑3: MTT Assay for 2D TCP. The effect of increasing the exposure time to SDS from 30 minutes to 2 hours-to 24 hours was to shift the IC-50 to a lower concentration. Values are means with +/- standard deviation. n=3. Error bars for standard deviation.









	


[bookmark: _Toc431273933][bookmark: _Toc456437623]3D Alvetex® 7 day cultures of HaCaT, co-culture and fibroblast cultures using the 42 minute (‘42bis’) SDS exposure. 
In an attempt to understand the mechanism behind the irritation and to see if the hypothetical dose-response curve is an accurate representation of the real life irritant-to-toxic responses, a method was developed to produce models more representative of the in vivo morphology needed for proper 3D skin model testing. 
Without raising the scaffold to the air-liquid interface the differentiation of the keratinocytes would be limited, resulting in impaired barrier function. The histology of HaCaT monocultures shows a 2-4 cell thick apical layer had developed. HaCaT migration and cell number increased with the addition of fibroblasts. The co-cultures had a thicker apical layer of 4-7 cell thickness but with no obvious separation of HaCaTs and fibroblasts. The fibroblast monocultures had fibroblasts proliferated evenly across the Alvetex® scaffold except for at the apical surface where a 1 cell thick stratum of fibroblasts can be seen. ECM has been produced, evident by a higher background eosin staining but also that on taking 10µm sections, the scaffold does not disintegrate as the ECM is effectively gluing together the polystyrene fragments of the Alvetex®. 
A change in the SDS exposure protocol was made. The ‘42bis’ protocol was adopted as developed by SkinEthic™. [208] Using the same SDS concentrations that achieved the well-defined 2D viability curves in section 6.1.1, the effect of 3D cultures on cell viability was assessed. Giving the resulting cell viability curves in Figure 6‑4. At control; co-cultures had the greatest cell viability, followed by HaCaT keratinocytes and then fibroblasts by the MTT assay. HaCaTs showed an increase in viability when exposed to 0.2mM SDS. Fibroblasts also increased viability in response to lower SDS concentrations. 
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[bookmark: _Ref429471819][bookmark: _Ref436136777][bookmark: _Toc431205309][bookmark: _Toc456437390]Figure 6‑4: MTT assay of well plate Alvetex® using 42-bis protocol on 5x105 cells total (5x105 HaCaT keratinocytes, a 90:10 ratio of keratinocytes: fibroblasts or 5x105 fibroblast cells) for 7 days submerged. 10% DMEM used rather than Green’s medium. Error bars are standard deviations of mean. N=1 n=3. 



 In comparison to the 30 minute exposure viability curves in 2D. The resistance to irritation increased from an IC-50 of around 0.15mM SDS up to 0.33mM SDS for the HaCaT keratinocytes and just under 0.5mM for the fibroblasts and co-cultures. The HaCaT keratinocytes had a peak in viability at 0.2mM SDS above the control, 0.08 and 0.1mM SDS. This peak was due to the acute irritation response, whereby the cells are being irritated and raising their metabolic activity to repair their cell membranes. With the fibroblast monocultures there was also a peak but at 0.4mM SDS indicating higher resistance to irritation than HaCaTs in monoculture. The co-culture appeared to be a combination of the HaCaT and fibroblast responses. This indicates that paracrine signalling between the cell types was having a functional response. This function of raising the irritation resistance of HaCaTs by fibroblasts supports the idea that RhE over respond to irritation compared to full thickness models.   
ELISAs of the control and 0.2mM SDS media were done to assess the irritation at the point where maximum HaCaT response was seen. The IL-1α from HaCaTs doubled from 5 to 10pg/mL. For co-cultures the control was higher as was the significant increase from around 13 to 30pg/mL (P<0.05). The fibroblasts had no IL-1α response.  The IL-6 response however was much greater for fibroblasts from 1,650pg/ml at control up to 2,490pg/mL at 0.2mM SDS (P<0.01). The IL-6 release by HaCaT and co-cultures decreased in response to irritation by 0.2mM SDS. Their control values were lower as well, 550pg/mL IL-6 from co-culture and 150pg/mL from the HaCaT monocultures.
The IL-8 response was similar to the IL-6 response, the fibroblasts had high levels of IL-8, increasing from 2,250 to 3,100pg/mL but with large variance. The HaCaTs had a significant increase from 150 to 550pg/mL (P<0.05) but the co-cultures had the most significant increase of 750 to 1,650pg/mL (P<0.01). 
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[bookmark: _Ref429500588][bookmark: _Toc431205310][bookmark: _Ref453507744][bookmark: _Toc456437391]Figure 6‑5: MTT assay of well plate Alvetex® using 42-bis protocol on 5x105 cells total for 7 days submerged. 10% DMEM used rather than Green’s medium. All data is shown as the mean of 3 repeats (N=3) with each experiment having a mean of 3 replicates (n = 3) and the error bars represent the standard deviation between experimental repeats.


 In all total of 3 repeats of this experiment were deemed by histological analysis to be of acceptable quality, these set of Alvetex models had well defined complete upper stratas of cells. Failed experiments had patchy isolated areas of cells and were not deemed adequate and under SDS exposure had responses more similar to 2D cell culture, with no cell survival beyond 0.1mM SDS. This is likely due to lack of cell support, low cell number and increased surface area of exposure to SDS for the fewer cells.  HaCaTs and fibroblasts had similar proliferation rates which made the co-culture experiments easier to reproduce than with NhKs, which were slower.



[bookmark: _Toc456437624]Discussion of 2D and 3D submerged cultures.
The ‘42bis’ assay as used by SkinEthic was deduced to be a suitable irritant assay for the testing of the Alvetex® skin model with various concentrations of SDS. Concentrations of SDS that were non-irritant in 30 minute 2D experiments were found to be toxic after 2 hours. The extended exposure time in 3D decreased the viability for HaCaTs and co-cultures at 0.1mM SDS compared to 0.08mM SDS. Then however a rise in viability was seen with concentrations of SDS beyond 0.2mM SDS, a level that was found to be toxic in 2D after 2 hours. These results can be compared to Sun, Jackson et al. paper. They found the cellular metabolic activity increases when incubated at concentrations that are not toxic, however this mechanism is not fully understood. [198] 
ELISA results indicated that IL-8 is a better predictor of irritation than IL-6 and possibly IL-1α, at least for HaCaT monocultures. The HaCaTs in monoculture did not produce much of an IL-1α response as would be expected for NhKs. 
Wilhelm et al. deduced the SDS to have an IC-50 of 0.15mM after a 48 hour exposure with HaCaTs. [217] This is similar to our estimated result in 2D after 30 minutes and bellow that achieved in the 3D Alvetex model after a 42 minute exposure. In the same study human skin was also tested by erythema and TEWL. It was estimated that human skin is 10-100 times more resilient to irritation than the 2D model, due to prevention of penetration by the relatively impermeable barrier of the stratum corneum.








[bookmark: _Toc456437625]Electrospun scaffolds for 3D skin models
Electrospun scaffolds were investigated as an alternative to the Alvetex scaffold. The Alvetex® model was not producing the desired keratinocyte-fibroblast separation and was not allowing free keratinocyte differentiation. A PLLA and Trilayer model had been developed for an oral mucosa model. [29] As an in-house produced alternative they can be customised to suite the purpose of a skin model.

[bookmark: _Toc431273956][bookmark: _Toc456437626]PLLA electrospun fibres
It was found that the average PLLA diameter to be 4.2µm (n=146) with 90% of the fibres between 2-7µm. (Figure 7‑2) Under SEM these fibres were randomly orientated. In the hydrated state the fibres become much more closely packed than the dried SEM images imply, this is clearly visible under the dissection microscope. During cell culture therefore fibre-to-fibre porosity within the scaffold is lower than estimated by SEM images. 
Nanostructures seen under 6400x magnification shows the porous nature of the electrospun fibres. (Figure 7‑1) This is probably due to the evaporation of solvent rapidly from the high surface area of the fibres. These pores are of average 125nm in diameter. These pores may aid cell attachment by providing a level of surface roughness. This may also increase the hydration via increased surface area, and so increase the degradation rate of the polymer. This nanoporosity is likely removed by the laser melting, as we see by SEM the fibres take on a glassy appearance. The SEM images were of unsterilized scaffolds. The effect of 70% ethanol and peracetic acid washing on the microstructure is unknown. The porous flat film seen in Figure 7‑76 has been seen before during laser scanning on poly-e-caprolactone. [80]


[image: ]
[bookmark: _Ref427925482][bookmark: _Toc431205386][bookmark: _Toc456437392]Figure 7‑1: SEM images of electrospun PLLA fibres. From 400x zooming too 1600x, 6400x, 12800x and 25600x. PLLA fibres appear to be randomly aligned. High magnification shows porous surface of PLLA due to solvent evaporation. This surface topography may aid cell attachment to the PLLA surface by increasing the surface area, decreasing surface stiffness and providing hold points
[image: ]
[bookmark: _Ref427833828][bookmark: _Toc431205387][bookmark: _Toc456437393]Figure 7‑2: Histogram of PLLA corresponding to Figure 7‑1. Mean = 4.2µm n = 146 fibres sampled.

1.2 [bookmark: _Toc431273957][bookmark: _Toc456437627] PHBV electrospun fibres
The PHBV histogram of a laser etched PHBV on Alvetex®, shows the average PHBV diameter to be 1.252µm (n=82). This is larger than the 0.7µm (n=5) result using the same electrospinning method. [29]
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[bookmark: _Toc431205390][bookmark: _Toc456437394]Figure 7‑3: Histogram of PHBV. Mean diameter = 1.252µm. n=82 fibres measured.  
	[image: C:\Users\Mahsa\Pictures\resempictures\BILASER2.TIF]
[bookmark: _Toc431205391][bookmark: _Toc456437395]Figure 7‑4: SEM of PHBV.










[bookmark: _Toc456437628]3D Alvetex® 10 day cultures of NhKs, co-culture and fibroblast cultures using the 42 minute (‘42bis’) SDS exposure. 
When making the move to normal human keratinocyte culture rather than HaCaTs, cell numbers soon became an issue. With HaCaTs there was no issue getting the 18 million cells needed for each experiment (3 * 24wells * 5x105cells). When it came to isolating NhKs from donated human tissue, realistic numbers obtained at passage 1 were 4-8 million cells. To combat this problem, cell seeding numbers were decreased from 5x105 total down to 1.5x105 and as a counter measure culture lengths were increased to 10 days from 7 days.
	[image: C:\Users\Mahsa\Pictures\Hydrocortisone Alvetex 10day 31.1.14\DSCF3768.JPG]
[bookmark: _Toc456437396]Figure 7‑5: Culture media after 42 hours exposure to irritants. X has notably redder medium so was discounted. Alvetex® submerged cultures. N=1
	[image: C:\Users\Mahsa\Pictures\Hydrocortisone Alvetex 10day 31.1.14\DSCF3781.JPG]
[bookmark: _Toc456437397]Figure 7‑6: MTT assay shows cell colonies. 1mM SDS in column 5 has the lowest viability. Common pattern of central areas most effected (lighter) by SDS.



[bookmark: _Toc431273936][bookmark: _Ref453334264][bookmark: _Toc456437629]3D submerged cultures to investigate hydrocortisone effects on MTT cell viability, IL-1α and IL-8 responses to irritation.

Using the method detailed in section 4.9, the effect of various concentrations of hydrocortisone on the cell viability and irritant response to irritation was investigated. The hypothesis was that hydrocortisone, an anti-inflammatory steroid hormone, would affect the irritant response. A hydrocortisone concentration of 400ng/ml is normally added to Green’s medium and so a range of; hydrocortisone-free medium, 100, 200, 400 and 800ng/mL Hydrocortisone mediums were investigated. Two repeats using Alvetex were done and lastly a laser cut electrospun Poly L-lactide (PLLA) scaffold was used as the supply of Alvetex had run out. PLLA is similar to Alvetex® in that it is a 3D open structure that allows the ingress of cells (see section 2.7) but differs in that the electrospun scaffold does not have the closed pore structure seen in the polyHIPE material, as all edges are convex rather than concave. 

	Alvetex® N=1                                    Alvetex® N=2                             PLLA N=3
[image: C:\Users\Joe2\Desktop\hydrocortisone3D.png]
[bookmark: _Ref430590492][bookmark: _Toc431205315][bookmark: _Toc456437398]Figure 7‑7: Hydrocortisone experiments on Alvetex® N=2 and PLLA N=1 1x105keratinocytes and 5x104 fibroblasts for 10 days submerged in a 24-well plate. 42-bis with 0, 0.1, 0.6, 1 and 6mM SDS. 0,100, 200, 400 and 800ng/mL Hydrocortisone media without FCS. MTT assays, IL-1α and IL-8 results for comparisons.  All data is shown is n=1.


For the first Alvetex® experiment N=1, (Figure 7‑7) the peak in IL-1α release at 1mM SDS corresponds to the lowest IL-8 measurement. This would suggest the loss of fibroblasts as there is also a null for MTT. The large amount of IL-8 with 400ng/mL hydrocortisone, indicates that hydrocortisone is needed for IL-8 response, or that it enables IL-8 production in damaged cells. However 400ng/mL hydrocortisone also has caused a large amount of IL-8 production at non-irritated control despite having the same viability as 0ng/mL hydrocortisone.
For the second experiment (Alvetex® N=2, Figure 7‑7). Hydrocortisone had little effect on the cell viability. In contrast to N=1 where there was a clear variation. The curve was very different also. Cells died at 0.6mM SDS in N=2, a concentration where they were still viable for experiment N=1. This is likely due to the removal of the holders. The holders may have prevented transfusion of irritant around the circumference of the Alvetex® disc. Histology is needed to compare model morphology and barrier. Very small colonies of cells survived 0.6mM SDS. The IL-1α release varied a lot more than N=1, with 200-400ng/mL hydrocortisone producing a large peak at 0.8mM SDS but also higher values at control non-irritated. The 0 and 800ng/mL hydrocortisone produced very little IL-1α at control but still produced around 800pg/mL IL-1α at 1mM SDS. For IL-8 the only difference was the hydrocortisone free medium appearing to produce a response at 0.1mM SDS, this may have been an anomaly but then was also seen in N=3.
For the third experiment (PLLA N=3, Figure 7‑7). The IL-1α release was greatest for 800ng/mL hydrocortisone at 6mM SDS. At 1mM SDS however hydrocortisone free medium produced the greatest response with 800ng/mL hydrocortisone having the lowest. IL-8 response was greatest with 800ng/mL hydrocortisone followed by hydrocortisone free. Cells were from the same patient as Alvetex® N=2, but NhKs were used at passage 3.

2. [bookmark: _Toc431273937][bookmark: _Toc456437630]Summary of 3D submerged cultures to investigate hydrocortisone effects.
The extremes of 0 and 400ng/mL hydrocortisone had the most effect on the models. Hydrocortisone seemed to effect IL-1α release only for N=1, with little difference seen in the other cases. The drop in IL-8 response and viability at 1mM SDS, but a peak in IL-1α seems to suggest loss of fibroblasts as fibroblasts internalise and degrade the IL-1α. [24] However previous experiments have pointed to fibroblasts having greater resistance to SDS than keratinocytes. The hydrocortisone free medium produced very little IL-1α at control but still produced a notable amount of IL-1α at 1mM SDS. The amount of IL-1α is an order of magnitude greater than seen in the 2D experiments such as in Figure 11‑2, which was around 200pg/mL. The amount of medium that can be held in a 24-well plate is 2mL, compared to the 5mL in air-liquid models is 60% less medium. The main concern with hydrocortisone was the high constitutive level of IL-8. Irritation of cells via SDS, may increase their uptake of medium hydrocortisone causing an increase in the anti-inflammatory effect on the irritated cells. By removing the hydrocortisone totally, the conditions are simplified. Without hydrocortisone normal conditions of scaffold stiffness, cellular waste products and scaffold degradation may induce a raised level of cytokines as cells become more sensitive to their environment. If the basal level of irritation is raised, meaning more cytokine is measured at control, this would interfere with the testing regime; as the amount of cytokine induced by topically applied irritants, especially mild irritants, would produce data with a less detectable difference between the treated and control levels. [160]
	[image: C:\Users\Joe2\Dropbox\Private\Joe Thesis no collin\pictures\cob\Alvetexhydrof284k2030.png]
[bookmark: _Toc431205316][bookmark: _Toc456437399]Figure 7‑8: Alvetex® control 0mM SDS 400pg/mL hydrocortisone NhKs (P2)



Investigating 3D submerged cultures proved useful to understand the irritation process and response.  The increase in cell numbers seeded from 3x104 to 5x105 cells and length of culture from 3 to 7 days increased the resistance to irritation of the models. The ‘42bis’ protocol was adopted as developed by SkinEthic™. [208] The 0.2mM SDS concentration that caused irritation to 2D cultures still would have caused irritation however the response was very different. Activation of both fibroblasts and HaCaTs was seen by an increase in MTT optical density readings before a drop at a higher SDS concentration. This IC-50 point was 0.33mM for HaCaTs and 0.5mM for fibroblasts. The co-culture appeared to be a combination of the HaCaT and fibroblast responses. A very similar pattern was seen in the three repeats (Figure 6‑5). This indicated that paracrine signalling between the cell types was having a functional response. IL-1α responses were seen in HaCaT cultures and co-cultures. Fibroblasts produced IL-6. The IL-8 response was greatest in co-cultures. 
The amount of IL-1α released was below the 60pg/mL irritant threshold as deduced using the Episkin™. This does not necessarily relate across all models. In fact a study on the SkinEthic™ model found that it typically does not exceed the 60pg/mL threshold to label as a R38 irritant even when testing chemicals that have been identified as R38 irritants by the Draize test. [5] The response of fibroblasts to the irritation without activation by IL-1α suggests that either there is an alternative activating pathway, perhaps via TNF-α; [76] or that the IL-6 and 8 are not actually secreted, but are the intracellular stored cytokines that are released upon cell lysis.
This response of increasing MTT conversion to formazan salt, is due to increased cellular metabolism in order to cope with the stress condition. This stress is due to the action of SDS on cells. The SDS makes microtears in the cellular membrane, the repair of which results in an increased metabolic response. This is part of the amplification response; when the uppermost cells are permeabilized they release cytokines that up regulate metabolism in underling cells.


[bookmark: _Toc431273935][bookmark: _Toc456437631]3D air-liquid cultures in Alvetex® inserts of Alvetex®, PLLA and Trilayer models for 10 days air-liquid and the effect of hydrocortisone. 
The first experiment at air-liquid was done using normal Green’s medium but there was very little amplification of IL-1α seen. The concern was that hydrocortisone, an anti-inflammatory, was increasing the resistance to irritation or preventing the normal irritation cascade from occurring.  Another concern was that the serum and SDS free control medium used for the 42 hour recovery time may not be ideal. Serum starving the cells for 42 hours will likely have a significant effect on cellular metabolism due to the removal of proteins required for cell growth. [43] This inhibition of cell growth may place the cells in a state of stress; a control of 10% serum could be included to test this theory. 
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[bookmark: _Ref431108962][bookmark: _Toc431205311][bookmark: _Toc456437400]Figure 7‑9: MTT cell viability of Alvetex®, PLLA and Trilayer 3D 10 day air-liquid models. An extra control of Trilayer was included with 10% serum instead of the serum-free medium. All data is shown is n=1. 
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[bookmark: _Toc431205312][bookmark: _Toc456437401]Figure 7‑10: Hydrocortisone effect on PLLA and Trilayer 3D 14-day air-liquid models. All data is shown is n=1.


The MTT assay shows similar viability profiles between cocultures in the Alvetex® and PLLA scaffolds. Extra models of the Trilayer scaffold were tested which resulted in a more complex profile. A toxic level of 8mM SDS was found for Trilayer. Media from 0, 1 and 6mM SDS was then analysed by ELISA for interleukins 1, 6 and 8 for the PLLA and Trilayer models. The theory concerning serum effects was also tested. In Figure 7‑9, a single Trilayer scaffold was cultured for 42 hours in 10% FCS containing medium. The viability is much higher than control, but not any different from 0.1mM SDS.  
The NhKs in coculture demonstrated sensitivity to SDS but were affected by the presence of hydrocortisone. Without hydrocortisone, IL-1α and IL-8 amplified in response to SDS. IL-1α increased from 8 to 250pg/mL on PLLA and from 28 to 140pg/mL on Trilayer when comparing 1mM to 6mM SDS. The HaCaT keratinocytes produced high basal levels of IL-1α (for control samples). (>80pg/mL, data not shown)  IL-6 levels in PLLA upregulated from 1,780 to 3,140pg/mL with 1mM SDS but then 6mM SDS caused amplification up to 13,830pg/mL.  IL-8 levels were much lower for test and recovery media containing hydrocortisone at <2000pg/ml. Only the Trilayer at 6mM SDS showed an ‘amplification’ to 4600pg/ml, though this is more likely to be due to cell lysis rather than true amplification as there was no correlatively IL-1α amplification. Without hydrocortisone, IL-8 levels were constitutively higher; 45,350pg/ml in PLLA and 18,130pg/ml in Trilayer. Upregulation occurred even at 1mM SDS and then at 6mM SDS levels have reached 76,150pg/ml in PLLA and 92,650pg/ml in Trilayer. This demonstrated a 5.1x increase for the Trilayer and a 1.7x increase for PLLA. 
Culturing NhK co-cultures at an air-liquid for 10 days increased the IC-50 to around 7mM SDS. There were drops in viability at around 1-2mM SDS before a rise again. This viability profile echoed the submerged results but at 10x the SDS concentration. IL-1α amplified to over 140pg/ml at 6mM SDS on the PLLA-PHBV-PLLA Trilayer indicating irritation as the European Union Directive 67/548/EEC risk phrase; indicates a level of 60pg/mL to be an R38 irritant to skin. These tests were conducted in 5mL of medium however rather than 2mL and so the total amount is 250%. The effect of 400ng/ml hydrocortisone, was to suppress IL-1α and IL-8 response to irritation.



[bookmark: _Toc431273939][bookmark: _Toc456437632]TEER Nova and Corneometer® CM825 for co-cultures on PLLA and Trilayer
The Nova Dermal Phase Meter (DPM) 9003 (Nova™ Technologies Corporation, Portsmouth, NH U.S) is a device used to measure skin hydration. It measures electrical capacitance as an arbitrary value ranging from 90-999.  [171] Readings of intact normal skin vary across the body from 145-275±100 (AU) and increase with time of skin contact as there is accumulation of moisture. [74] Readings of the thin skin on top of my hand were 180-200, 650 on my palm and 700-850 on my fingers. This indicates that thicker and dryer stratum corneum has a higher impedance. Dampened scaffolds read as 999AU. Models were placed on PBS blue soaked roll to provide a consistent hydration reservoir. Using an ATP thermometer and humidity meter DT-615 the humidity was seen to rise above the blue roll from 55.4% to 65-69% at 22.9°C. 
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[bookmark: _Toc431205317][bookmark: _Toc456437402]Figure 7‑11: PLLA (1-3) and Trilayer (5-6) models tested in various hydration states using the Nova™ 9003. The mono 1 was a 112-day fibroblast monoculture.  Other models are cocultures on PLLA (co 2 and co 3) and Trilayer scaffolds (Co 5 and 6). N=1


	[image: C:\Users\Mahsa\Pictures\1-6 Fibs284 P8  long 7.2.14  K203 H&E PLLA TRI Nova + MDD4 tested\Mono 1 PLLA\Mono 1 F284 PLLA 20x 1 copy.jpg]
[bookmark: _Toc456437403][bookmark: _Toc431205318]Figure 7‑12: Mono 1 PLLA 89 days 
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[bookmark: _Toc431205319][bookmark: _Toc456437404]Figure 7‑13: Co 2 PLLA
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[bookmark: _Toc431205320][bookmark: _Toc456437405]Figure 7‑14: Co 3 PLLA
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[bookmark: _Toc431205321][bookmark: _Toc456437406]Figure 7‑15: Co 5 Trilayer
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[bookmark: _Toc431205322][bookmark: _Toc456437407]Figure 7‑16: Co 6 Trilayer



The Nova results were significantly higher than human skin. PLLA had lower readings than the Trilayer. The polymer scaffold will have a very high resistance so it is only cells that reduce the impedance.  
A multi display device MDD4 and Corneometer® CM825 (Courage + Khazaka electronic, Cologne, Germany) was also tested on these 5 samples, but found to be unsuitable for these models, as all results were 120AU. As 120AU was the maximum measure on the device, no differences between models could be indicated. This indicates that these models were over hydrated in comparison the native skin that the device is calibrated for. 

[image: corneoprinz]
[bookmark: _Toc431205323][bookmark: _Toc456437408]Figure 7‑17: How the Corneometer® CM825 operates as a variable capacitor. (Source: manufactures website [53])

The range of measurements is 0-120 Arbitrary Units, with dry normal skin in the 30-45AU range and moist skin above 45AU. The Corneometer® CM825 measures skin capacitance at 0.9-1.2 MHz using a conductor track (surface area = 0.65cm2) that is separated by glass to prevent galvanic contact. The depth of penetration is small, covering 10-20μm of the Stratum corneum. It was tested on 10 day submerged models using the laser etched and plain PHBV on Alvetex® scaffolds with fibroblasts, keratinocytes and co-cultures. The MDD4 results varied with pressure. To achieve consistent results the spring pressure method could not be used and the pressure was too high and damages the model. Placing paper towel under the model helped. The best method deduced was inverting the probe and placing the scaffold on top face down, the pressure is then the weight of the scaffold. This was more consistent as the models are all the same size. 

[bookmark: _Toc456438179]Table 3: Corneometer® CM825 and Nova measurements for PHBV-Alvetex® models.
	
	fibroblasts
	keratinocytes
	   co-culture

	Etched PHBV on Alvetex®
	75-106 (800)
	115-116 (812)
	111-104 (812)

	PHBV on Alvetex®
	109-118 (788)
	117-118 (800)
	120-111 (808)



The first reading was for a dry sample and the second when hydrated with 10µL water on the basal side. Reading in brackets are the corresponding Nova results as a comparison. In summary these high capacitance readings are at odds with the low level of keratinization in submerged models. This indicates that these measurements are only valid for fully developed models where cell-cell contacts are established and a differentiated stratum corneum is present.
Rather than taking a surface capacitance measure, a transendothelial measurement could be taken using the Endohm chamber electrical resistance (Trans Epithelial/Endothelial Electrical Resistance (TEER)) this would give a quantitative measure of cell confluency.
The two devices are usually used to measure native skin hydration. The Nova Dermal Phase Meter (DPM) 9003 was found to be more suitable, as the readings from the MDD4 and Corneometer® CM825 maxed out on the 10 day submerged cultures, this device is only suitable for air-liquid model readings. The measurements are only valid for fully developed models where cell-cell contacts are established and a differentiated stratum corneum is present. Treatment with SDS damages the stratum corneum and so only control models give results indicative of model development.



[bookmark: _Toc431273940][bookmark: _Toc456437633]Alvetex®, PLLA and Trilayer models tested with 0, 1 and 6mM SDS. MTT cell viability, IL-1α, IL-6 and IL-8 responses to irritation.
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[bookmark: _Toc431205324][bookmark: _Toc456437409]Figure 7‑18: MTT assay of NhKs co-culture on PLLA (n=2), Alvetex® (n=3) and Trilayer (n=3) scaffolds. 5x105 NhKs and 1x106 fibroblasts. The error bars represent the standard deviation between experimental repeats.


The MTT assay shows that there was little variance in viability within each scaffold material model but variance between different models. The PLLA and Trilayer models had the similar viability at controls, only the cells on PLLA responded to 1mM SDS. The cells on Alvetex® had lower viabilities overall. 
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[bookmark: _Toc431205325][bookmark: _Toc456437410]Figure 7‑19: NhKs co-culture on PLLA (n=2), Alvetex® (n=3) and Trilayer (n=3) scaffolds. 5x105 NhKs and 1x106 fibroblasts. The error bars represent the standard deviation between experimental repeats.


The Alvetex® model had the lowest control cell viability but this did not lower overall levels of interleukins bellow PLLA or Trilayer models. All models responded to the 6mM SDS with an amplification of IL-1α indicating an irritant response. The levels of IL-1α were high even at the control (250-600pg/mL), but were very high (>900pg/mL) at 6mM SDS. 
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[bookmark: _Toc431205326][bookmark: _Toc456437411]Figure 7‑20: ELISA Interleukin correlations. Strong positive correlation found between IL-1α and IL-8 (r=0.622>0.01 of 0.537). The dotted lines link single vial results together. All data is shown is n=1.



The above correlation data is statistically significant, at the 0.01 level, between IL-1α and IL-8 (99%, where r=0.622 >0.537 for p-value=0.01) The IL-6 results did not correlate with IL-1α or IL-8 within individual conditions. IL-6 was found to be secreted at a relatively constant level regardless of irritation. [15] The apparent correlation seen within averaged results for the Trilayer scaffold is therefore down to chance.  SEM images were taken of the surfaces by taking half of the control usually reserved for histology and fixing via glutaraldehyde. Alvetex® has a smooth apical surface film, this film appear more readily to delaminate from the Alvetex® scaffold. (Figure 7‑21) The Trilayer had an apical film that appeared well attached and with an apparent orientation. (Figure 7‑25) The basal side of the Trilayer was rough like the Alvetex® model. At high magnification there were much larger gaps seen between cells, though a film was still present. (Figure 7‑27) 
Alvetex® co-cultures after 14 days at air-liquid.
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[bookmark: _Ref431333676][bookmark: _Toc431205327][bookmark: _Toc456437412]Figure 7‑21: Apical side Alvetex® 200x
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[bookmark: _Toc431205328][bookmark: _Toc456437413]Figure 7‑22: Apical side Alvetex® 200x
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[bookmark: _Toc431205329][bookmark: _Toc456437414]Figure 7‑23: Apical side Alvetex® 400x
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[bookmark: _Toc431205330][bookmark: _Toc456437415]Figure 7‑24: Basal side Alvetex® 100x



Trilayer co-cultures after 14 days at air-liquid.
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[bookmark: _Ref431333697][bookmark: _Toc431205331][bookmark: _Toc456437416]Figure 7‑25: Apical side Trilayer 400x
	[image: ]
[bookmark: _Toc431205332][bookmark: _Toc456437417]Figure 7‑26: Apical side Trilayer 200x
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[bookmark: _Ref431333714][bookmark: _Toc431205333][bookmark: _Toc456437418]Figure 7‑27: Basal side Trilayer 100x
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[bookmark: _Toc431205334][bookmark: _Toc456437419]Figure 7‑28: Basal side Trilayer 400x



[bookmark: _Toc431273941][bookmark: _Ref453567346][bookmark: _Toc456437634]PLLA and Trilayer at 0, 1, 6 and 8mM SDS. IL-1α, IL-6 and IL-8 responses to irritation.
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[bookmark: _Toc456437420]Figure 7‑29: MTT assay of Trilayer and PLLA models. The error bars represent the standard deviation between experimental repeats.


The Trilayer co-culture models had very similar viability curves despite being spun on two different occasions (5.4.15 vs. 15.4.15). This demonstrated good reproducibility of electrospun scaffolds. The PLLA coculture model despite the control having the same viability, was more effected by 1 and 6mM SDS than the Trilayer model. The 8mM SDS effect of increasing the MTT reading for the PLLA model is likely associated with increased metabolism.  8mM SDS was starting to affect the Trilayer viability. NhKs monocultures on PLLA, were most sensitive to SDS irritation. 
	
[image: ]
[bookmark: _Ref431334467][bookmark: _Toc431205338][bookmark: _Toc456437421]Figure 7‑30: NhKs co-culture on PLLA or Trilayer after 14 days at air-liquid. The error bars represent the standard deviation between experimental repeats.



	[image: C:\Users\Joe2\Dropbox\Private\Joe Thesis no collin\pictures\cob\Exp4b 10a4 20x.png]
[bookmark: _Ref431334802][bookmark: _Toc431205336][bookmark: _Toc456437422]Figure 7‑31: PLLA NhKs monoculture.
	[image: C:\Users\Joe2\Dropbox\Private\Results\H&E (1-12 sectioning)17.9.14\8-12 17.9.14\9 Tri co\9b9 20x copy.png]
[bookmark: _Ref431334660][bookmark: _Toc431205337][bookmark: _Toc456437423]Figure 7‑32: Trilayer NhKs co-culture.



Histology by H&E of the Trilayer models had poor separation of epidermal and dermal compartments. The PHBV layer within the Trilayer did not prevent some keratinocytes from passing through the PHBV layer but the main problem was the apical PLLA preventing the proper stratification of the NhKs. (Figure 7‑32) The NhK monoculture had a thick layer of keratinocytes growing among the PLLA. (Figure 7‑31)  The PLLA model did not self-organised into separate epidermal-dermal compartments, but there were regions of high cell density both at the surface and within the scaffold.

A change in the 6-well plate manufacture may have made the difference here. CytoOne has a shallower depth than the Corning® Costar® 6-well plate used previously. This means that the air-liquid interface (with 5mL medium) is lower and thus the model is more hydrated. The condensation rings on the lids increased the air-gap as well, increasing the risk of infection. Costar® 6-well plates were then secured for the remaining experiments.
PLLA co-culture has a lower IL-6 response that amplifies at 8mM SDS. The PLLA IL-8 results have a peak of 31,100pg/mL at 1mM SDS but there was a high variance 8,744-53,512pg/mL. The IL-1α result indicates 6mM SDS to be causing irritation at 57pg/mL. ELISAs of the medium from PLLA NhKs monocultures have not been included in Figure 7‑30. NhKs produced 1,900pg/mL IL-6 at 8mM SDS. IL-8 was greatly amplified at 6mM SDS to 48,000pg/mL from 4,500pg/mL. 8mM SDS caused less IL-8 response probably because NhKs were being lysed, indicated by the high IL-6. 
The good repeatability seen between manufactured Trilayer scaffolds by the MTT assay, was repeated with the ELISA results. Trilayer co-cultures upregulate IL-8 at 6 and 8mM SDS. The two scaffolds follow similar patterns with the 5,350 to ~19,300pg/mL IL-8 for one scaffold and 7,400 to ~14,100pg/mL IL-8 for the other. 


[bookmark: _Toc431273942][bookmark: _Ref453566000][bookmark: _Toc456437635]Trilayer verses PLLA models after 14 days air-liquid with NhK monocultures.
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[bookmark: _Toc431205339][bookmark: _Toc456437424]Figure 7‑33: MTT assay of PLLA and Trilayer models of NhK monocultures after 14 days at air-liquid. Trilayer n=3 for 1 and 8mM n=2 for 0 and 8mM, PLLA n=1. 



	[image: C:\Users\Joe2\Dropbox\Private\Results\4b 29.9.14 Elisas 1,6,8\17.9.14 MTT\2014-09-17 16.17.37 copy.jpg]
[bookmark: _Ref430632200][bookmark: _Toc431205340][bookmark: _Toc456437425]Figure 7‑34: MTT of Trilayer model 0 and 1mM SDS exposure. Sample 25 was removed for histological sectioning.
	[image: C:\Users\Joe2\Dropbox\Private\Results\4b 29.9.14 Elisas 1,6,8\17.9.14 MTT\2014-09-17 16.18.05 copy.jpg]
[bookmark: _Toc431205341][bookmark: _Toc456437426]Figure 7‑35: MTT of Trilayer model 6 and 8mM SDS exposure
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[bookmark: _Toc431205342][bookmark: _Toc456437427]Figure 7‑36: NhKs monoculture on PLLA (n=1) and Trilayer (n=2 for 0 and 8, n=3 for 1 and 6) after 14 days at air-liquid



MTT staining showed a confluent NhK monoculture on the Trilayer. The MTT assay showed that PLLA had higher NhK viability. For the Trilayer model large patches of cell colonies survived exposure to 6mM SDS, while for 8mM SDS only sporadic colonies of NhKs remained viable. ELISAs of all medium collected showed amplification of IL-1α with irritation for both Trilayers and PLLA models.  IL-6 decreased significantly from 1200pg/mL down to 180pg/mL which correlated well (95%) with the decrease in MTT cell viability. IL-8 decreased a little. The missing sample from Figure 7‑34 was sectioned and stained Figure 7‑37. 

	[image: C:\Users\Joe2\Dropbox\Private\Results\H&E (1-12 sectioning)17.9.14\8-12 17.9.14\12) 25 17.9.14 Trilayer K215 monoculture\exp4trilayerK215mono.png]PLLA fibres
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[bookmark: _Ref430632207][bookmark: _Toc431205343][bookmark: _Toc456437428]Figure 7‑37: NhK monoculture on Trilayer. NhKs have passed through the PHBV. Scale bar = 100µm 



[bookmark: _Toc456437636][bookmark: _Toc431273943]Trilayer NhKs co-culture with passage 3 NhKs 
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[bookmark: _Toc431205344][bookmark: _Toc456437429]Figure 7‑38: MTT assay of Trilayer models of NhK co-cultures after 14 days at air-liquid. n=3
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[bookmark: _Ref430609850][bookmark: _Toc431205345][bookmark: _Toc456437430]Figure 7‑39: H&E of Trilayer co-culture has poor NhK stratification on Trilayer scaffold, Fibroblasts are normal. Scale bar = 100µm
	[image: C:\Users\Joe2\Dropbox\Private\Results\H&E (1-12 sectioning)17.9.14\5-7 Exp 5 29.9.14 K215coculture F270mono\7\40x 7g.png]
[bookmark: _Ref430609854][bookmark: _Toc431205346][bookmark: _Toc456437431]Figure 7‑40: H&E of Trilayer fibroblast monoculture, demonstrated fibroblasts growing bellow the edge of the PLLA. Scale bar = 100µm



The Trilayer model with NhKs at passage 3 did not produce a proper epidermis on top the Trilayer scaffold after 14 days at air-liquid. This can be seen by comparing the NhKs co-culture against the fibroblast monoculture, as in Figure 7‑39 and Figure 7‑40. The MTT assay for the Trilayer model shows increasing variability with concentration of SDS. IL-1α for the Trilayer NhK co-cultures showed amplification from 22pg/mL at control to 87pg/mL at 6mM SDS and then up to 195pg/mL±120. 
	[image: ]
[bookmark: _Toc431205347][bookmark: _Toc456437432]Figure 7‑41: IL-1α of Trilayer models of NhK co-cultures and fibroblast monocultures at control after 14 days at air-liquid. n=3


	




[bookmark: _Toc431273944][bookmark: _Toc456437637]14 day submerged NhK co-culture for Alvetex®, Trilayer and PLLA models. 
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[bookmark: _Toc431205348][bookmark: _Toc456437433]Figure 7‑42: MTT assay of Alvetex® (n=3), Trilayer (n=2) and PLLA (n=3) models of NhK co-cultures and PLLA NhK monoculture (n=2) after 14 days at air-liquid. 
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[bookmark: _Toc431205349][bookmark: _Toc456437434]Figure 7‑43: IL-1α ELISA for Alvetex® (n=3), Trilayer (n=2) and PLLA (n=3) models of NhK co-cultures and PLLA NhK monoculture (n=2) after 14 days at air-liquid. 


The models were left for 14 days rather than 10 days submerged with fibroblasts. The MTT assay shows similar averaged profiles for the co-cultures, with only the NhK monoculture on PLLA having an increased response at 8mM SDS. 
The Trilayer produced the most amount of IL-1α at 1mM SDS then Alvetex® and PLLA co-cultures. The negligible difference between PLLA co-culture and monoculture suggests that fibroblasts did not contribute too IL-1α production. There is little difference at 6 and 8mM SDS in IL-1α production.
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[bookmark: _Toc431205350][bookmark: _Toc456437435]Figure 7‑44: MTT assay of Trilayer (n=1) models of NhK co-cultures after 14 days at air-liquid.
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[bookmark: _Toc431205351][bookmark: _Toc456437436]Figure 7‑45: IL-1α ELISA for Trilayer (n=1) models of NhK co-cultures after 14 days at air-liquid.


For a single Trilayer model (n=1) a comparison of 42µL verse 84µL test medium volume was made. Doubling the amount of test medium resulted in a lowering of the toxic dose from 8mM to 6mM SDS. The reason behind this is that a small volume is more easy diluted, reducing the concentration. For SDS, a slight reduction in concentration may bring the concentration bellow the micelle concentration. It can also be down to increased surface area of contact. With 42µL areas none irritated lie next to the irritated areas which may be a more realistic situation in vivo. 
100µl of 7mM SDS has been found to be irritant for Episkin® after 1 hour. [164] Conversely 10µL of 34.7mM SDS (1%) which was suggested as a positive control for current irritant testing has been found to be non-irritant after 15 minutes. [163] 

[bookmark: _Toc431273945][bookmark: _Toc456437638]Bilayer verses PLLA, 10-day submerged cultures
As an improvement the Trilayer scaffold was refined into a PLLA-PHBV Bilayer model. The Bilayers were initially investigated submerged as per section 7.2.1 which investigated hydrocortisone effects on 10-day submerged Alvetex and PLLA models. PLLA-PHBV Bilayers and PLLA were seeded with monocultures of NhKs, fibroblasts and co-cultures (100f:50k) with total cell number of 1.5x105 and cultured for 10 days then tested at 0 (n=3), 1 and 6mM SDS (n=2).

[bookmark: _Toc431273946][bookmark: _Toc456437639]Bilayer scaffold 10 days submerged culture
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[bookmark: _Toc431205352][bookmark: _Toc456437437]Figure 7‑46: MTT cell viability
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[bookmark: _Toc431205353][bookmark: _Toc456437438]Figure 7‑47: IL-1α release
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[bookmark: _Toc431205354][bookmark: _Toc456437439]Figure 7‑48: IL-6 release
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[bookmark: _Toc431205355][bookmark: _Toc456437440]Figure 7‑49: IL-8 release






MTT results at control showed that fibroblasts had the highest cell viability then co-cultures and lastly NhKs. At 1mM SDS, the viability of NhKs has halved, but co-cultures and fibroblasts have decreased down to around 20%. At 6mM SDS exposure the co-culture has maintained the 20% viability while fibroblast have been totally lysed. 
ELISAs measured IL-1α from fibroblasts at around 40pg/mL for control, rising to 66pg/mL for 6mM SDS indicating cell lysis. IL-1α release is upregulated for NhKs and co-cultures; for NHKS this was from 47 to 90-93pg/mL and for co-cultures from 47 to 81-82pg/mL. This is a relatively small increase. NhKs had no IL-6 response in monoculture. Fibroblasts downregulated IL-6 from 610pg/mL, while co-cultures had a higher basal level of IL-6 at 1058pg/mL which was also downregulated. IL-8 was amplified only by fibroblasts in response to SDS. NhKs in monoculture had high basal levels of IL-8 while co-cultures had less. The low levels of IL-8 at 6mM SDS are probably also due to rapid cell lysis.

[bookmark: _Toc431273947][bookmark: _Toc456437640]PLLA scaffold 10 days submerged culture
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[bookmark: _Toc431205356][bookmark: _Toc456437441]Figure 7‑50: MTT cell viability
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[bookmark: _Toc431205357][bookmark: _Toc456437442]Figure 7‑51: IL-1α release
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[bookmark: _Toc431205358][bookmark: _Toc456437443]Figure 7‑52: IL-6 release
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[bookmark: _Toc431205359][bookmark: _Toc456437444]Figure 7‑53: IL-8 release



The co-cultures retained viability at 1mM SDS in contrast to Bilayers. NhKs had a lower control indicating poorer overall proliferation on PLLA. However NhKs in PLLA were more resilient, surviving up to 6mM SDS, perhaps due to less exposure as NhKs ingresses into PLLA. Fibroblast cultures have less than 20% viability when exposed to >1mM SDS. 
There is significant IL-1α amplification at 6mM SDS. The NhKs increased IL-1α from 45 to 869pg/mL or 19.2x basal levels. Fibroblasts up to 259pg/mL and co-cultures up to 327pg/mL. 
At 6mM SDS; NhKs produced some IL-6, fibroblasts produced 7.8x control levels while co-cultures produced more overall, but had greater IL-6 levels at the control 653 verses 273pg/mL. IL-8 levels were high in NhKs and co-cultures at control but less for fibroblasts. NhKs responded to irritation by reducing IL-8 production. Fibroblasts up regulated IL-8 with 1mM SDS but then a lot more with 6mM SDS, co-cultures followed a similar pattern. This is quite a different pattern from the Bilayer which decreased IL-8 at 6mM SDS presumably due to rapid cell lysis.  The Bilayer used at this point still had a co-spun PLLA-PHBV apical layer as it was thought to interweave the fibres together and prevent delamination. Fibres of PLLA at the surface were found to interfere with the keratinocytes. Electrospinning protocol was then refined to co-spin for 2mL PHBV then a final 2mL PHBV spun independently on top. 
[bookmark: _Ref428870095]


[bookmark: _Toc431273949][bookmark: _Ref452881775][bookmark: _Toc456437641]Effect of culture conditions on HaCaT cell viability in co-cultures
In this experiment it was found that a greater effect on viability was seen in the 6-well plate cultured model than the deep petri dish cultured model. (Figure 7‑54) Both conditions were tested in the 6-well plate, only the prior culture protocol varied. The deep petri dishes required 48mL of medium for air-liquid interface, which is 16mL per a scaffold, whereas the 6-well plates only had 5mL of medium each. This meant that the 6-well plates had a medium change every day whereas the deep dishes had a partial medium change of 30/48mL every other day. Time constraints have meant that the actual irritation test will happen at 10 days air-liquid, which will have a less developed barrier than the usual 14 days.
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[bookmark: _Ref431279408][bookmark: _Toc431205360][bookmark: _Toc456437445]Figure 7‑54: MTT Assay to Measure Cell Viability in the Alvetex® model comparing deep Petri to 6-well plate cultures and using ’42 Bis’ protocol for exposure to SDS to test. Data is normalised to control viability to give relative changes. n=1



The effect of SDS on increasing the MTT reading could be due to less barrier function or increased cell sensitivity due to the 6-well plate culture protocol. SDS concentrations higher than 1mM SDS should have been used but the 10 day air-liquid model was presumed to be more sensitive than it was. Partial medium changes would retain some of the factors such as KGF and GM-CSF which are secreted by the fibroblasts in culture. These factors would have an effect on cell proliferation, differentiation, overall number and proportional sensitivity. 
[bookmark: _Toc431273950][bookmark: _Toc456437642]3D 10 day air-liquid models of PLLA and Trilayer with HaCaT co-cultures
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[bookmark: _Ref431341441][bookmark: _Toc431205361][bookmark: _Toc456437446]Figure 7‑55: MTT Assay to measure HaCaT co-culture Cell Viability in Trilayer and PLLA models using ’42 Bis’ protocol for exposure to SDS. Data is normalised to control viability. Pictures show initial MTT staining. n=1

The Trilayer and PLLA scaffolds showed a similar viability profile to the Alvetex® in petri dish cultures, the Trilayer being more similar having a decrease in viability at 0.1mM SDS suggesting greater sensitivity than PLLA. (Figure 7‑55) Viability was on average 10% higher on the Trilayer scaffold than the PLLA, but this is not demonstrated in a graph with data normalised to control. The higher MTT staining on the Trilayer suggests either more cells or a greater cellular metabolic rate. 10mM SDS was found to be a fatal dosage, but without a midpoint a SDS concentration for IC-50 cannot be identified with any confidence. Therefore future work includes filling in the area between 1 and 10mM SDS with data points to find the IC-50 and the expected peak in cell viability. 

[bookmark: _Toc431273951][bookmark: _Toc456437643]Analysis of 14 day air-liquid HaCaT co-culture PLLA and Trilayer model morphology
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[bookmark: _Ref431125783][bookmark: _Toc431205362][bookmark: _Toc456437447]Figure 7‑56: PLLA model develops a DEJ boundary even without a separating layer however there is no basal cell morphology. Scaffold has split during cryosectioning. Scale bar =100µm 12µm section
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[bookmark: _Ref431125797][bookmark: _Toc431205363][bookmark: _Toc456437448]Figure 7‑57: Trilayer model with distinct epidermal and dermal analogue. The HaCaT keratinocytes sitting on top of the PHBV layer have a columnar morphology. 20µm thick sections. Scale bar =100µm



The 14 days air-liquid PLLA model has a very high cell density at the apical surface due to self-organisation of cells. There is a strong junction after about 125µm depth into a much looser packed scaffold. Cell density increases slightly towards the base and then at the basal interface there is a 2-3 cell thick stratum. (Figure 7‑56) The 14 days air-liquid Trilayer model is similar to the PLLA scaffold. The cell packing at the top is thinner around 90µm deep. There is then a 55µm thick PHBV layer interweaving the PLLA, the effect of which is much less cells, but also a basal columnar layer of HaCaT keratinocytes sitting on top of this layer. Bellow it there is a decent dermal analogue populated with fibroblasts at not too low a density. (Figure 7‑57) The fibroblast monocultures were also done for PLLA and Trilayer scaffolds. They appeared to have more cells than their dermal component in the co-culture model, this could be due to the higher metabolic demand of HaCaT cells depriving fibroblasts of nutrients and growth factors. 
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[bookmark: _Ref431155937][bookmark: _Toc431205364][bookmark: _Toc456437449]Figure 7‑58: HaCaT co-culture on Trilayer scaffold. Haematoxylin staining only. PLLA fibres in the epidermal compartment are inhibiting differentiation. PHBV layer is too thick. Scale bar =100µm
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[bookmark: _Toc431205365][bookmark: _Toc456437450]Figure 7‑59: HaCaT co-culture on Trilayer scaffold. Haematoxylin and pancytokeratin staining. Scale bar =100µm




[bookmark: _Toc431273952]
Comparisons were made of the 14 day air-liquid; Alvetex®, PLLA and the Trilayer models, which became the standard. The PLLA and Trilayer models usually had similar viability curves above the Alvetex®. Levels of IL-1α were high even at the control (250-600pg/mL) for PLLA and Trilayer models. Correlations were found between IL-1α and IL-8 but not with IL-6. IL-6 produced by keratinocytes in co-culture does not seem likely to be responsible for IL-6 mRNA expression in fibroblasts as previously postulated. One area of difficulty was to question if an IL-8 response was low due to lack of irritancy or lack of cells; due to cell lysis or low prior cell proliferation. 
The PLLA-PHBV Bilayer model was compared to the PLLA both 10 day submerged with NhK at higher concentrations of SDS (1mM and 6mM) than used for the 7 day submerged Alvetex® model. The viability curves for each model are quite similar but the interleukin responses are very different. 6mM SDS was found to be toxic. This toxicity produced very different responses. The Bilayer was rapidly lysed before any interleukin response could be made. The rate of toxicity on the PLLA was presumably slower due to a degree of functional barrier formation. This delay was enough for NhKs to have a significant IL-1α response. Interleukin responses within each experiment correlate well with each other. Taking conclusions for each cell type is difficult as it is dependant of the histology of the model. 
The 14 day air-liquid HaCaT co-cultures on PLLA and Trilayer models showed self-organisation in the PLLA and scaffold restricted organisation on the Trilayer. The Trilayer had a 55µm thick interwoven PLLA-PHBV layer which kept the HaCaTs and fibroblasts far apart. The HaCaTs could be seen to be restricted in stratification by the PLLA fibres of the epidermal compartment. HaCaTs sitting at the PHBV layer appeared in places to have a columnar cell morphology. HaCaTs at the surface looked to have much smaller cell nuclei.  The PLLA had a 125µm apical layer of high cell density presumably of the HaCaTs. 

[bookmark: _Toc456437644]Investigating the laser cutter potential
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[bookmark: _Toc431205366][bookmark: _Toc456437451]Figure 7‑60: Laser ablation into paper preliminary analysis
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[bookmark: _Ref427837232][bookmark: _Toc431205367][bookmark: _Toc456437452]Figure 7‑61: Top view of laser etching into paper. Increasing power left to right.



The resolution limit of the laser cutter was defined as where two holes can be differentiated as separate. (Figure 7‑61) Initially this was thought to correspond to the smallest circle printable by Raster scanning. The smallest hole size that was printable was of 106µm diameter.  However the holes looked to be cut from multiple smaller holes, suggesting even greater resolution optically not available to the programming.  The next thing to understand was how laser power and speed vary the energy intensity. The intensity map shows power and speed of the laser writing. While power increases linearly up to 40 watts, speed does not. (Figure 7‑62) The intensity of the laser on the paper can either etch the paper with a scolding burn as the sugars in the cellulose paper caramelise or burn through if the heating is of high enough intensity. Paper has a flash point of 232°C, no fires occurred in this process. The lower line represents the intensity of just burning through the paper while the upper line averages the intensity where no marking is seen. The limits are a little arbitrary but act as a useful guide as to how to manage the speed-power ratio.  For example the marking of the paper is roughly the same colour, suggesting similar heating with a 20s/5p as a 40s/7p or 60s/11p. Polymers will likely behave differently with long exposures to low powers than short exposures to high powers.  Initially then patterns for printing were made using CorelDraw X5. These patterns were tested on paper first to deduce the best pattern to cut before the electrospun scaffolds.
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[bookmark: _Ref427848299][bookmark: _Toc431205368][bookmark: _Toc456437453]Figure 7‑62: Epilog laser cutter intensity map for raster scan. The solid black circles relate to holes. 



[bookmark: _Toc431273953][bookmark: _Toc456437645]Laser etching polymers
 

[bookmark: _Toc431205369][bookmark: _Toc456437454]Figure 7‑63: SEM of electrospun PHBV and Trilayer. From right to left the greyscale of the laser was increased from 0-100%. This results firstly in a darkening seen under SEM as the smallest PLLA fibres merge together. Melting of the larger PLLA fibres then results in a film of polymer forming and a cavity where the fibres melted away. PHBV fibres can be seen only in the cross-section.  Co-work with Julio Bissoli.
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[bookmark: _Ref431341835][bookmark: _Toc431205370][bookmark: _Toc456437455]Figure 7‑64: Close up of above.



The device can etch into the scaffold. This post-processing of the scaffold can provide controlled surface topography, dependant on the energy intensity causing melting of the polymer. Figure 7‑64 shows the redeposition of melted PLA onto surrounding fibres, causing a loss of fibre morphology as per McCullen et al. [138]

	 [image: ]
[bookmark: _Toc431205371][bookmark: _Toc456437456]Figure 7‑65: Pattern sent to printer for raster scanning.

	[bookmark: _Ref427859228][image: ]
[bookmark: _Toc431205372][bookmark: _Toc456437457]Figure 7‑66: Laser etched Bilayer scaffold, only within rings for the inserts to grip.
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[bookmark: _Ref427866469][bookmark: _Ref431123548][bookmark: _Toc431205373][bookmark: _Toc456437458]Figure 7‑67: Pattern etched into Bilayer is clearly visible at air-liquid interface.
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[bookmark: _Toc431205374][bookmark: _Toc456437459]Figure 7‑68: Patterned Bilayer submerged.
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[bookmark: _Toc431205375][bookmark: _Toc456437460]Figure 7‑69: H&E of apical face of patterned Bilayer scaffold.
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[bookmark: _Toc431205376][bookmark: _Toc456437461]Figure 7‑70: H&E of basal side of Bilayer scaffold.




[bookmark: _Toc431273954][bookmark: _Toc456437646]Collagen coating of PLLA and patterned Bilayer.
Collagen coating of PLLA and Bilayer both patterned and plain, this was done to get the collagen film over the surface. 75µL of 2mg/mL of collagen 1 was set for 3 hours at 37˚C at above pH6.8, looked to be pH7-8. To make the 2mg/mL collagen 1; 476µL Collagen 1 stock at 4.2mg/mL, 469µL Green’s medium and 55.5µL of 0.1M NaOH were mixed together cold. As per section 4.4.3 for collagen coating on Alvetex®.
1x106 fibroblasts were added to the apical surface in 100µL medium instead of the basal side, the pattern could help fibroblasts infiltrate into the scaffold without the need for basal seeding. Keratinocytes at P3 were added to the apical side after 7 days submerged. It was found that cells migrated through the collagen coating. The collagen coating failed to form again on top the scaffold but may have surface coated the fibres instead. This previously had resulted in improved HaCaT migration but not NhKs. 
The surface film formed was clearly affected by the surface topography. (Figure 7‑67) 
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[bookmark: _Ref427865762][bookmark: _Toc431205377][bookmark: _Toc456437462]Figure 7‑71: Pattern etched into the Bilayer result. Patterning resulted in keratinocytes permeating through the PHBV layer as the porosity of the PHBV is increased.
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[bookmark: _Ref430800480][bookmark: _Toc431205378][bookmark: _Toc456437463]Figure 7‑72: Bilayer; The loss of surface microfibers by melting leaves large holes into the bulk making PLLA visible bellow. 
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[bookmark: _Ref431037633][bookmark: _Toc431205379][bookmark: _Toc456437464]Figure 7‑73: Trilayer; the lower section remains uncut whereas the upper half has been etched into. The actual amount of material remains the same so what we see is a collapsed amalgamated area of fibres. These areas have a greater surface area than a flat 2D film but would not allow passage of medium from bellow. That is a major requirement of the maintenance of cells at air-liquid.






[bookmark: _Toc431205380][bookmark: _Toc456437465]Figure 7‑74: SEM of Trilayer scaffold that had been laser etched. Formed a windowed membrane, with windows of 10-100µm wide. This results in a loss of semi-permeability against cell migration.
106
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[bookmark: _Ref431037636][bookmark: _Toc431205381][bookmark: _Toc456437466]Figure 7‑75: Trilayer with minimal PLLA spun on top the PHBV once it was realised it was inhibiting the differentiation of the keratinocytes. 
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[bookmark: _Ref431037668][bookmark: _Toc431205382][bookmark: _Toc456437467]Figure 7‑76: Trilayer with minimal PLLA spun on top the PHBV once it was realised it was inhibiting the differentiation of the keratinocytes. Close up of PHBV layer shows PHBV fibres glued to PLLA fibres. The PHBV forms a flat plane that is in-focus. Windows have similar appearance to laser etched PHBV but at a much smaller scale.






[bookmark: _Ref427935584][bookmark: _Ref429583950][bookmark: _Toc431205383][bookmark: _Toc456437468]Figure 7‑77: SEM of electrospun PHBV on laser etched PLLA.

[bookmark: _Toc431273955][bookmark: _Toc456437647]Laser etched Bilayer PLLA-PHBV and Laser etched Bilayer PHBV-Alvetex®
The thickness of the PHBV on the PLLA was around 25µm. Laser ablation of electrospun fibres then spinning PHBV on top afterwards avoids the puncturing of the nanofibrous layer that was occurring when laser patterning the finished Bilayer scaffolds. This prevents cell ingress by having an intact PHBV membrane. This laser etched Bilayer had holes uncovering roughly 20% of the PHBV layer. The rest had unaltered PHBV. (Figure 7‑77) PHBV was more sensitive to laser etching than PLLA. This appeared to be the case with 4% power cutting through PHBV at 25% speed, whereas 3% power it did not. PHBV spun over the etched PLLA, stretched over the contours of the PLLA well, as it has not lost all of the solvent to evaporation. 
 PHBV was spun on top of Alvetex® as an alternative to the PHBV/PLLA Bilayer. This was successful with only slightly higher risk of delamination. In this case the PHBV was laser etched away from the Alvetex® at power rates that did not burn the polystyrene of the Alvetex®. (Figure 7-80) With the ‘white fill’ setting at 15% power and 30% speed, the laser would cut holes into the PHBV on Alvetex® holes of diameter around 70µm. (Figure 7‑78) For greater visual contrast an image of the same etched PHBV but in an area outside of the Alvetex was also taken. (Figure 7‑79)
	[image: C:\Users\Joe2\Pictures\Pictures\Pictures\PHBV thin film electrospun on Alvetex\Alvetex PHBV2.jpg]
[bookmark: _Ref453336678][bookmark: _Toc431205384][bookmark: _Toc456437469]Figure 7‑78: Etched PHBV with Alvetex® backing.
	[image: C:\Users\Joe2\Pictures\Pictures\Pictures\PHBV thin film electrospun on Alvetex\IMG_20140128_155608 copy2.jpg]
[bookmark: _Ref453336930][bookmark: _Toc431205385][bookmark: _Toc456437470]Figure 7‑79: Same etched PHBV but with Aluminium backing.
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[bookmark: _Ref453522785][bookmark: _Toc456437471]Figure 7-80: SEM of electrospun PHBV on Alvetex® with holes cut Melted PHBV can be seen as blobs on top.
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[bookmark: _Toc456437472]Figure 7-81: Figure 7 82: SEM of electrospun PHBV on Alvetex® with holes cut.



[bookmark: _Toc431273958][bookmark: _Toc456437648]Submerged cultures of Bilayer Alvetex® scaffolds with PHBV. Etched PHBV verse plain PHBV. 
The newly developed Alvetex® with PHBV scaffold was tested in its two variants. An Alvetex® scaffold with PHBV on top and an Alvetex® scaffold with laser etched holes in the PHBV layer. The inverted fibroblast seeding method was used, seeding fibroblasts on the underside in a large Petri dish, leaving to attach for 2 hours and then inverting into the 24-well plate and seeding keratinocytes on the apical side. The SDS concentrations tested were 1 and 6mM SDS, the same as used at air-liquid. The 1mM SDS concentration was a toxic dose in previous experiments, but around 10% viability remained at this concentration. While 6mM SDS looks to have lysed all the cells, this is evident by the lower than control levels of IL-1α. The effect of the 1mM SDS has also had a toxic effect but there is a response.  It was found that the holes, which were in the order of 100µm wide, allowed the ingress of NhKs into the Alvetex®.
[bookmark: _Toc431273959][bookmark: _Toc456437649]Alvetex® with PHBV barrier verses Alvetex® with laser etched PHBV layer verses PLLA patterns
	[image: ]
[bookmark: _Ref430800521][bookmark: _Toc431205392][bookmark: _Toc456437473]Figure 7‑82: MTT Assay to Measure Cell Viability on Alvetex®-PHBV Bilayers and etched PLLA models. Replicates for all PLLA 0mM SDS n=2 and for 8mM n=3; for Alvetex 0mM SDS n=1 and 8mM n=2. The error bars represent the standard deviation between experimental repeats.
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[bookmark: _Ref430800560][bookmark: _Toc431205393][bookmark: _Toc456437474]Figure 7‑83: IL-1α responses across Alvetex®-PHBV Bilayers and etched PLLA models. Replicates for all PLLA 0mM SDS n=2 and for 8mM n=3; for Alvetex 0mM SDS n=1 and 8mM n=2. The error bars represent the standard deviation between experimental repeats.


The PLLA scaffolds; no pattern, pattern 1 and pattern 2 had lower cell viability than Bilayers of Alvetex®-PHBV. The PLLA had been laser etched at 600dpi in hexagon and circle patterns at 90% speed and 11% power. 14mL of PLLA had been spun. The histology was confusing as the voids cut into the PLLA have disappeared. This is because they have filled with cells. There is not the differentiation between epidermal and dermal region despite the apical-keratinocyte basal-fibroblast seeding method that worked previously. (Figure 7‑84) 
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[bookmark: _Ref431122562][bookmark: _Toc431205394][bookmark: _Toc456437475]Figure 7‑84: PLLA no pattern
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[bookmark: _Toc431205395][bookmark: _Toc456437476]Figure 7‑85: PLLA Pattern 1
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[bookmark: _Toc431205396][bookmark: _Toc456437477]Figure 7‑86: PLLA pattern 2



	[image: ]
[bookmark: _Ref429583704][bookmark: _Toc431205397][bookmark: _Toc456437478]Figure 7‑87: Alvetex® with PHBV cultured with NhKs on top and fibroblasts bellow (Alvetex®-PHBV No Fill). 100µm scale bar
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[bookmark: _Ref429583797][bookmark: _Toc431205398][bookmark: _Toc456437479]Figure 7‑88: Alvetex® with laser etched PHBV cultured with NhKs on top and fibroblasts bellow. (Alvetex®-PHBV White)100µm scale bar


The NhKs did not penetrate the PHBV layer of the Alvetex®-PHBV Bilayer in Figure 7‑87. In the case of a laser etched PHBV layer, the NhKs have also seeded on top the Alvetex® in the holes of the PHBV (Figure 7‑88). This makes perfect sense as the holes are around 70µm wide. (Figure 7‑77) The difference that having around 20% of the PHBV area, being cut out on the histology is huge. The areas of NhKs on the PHBV covered regions look similar. The NhKs on the etched PHBV do seem to be better attached to the PHBV layer and have a defined orange stained stratum corneum. The orange staining is due to the pH of the eosin Y which was slightly acidified to increase the staining intensity. The orange staining of the stratum corneum also occurs on native skin, it is probably indicative of the differentiation of the keratinocytes as the disintegrated nuclear proteins are no longer stained by the haematoxylin. The ECM produced is much greater with 100% coverage of the Alvetex® scaffold. In contrast the Alvetex® contains just the fibroblasts when covered by a cell impermeable PHBV layer. In the lower two-thirds the fibroblasts have proliferated across the area but no produced the density of ECM seen in the upper third. 
Measurement of cell viability by MTT on these two models revealed identical cell viabilities at control values (n=1). At 8mM SDS the laser etched PHBV had higher viability than the control, while intact barrier PHBV had slightly less (n=2). This indicates that the barrier function of the keratinocytes was very good in both, but better for the laser etched PHBV model. 8mM SDS exposure has effected the Alvetex®-PHBV with intact PHBV layer more than the etched holey PHBV. The holey PHBV model has increased metabolism in response as it is less damaged as by histology there is a more differentiated epidermal layer. (Figure 7‑82)
Detection of cytokine IL-1α was higher for the laser etched PHBV model (150pg/mL) than the intact barrier PHBV (70pg/mL) at control. At 8mM SDS the intact barrier PHBV then had higher IL-1α levels at 120pg/mL, compared to the laser etched PHBV model at 70pg/mL. From these results the higher viability of the laser etched PHBV model, indicate greater barrier function as the IL-1α was lower. The higher IL-1α at the control however may indicate a higher basal level of stress. Checking the histology there did seem to be some delamination from the PHBV layer. (Figure 7‑83)

[bookmark: _Toc456437650]Discussion of laser etching results
Laser etching of electrospun fibres to produce surface topography is quite novel approach. Lasers are usually used to cut through to provide porosity or shape a scaffold. Using lower powers we observed the redeposition of melted PLA onto surrounding fibres at a much lower extent than McCullen et al. this prevented a loss of surrounding fibre morphology. [138] The etching patterns were tailored to fit the inserts used so that only the central region was enclosed. The method was well optimised using the electrospinning drum and rotating stage on the laser cutter so that an only single cutting step was needed. Cell migration into the scaffolds was the only issue with the single step etching of PLLA-PHBV Bilayer scaffolds. A two-step process was shown to produce topography while maintaining the PHBV layer intact. Unfortunately these scaffolds became infected during cell culture. 
Single-step etching of Alvetex®-PHBV caused ingress of keratinocytes into the Alvetex® producing a model morphology very different from the non-etched Alvetex®-PHBV. This disparity may be due to fibroblasts when seeded on the inverted Alvetex® scaffold filter through the windows of the Alvetex® scaffold until the land on the PHBV layer and attach. Then from an area of high cell density do they proliferate and migrate. The alternative theory is that the fibroblasts in proximity to the keratinocytes have a greater proliferative rate due to local paracrine signalling across the PHBV barrier layer. In relation to the much greater density seen in the Alvetex® laser etched PHBV model, which has keratinocyte-fibroblast contact the second theory seems more likely. The comparison of laser etched PHBV verses integral PHBV over Alvetex® demonstrates the limited diffusion through a 25µm thick layer of PHBV to limit cells growth. This may result in a dryer apical surface at air-liquid as the water film forms at the PHBV layer.

[bookmark: _Toc431273961]
[bookmark: _Toc456437651]Bilayers of Alvetex®-PHBV and PLLA-PHBV
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[bookmark: _Toc431205399][bookmark: _Toc456437480]Figure 7‑89: MTT cell viability for Bilayers of Alvetex®-PHBV and PLLA-PHBV. Bilayer of Alvetex-PHBV n=1; Bilayer of PLLA-PHBV fibroblast monoculture n=1; Bilayer of PLLA-PHBV coculture 0mM SDS n=2 and 8mM SDS n=3. The error bars represent the standard deviation between experimental repeats.



Alvetex®-PHBV co-cultures were identical for 2mL of PHBV but viability was slightly higher for 4mL PHBV in 5mL of medium. (n=1 PLLA-PHBV co-cultures were significantly higher for 1x106 fibroblasts over 5x105 fibroblasts.(n=1) PLLA-PHBV fibroblast monoculture had little higher 1x106 fibroblasts over 5x105 fibroblasts.(n=2) This demonstrated that a lower seeding density of fibroblast catches up with the higher or that there is a cell population limit. PLLA-PHBV co-cultures were significantly higher for 1x106 fibroblasts over 5x105 fibroblasts when irritated using the 42bis protocol with 8mM SDS.  (n=3)
[bookmark: _Toc431273962][bookmark: _Ref453519975][bookmark: _Toc456437652]
PHBV/PLLA Bilayer with various fibroblasts seeding densities 
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[bookmark: _Ref427602829][bookmark: _Toc431205400][bookmark: _Toc456437481]Figure 7‑90: MTT Assay to Measure Cell Viability on Bilayer PHBV/PLLA seeded with varying fibroblast populations. 


The MTT result shows that cell viability was similar with 1x106 fibroblast seeding density and 5x105 fibroblast seeding density. There appears to be a little decrease in viability with the 5x105 fibroblast seeding density but none with the 1x106 fibroblast seeding density.  (Figure 7‑90) This means that 8mM has not caused a toxicity response, but it may have caused an irritant response. 
Basal keratinocytes

Stratum corneum

PHBV fibre film
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[bookmark: _Ref429991836][bookmark: _Toc431205401][bookmark: _Toc456437482]Figure 7‑91: H&E of a co-culture on the Bilayer scaffold. Multiple images at 40x photomerged together.



The histology of the Bilayer scaffold is the best achieved. (Figure 7‑91)   Basal keratinocytes can been seen above the PHBV layer. The basal keratinocytes have cell nuclei and are orientated in both columnar and planar forms. There is full differentiation of the epidermal component, with an orange eosin-stained stratum corneum as per in vivo skin and the laser etched PHBV-Alvetex see Figure 7‑88.
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[bookmark: _Ref427602833][bookmark: _Toc431205402][bookmark: _Toc456437483]Figure 7‑92: IL-8 response on PHBV/PLLA Bilayer scaffolds 14 days co-culture with varying fibroblast populations


Detection of the cytokine IL-8 was no different between 0mM and 8mM responses indicating that there was no irritation response. The model is insensitive to a concentration of SDS that has previously been shown to cause irritation. This lack of response indicates that a functional barrier had been formed. (Figure 7‑92) IL-1α was also analysed but was higher than the standard used, both for control and irritated. 


	[image: ]
[bookmark: _Ref429908286][bookmark: _Toc431205403][bookmark: _Toc456437484]Figure 7‑93: Repeat DAB staining for B) cytokeratin 10, D) collagen IV, F) pancytokeratin and H) Ki67, on the PHBV/PLLA Bilayer scaffolds, with secondary antibody only controls for each A, C, D and G respectively. Haematoxylin counterstain. Scale bar = 100µm


Immunohistochemistry results show for cytokeratin 10; strong staining in the epidermis starting at the stratum spinosum, intensifying at the stratum granulosum and then dissipating at the stratum corneum as the keratin is cross-linked. There is no staining at the stratum basale, indicating proper differentiation with no early onset. Fibroblasts on the dermal side have not produced keratin 10.  (Figure 7‑93 B) The formation of keratin 10 is a good indicator for proper differentiation as it is dependent on a pre-existing cytoskeleton of keratin 5 and 14. [101] 
Collagen IV staining was observed across the dermal compartment. Intense regions are also present at the top and bottom faces of the PHBV layer, but not at the centre. Apart from the PHBV layer, faint staining is only seen at the stratum corneum on the epidermal side.  (Figure 7‑93 D)  Pancytokeratin staining is most intense at the epidermal side where it appears even. On the dermal side there is faint staining across the entire area, but most intensely at the basal face. (Figure 7‑93 F)  Ki67 stains a nuclei protein associated with the ribosomal RNA transcription occurring in proliferative cells. The haematoxylin stained the cell nuclei too strongly, so that Ki67 co-staining by of the nuclei is obscured. A 1:3 dilution of the haematoxylin should have been used to weakly counter stain this section. What can be seen is a degree of extranuclear staining. This staining is localised to the sub corneum components of the epidermis and the lower half of the dermal component. (Figure 7‑93 H) 
The regions at the sides which are compressed by the inserts have strong fibroblast Ki67 nuclei staining. (Figure 7‑95) Supporting the hypothesis that these hypoxic regions support fibroblast proliferation. In addition there was no pancytokeratin staining of the dermal component in this region. 

PHBV film
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[bookmark: _Toc431205404][bookmark: _Toc456437485]Figure 7‑94: Pancytokeratin DAB stain shows fibroblasts in the dermal compartment not staining only epidermal keratinocytes. Scale bar = 100µm
	[image: ]Proliferating fibroblasts


[bookmark: _Ref431347231][bookmark: _Toc431205405][bookmark: _Toc456437486]Figure 7‑95: Ki67 DAB stain shows fibroblasts in the middle-left region are proliferating. Scale bar = 100µm



	[image: ]Stratum granulosum


[bookmark: _Toc431205406][bookmark: _Toc456437487]Figure 7‑96: Immunofluorescence staining of the  PLLA-PHBV  Bilayer for pancytokeratin using fluorescent secondary, Goat anti-rabbit Alexa Fluor 488 (Abcam, Cambridge). This shows auto-fluorescence of scaffold materials. No counterstain used.


A Zeiss LSM510 Meta confocal microscope was used with the two photon Ti-Sapphire laser. The 488nm Alexa Fluor antibody was excited at 495nm and then fluorescence emitted measured at 519nm. The Immunofluorescence staining of the PLLA-PHBV Bilayer, showed pancytokeratin at the stratum granulosum. The scaffold material had high auto-fluorescence. This made pancytokeratin staining and scaffold material indistinguishable bellow the basal keratinocyte layer. Above the PHBV only cells are present. This method of imaging was only suitable for imaging markers normally present in the upper epidermal layers of native skin due to the high scaffold auto-fluorescence. Edge of PHBV film


	
[bookmark: _Toc431273963][bookmark: _Toc456437653]PHBV/PLLA Bilayer with various fibroblasts seeding densities 
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[bookmark: _Ref429994337][bookmark: _Toc431205407][bookmark: _Toc456437488]Figure 7‑97: Cell Viability of NhK monocultures and co-cultures (10 day fibroblast submerged then 14 days air-liquid) on Bilayer scaffolds using '42 Bis' protocol exposure to SDS n=3 for 0, 8 and 10mM and n=2 for 6mM due to limited scaffolds.


 
This experiment increased the SDS concentration up too 10mM from 8mM to see if the increased level of irritation would result in total cell lysis. (Previous MTT result Figure 7‑90) In the co-culture this was not the case, with some cells away from the surface surviving. The 8mM SDS produced an obvious increase in MTT assay response relating to the increase in irritation response. The 6mM had a large drop from the control, similar to previous results in 2D but at a higher SDS concentration. (Figure 7‑100) 
In the NHK monoculture the viabilities were much lower at control. The concentrations of SDS that survived the SDS were located at the insert compression area. (Figure 7‑98) They were probably sufficiently unexposed to the test to survive. This area may also collect fluid which would dilute the test medium down. This would then represent the minimal limit of the setup. In contrast the co-culture after MTT, had for the controls, an even spread of cells. (Figure 7‑98) 
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[bookmark: _Ref427584426][bookmark: _Ref427584403][bookmark: _Toc431205408][bookmark: _Toc456437489]Figure 7‑98: Keratinocyte monocultures after MTT assay. 0mM SDS exposures show the locations of keratinocytes in colonies across the apical surface of the Bilayer scaffold. The 6mM SDS exposure shows only a few colonies survived. Control well labelled ‘histology’ was taken for histological analysis and did not undergo the MTT assay.  
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[bookmark: _Toc431205409][bookmark: _Toc456437490]Figure 7‑99: Co-cultures after MTT assay. Much more even spreading of cells across the apical surface of the Bilayer. 
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[bookmark: _Ref427585433][bookmark: _Toc431205410][bookmark: _Toc456437491]Figure 7‑100: One of the 8mM exposed scaffolds has areas where cell lysis has occurred.


Just looking at the pre-lysed models that have been stained using MTT; the control (0mM SDS) of keratinocyte monocultures has poor coverage with patches of cell populations. While the 6mM SDS has only a few of the most densely populated areas surviving. 8 and 10mM SDS populations appeared totally white. (Figure 7‑98)
The co-cultures in comparison had total coverage of the scaffolds, but with some variance as confirmed by MTT results (Figure 7‑97). One of the 8mM SDS samples has had a large area lysed and two of the 10mM SDS exposed models have had areas lysed.
These variations seen from the SDS exposure demonstrate that the variations in cell populations across the scaffold have a real effect on the functionality of the barrier. As postulated in previous experiments, that an area of compromised barrier leads to lateral leakage of SDS internally in the model causing damage to a much larger area. 
		[image: ] PHBV fibres


[bookmark: _Ref429934030][bookmark: _Toc431205411][bookmark: _Toc456437492]Figure 7‑101: Keratinocyte monoculture on Bilayer scaffold for 14 days at air-liquid. The PLLA fibres have been lost on sectioning as there are no fibroblasts to ‘glue’ the fibres together. There is a lack of terminal differentiation and the keratinocyte layer is thinner than co-cultures.  Scale bar = 50µm
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[bookmark: _Ref429934033][bookmark: _Toc431205412][bookmark: _Toc456437493]Figure 7‑102: Co-culture on Bilayer has had some delamination at the basal keratinocytes. Fibroblasts numbers are lower than previous. Scale bar = 50µm
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[bookmark: _Ref429934035][bookmark: _Toc431205413][bookmark: _Toc456437494]Figure 7‑103: In a different area of the co-culture on Bilayer. Extra thick stratum corneum seems to have formed over a ruckled PHBV layer, may also be an effect of close proximity to fibroblast niche at scaffold edge. Scale bar = 50µm



	
	


Histology images of the keratinocyte monoculture compared to the keratinocyte/fibroblast co-culture show in Figure 7‑101 the NHK monoculture to have a 2-3 cell thick layer of NhKs with poor stratification and differentiation. 
Delamination at the stratum basale-spinosum has occurred. (Figure 7‑102) Terminal differentiation appears to have occurred as the stratum corneum formed is very thick. Contraction of the PHBV has caused it to ruckle. Contraction normally occurs in fibroblast seeded gels, in polymer scaffolds the rigidity afforded by the polymer usually prevents this. The stratum corneum may have contracted the PHBV as the shear plane is at the stratum basale-spinosum (Figure 7‑103)
From the generally poor histology and uneven cell populations as seen by MTT in Figure 7‑100, it was decided that ELISA assays would not give meaningful results. 
A tissue engineered construct often has to be a balance between mechanical properties of the scaffold and the diffusion of medium. The diffusion of nutrients, waste and other biomolecules should be taken into account with the scaffold design. [100] 
Oxygen diffusion into the scaffold may limit cell populations to a distance from the surface. Oxygen diffusion in native skin occurs via both the apical surface by transcutaneous oxygen flux and by dermal tissue fluid flow across basement membrane to resident epidermal keratinocytes. The top 250–400µm of the skin is almost entirely supplied by external oxygen, as measured using an oxygen fluxoptode. [194] This means that the epidermis can supply itself with oxygen despite being avascular. Skin humidity affects the oxygen permeability, with an increase seen with stratum corneum stripping. Preterm skin (<31 weeks gestation) has an oxygen absorption that is 5-6 times greater than adult, that after 2-weeks had reached term levels. [70] Humidified chambers are used to reduce the TEWL, which can be high for premature neonatals’ skin. The humidity of the incubators could be reduced to help drive maturation of the skin models. 
 Transport of cytokines across the PHBV layer may be limited to a degree. IL-1α and IL-6 have been demonstrated to pass through an artificial basement membrane, consisting of matrigel on a microporous membrane, at a reduced concentration down to 70-80% of the keratinocyte side. [112] Oxygen diffusion through collagen matrixes can be restricted. [39]
At the very least a layer of basal keratinocytes forming tight junctions, will limit diffusion to paracellular aqueous pathways across tight junctions and the various cell mediated transcellular pathways; lipophilic pathway, transport proteins, receptor-mediated transcytosis, and adsorptive transcytosis. Inflammation is associated with disruption to tight junctions, which causes increased skin permeability. [222] 
It was observed that the areas at the edges of the scaffolds, where the clips held the scaffold together were typically very rich in fibroblast population. (Figure 7‑95) It was postulated that these areas would be low in oxygen concentration and so attract fibroblasts. Fibroblast produced factors would then operate under a radial concentration gradient, with the central area presumably most exposed to the irritant also least equipped to cope. 
Limiting factor of cell growth into scaffolds has been postulated to be due to the metabolic needs not being delivered. This could be due to low diffusion rate, physical obstruction by cells or ECM present at the surface. [90]
[bookmark: _Toc431273973][bookmark: _Toc456437654]Conclusions
The main aim of this project was to develop a 3D human skin model for use as an alternative to animals for the irritant testing of chemicals. To do this the models developed were examined morphologically and tested functionally using exposure to the irritant SDS. Firstly it was hypothesised that a model needed to maintain the correct proportion of proliferating through to differentiated keratinocyte phenotypes for sufficient barrier function. Specifically to maintain basal keratinocytes, which are responsive to inflammatory stimuli/cytokines, signalling the initiation and amplification of inflammatory reactions. Secondarily that the irritation potential of a substance can be quantifiably measured by the reaction to it by firstly by keratinocytes with production of IL-1α and the inflammatory cascade response by fibroblasts secreting cytokines IL-6 and IL-8 into the culture media. The inflammatory cascade can potentially better differentiate between irritant and non-irritants. 

[bookmark: _Toc456437655]Developing a skin model
Alternative models to the current RhE models were developed first. The alternative model was developed with the inclusion of fibroblasts, as a full thickness model is more similar to native skin. Rather than go down the usual collagen + fibroblast dermal analogy full thickness model route, a fully synthetic model type was chosen. Stefan Przyborski, CSO of Reinnervate provided some Alvetex® scaffolds for the purpose of developing an Alvetex® based skin model. 

1. It was found that a high fibroblast seeding density helped support both the HaCaT keratinocytes cell line and normal skin keratinocytes. In the preliminary work in section Chapter 11  an increased ratio of fibroblasts to keratinocytes had greater resistance to irritation in 2D. Only a 10% addition of fibroblasts was enough to significantly alter the cytokine responses to irritation. The Alvetex® model did help deduced concentrations of SDS that were of the irritant subtoxic level in both 2D and 3D for the cases of; HaCaT keratinocyte monocultures, 90:10 ratios of HaCaT keratinocytes to dermal fibroblasts and monocultures of dermal fibroblasts. 
2. I did not achieve the separate epidermal and dermal compartments using the same protocol as published by Reinnervate at the time. This was because Alvetex® prevented cells from forming the flattened morphology of 2D culture as they also bind to each other within the pores. [109] 
3. Efforts to improve the Alvetex® model were based on the observation that fibroblasts at air-liquid were producing a thin stratum. It was hoped that this stratum would prevent keratinocyte ingress and would provide an interface to form a DEJ complete with deposition of basement membrane proteins. Fibroblasts did not reach a level of confluency or form strong enough apical barrier to prevent keratinocyte ingress into the Alvetex® scaffold. This unfortunately was not the case, however it has since been achieved using the same methodology in Przyborski’s Durham lab. [109] This protocol has since been updated with a higher seeding density of fibroblasts and the addition of ascorbic acid to the culture medium. [86]
4. A separating DEJ collagen I layer was not achieved on the Alvetex® model. It did however improve the development of the HaCaT model via increased cell migration. This effect was less noticeable with NhKs. The main issue with Alvetex® was NhKs undergoing differentiation within the pores, the strong cell-to-cell binding prevents stratification. An Alvetex® scaffold of much lower porosity that acts like the PHBV layer has since been developed. 

At this point, an alternative model in the form of the Trilayer model that Fraser Bye was developing as a Cleft palette repair patch was suggested by Sheila MacNeil. This model along with a plain PLLA alternative was then investigated.

5. The scale of electrospun fibres is much less compared to Alvetex®, this encourages scaffold free migration. The extent of this was seen in Figure 7‑91 where fibroblasts grew beyond the PLLA dermal section of the Bilayer forming a large completely scaffold free area of tissue. Moving toward a minimal support scaffold for producing a more in vivo like model was a main theme of this thesis, with each reduction in complexity bring an improvement.
6. The PLLA-PHBV models produced are biodegradable. This means that they potentially have uses beyond that of being an in vitro model of skin into the in vivo field. The original purpose of the Trilayer model was an oral mucosa model to treat Cleft palette. [29] 
7. Having found that HaCaTs were not forming the proper stratification at air-liquid interface in the Alvetex® model nor producing normal irritation responses, a move to NhKs was made. HaCaTs did not produce any stratum corneum due to incomplete differentiation. The main benefit of HaCaTs was making it easy to get the required cell numbers to produce multiple models, but having both less barrier function and lacking the irritation responses of NhKs made HaCaTs unsuitable.
8. The use of NhKs improved the quality of the model and helped make obvious the issues with cell migration and differentiation. The major problem was not being able to produce the cell numbers and thus the number of samples needed. Model development was then put on hold while I attempted to achieve three repeats of ‘Alvetex® verses PLLA verses Trilayer’ models. In retrospect further development was really need as the models were not adequate. 
9. There was some differentiation of fibroblast and keratinocyte layers within the PLLA scaffold, which was evidence that the seeding protocol was working or there was some cell self-organisation with in the scaffold.
10. A change to Bilayer based models was then made, firstly with a PLLA-PHBV electrospun scaffold. This scaffold started off with a 4mL PLLA-PHBV interwoven layer that was too thick. This prevented cell migration. A reduction to 2mL PLLA cospun with PHBV to interweave, before a final thin PHBV only layer was made. This proved a successful intermediator preventing cell penetration but not limiting diffusion, in effect acting as a semi-permeable membrane. 
11. Revisiting Alvetex®, it was decided that a Bilayer Alvetex®-PHBV model would be a viable alternative to the PLLA-PHBV model, with the Alvetex® forming the dermal compartment. This was successful in part, the advantage was that the polystyrene making up the Alvetex® could withstand the laser etching process better than the PLLA. Holes could be etched into the PHBV. These holes were seen to provide sites for keratinocyte ingress into the Alvetex® but there was a lack of DEJ in these regions. Elsewhere keratinocytes sat on the PHBV layer. The unetched Alvetex® Bilayer had a thinner epidermis than desired, perhaps due to diffusion limitations. The holey Alvetex® Bilayer was the better model. 
12. The best result was achieved with the Bilayer of PLLA-PHBV in section 7.16. This model had a functional barrier as demonstrated by the lack of response to 8mM SDS. This is going in the right direction as current skin models are 16 times less resistant to irritation than native skin. There was separation of epidermal and dermal compartments, proper differentiation of keratinocytes, keratin 10 in the stratum spinosum to granulosum region.  The presence of keratin 10 indicates that Keratin 5 and 14 also formed. This is also supported by the pancytokeratin labelling of basal keratinocytes; pancytokeratin labels a broad range of keratins including keratin 5 and 14. 
13. A full-thickness model if developed well become self-regulatory due to feedback loops. This homeostasis allows for long-term tissue culture. This is demonstrated in wound healing models, where fibroblasts are needed for epidermal regeneration. [17] Scoring of current models’ histology higher than 19/28 to pass the ISO 9001 standards, before being used to assess irritancy is an important step. Some of the models in this thesis appear underdeveloped.
14. MTT assays can overestimated the number of viable cells and the IC-50 in comparison to ATP, DNA, or trypan blue determinations of cell viability. They had a 15% increase in ‘viability’ over control. [212] This was indicative of irritation causing an increase in metabolic activity. MTT therefore fails to produce a quantitative relationship between cell number and MTT-formazan production that is ideally need. MTT results on their own are likely to falsely indicate the increased metabolism under irritancy as non-irritant.
15. Fundamentally measuring paracrine signalling can give a true irritant response. An IC-50 measure can only can only ever measure acute toxicity. Alternatives to the MTT assay such as membrane permeability, mitochondrial mass and mitochondrial membrane potential can indicate the action of irritation rather than the effect. [211]

[bookmark: _Toc456437656]ELISAs for IL-1α, IL-6 and IL-8 in 3D 

16. Feldmann et al. found that IL-1ra competitively binds to the IL-1α receptor as part of a negative feedback loop with fibroblasts in coculture. There is a linear correlation between IL-1α and IL-1rα release from epi-dermal equivalents and human clinical irritation ranking of surfactants (r= 0.781). IL-6 was found to be secreted at a relatively constant level regardless of irritation and no IL-8 response was seen without fibroblasts. [159] This agrees with our findings, of no correlation with IL-6 and irritation; and that IL-8 was amplified only by fibroblasts in response to SDS.  There was a good correlation (95%) with the IL-6 and a decrease in MTT cell viability in a Trilayer 14day air-liquid model in section 7.7.
17. IL-1α and IL-8 were upregulated in response to irritation at 6 and 8mM SDS on the Trilayer coculture model in section 7.6. The level of irritation was low as indicated by the slight decrease in cell viability at 8mM SDS, but was great enough to cause a rise from 5,350 to ~19,300pg/mL IL-8 and 7,400 to ~14,100pg/mL IL-8 for the repeat. This indicates that IL-8 responses occur in response to a level of irritation that would not be classified as irritation using the MTT assay on its own as it is not bellow the IC-50. 
18. The Bilayer PHBV-PLLA model when tested with 8mM SDS did not produce an IL-8 response. The aim of this thesis was to create a model that had a greater barrier function than the current models and this lack of irritant response was the desired outcome. 

[bookmark: _Toc431273976][bookmark: _Toc456437657]Effect of hydrocortisone
19. In 3D air-liquid models without hydrocortisone, IL-1α and IL-6 amplified in response to SDS. This concurs with what Feldmann et al. found, medium with the addition of 500ng/mL hydrocortisone resulted in around a 15% increase in icIL-1Ra which in turn decreased the IL-1α produced. [159] IL-8 levels were constitutively lower with hydrocortisone. Just the removal of hydrocortisone lead to much higher levels that then amplified significantly in response to irritation. 
20. A further investigation in to hydrocortisone effects, was studied in 3D submerged Alvetex® and PLLA models to increase the sample numbers and conditions investigated. 400ng/ml hydrocortisone is present in Greens’ medium. What became obvious from this experiment was that no one measure could be taken in isolation. A comparison of MTT cell viability, IL-1α and IL-8 was needed to get the full picture. Therefore experiments were not directly comparable with each other. 
21. Hydrocortisone free medium was chosen as the test and recovery medium due to the low control levels of IL-1α and IL-8.

[bookmark: _Toc431273977][bookmark: _Toc456437658]Irritant effect analysis by the MTT assay
22. A very accurate dose response curve was produced for air-liquid 10-day Alvetex®, PLLA and Trilayer models. This dose curve repeatable had a rise in MTT optical absorption to a peak before a toxic drop. This coincides with SDS micelle formation. The irritant effect of SDS was non-linear.
23. The non-linear irritant effect of SDS made it very difficult to accurately predict an irritant concentration specific to the model. This was due to the progress of model development producing models with varying levels of barrier function. A range approach of sampling was used around the predicted irritant concentration rather than more repeats at single concentration. This is because the concentration chosen to be repeated could be non-irritant or toxic and so miss the irritant level. 
24. The hypothesised mode of SDS irritation is that molecules of SDS bellow the micelle concentration can be subsidised into the cell membrane causing microtears, the cell then repairs these areas of damage and in doing so increases uptake of MTT and production of formazan salts. At the micelle concentration, SDS can aggregate. When a micelle substitutes into the cell membrane a large pore is the result, causing cell lysis. 

[bookmark: _Toc431273979][bookmark: _Toc456437659]Future work.
25. More immunostaining of the models produced would be desirable, as this would improve the comparison with native skin. Involucrin, for example, tends to be synthesised too early in submerged keratinocyte models, and it would be useful to see if the coculture Bilayer model developed has the same issue. [214] Keratin 14 is a marker for basal keratinocytes that was excluded in favour of Ki67.
26. The immunohistochemistry protocol used did not identify basal cells by Ki67 as well as we would have liked, presumably due to colocalisation with haematoxylin in the nucleus. A decrease in haematoxylin concentration by a factor of 10 would increase the contrast to see specific Ki67 staining. Having both Ki67 and keratin 14 staining would be the ideal. 
27. The collagen coating over the Alvetex® did not achieve the surface film, which was to act as a basement membrane analogy. We could not replicate the success of the Marsh protocol, as it was difficult to get the correct pH for the fibrils to assemble into a gel. Collagen gels could also be coated with basal lamina proteins such as in Matrigel, that would provide attachment sites for the NhKs and may help keep them in the undifferentiated state. 
28. Alternatively the surface stratum formation in fibroblast monoculture has been shown to be able to prevent keratinocyte ingress using the same methodology. To do this a very long culture was needed. The human fibroblast derived ECM could result in a better model than using animal collagen. This direction has been recently taken by Hill et al. with and a model developed with Alvetex. [86] A comparative model made using the PLLA as the dermal component would show which scaffold fibroblasts prefer.  
29. One question that needs answering is; are there any interactions of SDS with the cytokines produced in the inflammatory response? While this could only occur during the 42 minutes tested, it would cause inhibition at the cytokine receptors. To test this hypothesis we could incubate a known amount of cytokine for 42 minutes with the SDS, then testing for reduced activity via ELISA.
30. Cytokines produced can also non-specifically bind to the culture wells during this period. Inserts were transferred into fresh plates which would not have been coated with serum from the medium. This could mean that cytokines are lost to nonspecific binding to the TCP. The effect of this process may be the total loss of the low concentrations released during irritation reactions. A simple prior coating of these plates would prevent this.
31. Ultimately weather a full-thickness skin model could replace a RhE model is still a difficult question to answer. There was never the availability of current models to test against due to the expense of the current models. Assumptions of scientifically validity, considering the inter-laboratory variability from past ECVAM investigations, makes comparisons questionable. Ideally training at an approved testing laboratory along with standardisation of equipment and techniques would be done. 
32. The Bilayer PHBV-PLLA model developed did not have a loss of viability or produce an IL-8 response with 8mM SDS. This was the aim of the thesis; to create a model that had a greater barrier function than current models. This model needs to have the strength of the barrier quantified against higher concentrations of SDS and with TEWL analysis. 
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Appendix
An appendix chapter has been included to include research into a rete ridge analogue skin model. The aim of this work was to produce a 3D collagen rete ridge analogue skin model that would be an improvement over the flat models used for irritant testing; and as a comparison to the Alvetex model that was in development.
This chapter has been separated from the main body of the thesis, as though a successful mould was produced, a strong collagen-GAG gel from that mould could not be. Attention was turned at that time to the more promising Trilayer and PLLA models.  
 
[bookmark: _Toc456437661]Introduction to Rete ridge analogues
A rete ridge analogue aims to mimic the micro-architecture of the basal lamina present at the DEJ of native skin.
[image: ]
[bookmark: _Ref430945928][bookmark: _Toc456437495]Figure 10‑1: A rete ridge model. Topography increases epidermal thickness over flat regions, compare the slight dip with the flat sides. Sharp lips present on the collagen-GAG membranes hindered the migration of keratinocytes out of the wells. (Scale bar 100 µm) [59]
The interdigitated microstructure of the basal lamina was found to guide keratinocyte differentiation and enhance epidermal stratification (increased involucrin but not Ki67 staining) with an increased effect seen in channels with the lowest aspect ratios (width:depth). (Figure 10‑1) That is the most effective channels were 67µm±21 wide and 147µm±11 deep and made of collagen-GAG co-precipitate (5mg/mL type1 collagen, 0.18 mg/mL GAG). [59] The epidermis thickness was measured to be 47µm in flat regions increasing to 71µm in W.72±8xD.30±4µm channels or roughly the same thickness as in vivo skin.
Channels created in the collagen membranes were always considerably shallower and wider than designed even though the master patterns took this into account, for example an aspect ratio width:depth of 0.75 master pattern became 2.4 in the collagen membrane. This is because the gel flattens out. This was not an issue in previous work by the same group. It may be a good idea to form the collagen-GAG membrane over an inverted PDMS-negative replicate so that the membrane cross-links under residual compressive forces to facilitate formation of low aspect ratio structure.
To produce such analogues, stereolithography can be used to cure a polymer with a photoinitiator to shape. Using a laser source reflected of a Digital Micro-mirror Device
[image: ]
[bookmark: _Ref428449517][bookmark: _Toc456437496]Figure 10‑2: Intensity profile of light reflecting off a micro-mirror on the DMD has a Gaussian distribution, with a rectangular horizontal cross-section. [99]
(DMD). Gaussian energy distribution in light beam off micro-mirrors can be used to create a scaffold surface describing the sinusoidal pattern of light intensity as a greater proportion of photo-initiator is activated at higher energy input. (Figure 10‑2)

[bookmark: _Toc431273888][bookmark: _Ref436581489][bookmark: _Toc456437662]Method; Stereolithography using a Digital Micro-mirror Device
[bookmark: _Toc431273889][bookmark: _Toc456437663]Setup
A Digital Micro-mirror Device (DMD) is a matrix array of micro-mirrors developed by Texas Instruments for use in projectors. A 0.7” XGA 768:1024 pixel array (DLP DiscoveryTM 4100) is implemented in the laser set-up. The gap between the micromirrors is of the order 0.7-1µm, and pitch between mirrors including gaps is 13.6µm. The program ALP-4.1 basic was used to control the DMD by sending monochromatic bitmaps, black for ON position and white for OFF. There is no function for greyscaling in the basic software, but a middling power value can be obtained by flicking on and off rapidly.
The laser used was a Model MBL-III outputting a measured (Thorlabs energy meter) 83mW of light at wavelength 473nm (in the blue spectrum). Total power losses along the pathway mean that after expansion, power is down to 60mW and after the DMD nearer to 35mW. It has been setup to fire squarely onto the DMD, and lenses are positioned to gather light along the reflected path-length. (Figure 10‑3)
The photoinitiator used was 97% Camphorquinone, initially at 2wt% but then reduced down to 0.5wt%, for improved accuracy and reduced potential toxicity, in poly(ethylene glycol) diacrylate (PEG), of molecular weight 258 and inhibited by 100ppm Mono Methyl Ether of Hydroquinone (MEHQ). Keeping the PEG inhibited increases the energy level that is required to cure the PEG, this improves accuracy as diffuse light has less energy. (Figure 10‑2). 
The process relies on firstly the absorption of light energy to excite the photoinitiator and then the radical chemical reaction by the initiator to cross-link the PEG. Samples were cured for 60-75 seconds, then uncured PEG solution pipetted off and reused. The best scaffolds tended to be made from left over PEG removed from previously made samples. This was perhaps due to reduced sensitivity to curing, as the easiest cured PEG was selected for previously. The increasing activation energy required to cure then improved resolution. This was also a reason to decrease camphorquinone concentration from 2wt% down to 0.5wt%, as there was an excess. 

[bookmark: _Toc431273890][bookmark: _Toc456437664]Post-processing
Scaffolds were initially washed in 100% ethanol. This was found to cause cracking of the scaffolds due to either swelling or shrinking, an experiment to find the % ethanol that could be included found 50% ethanol in PBS to be the optimal amount. Scaffolds were best washed 3 times and left in 50% ethanol overnight to elute uncured PEG. UV curing was then employed to break down any MEHQ remaining in the bulk of the PEG, with this a colour change from yellow to transparent was observed. Leaving the structures for a few days in PBS was suggested to elute remaining degradation products out of the PEG matrix.


[bookmark: _Ref436580161][bookmark: _Toc456437497]Figure 10‑3: A plano-convex lens in front of the DMD condenses the reflected beams. The second biconvex lens after the DMD collects the central brightest reflections and condenses them. The third image projected onto the wall shows the effect of the second lens. These reflections are further condensed and reflected via a mirror to give a single square at the focal point.




[bookmark: _Toc456437665][bookmark: _Toc431273912]Results; Photolithography
Photolithography was used to cure prepolymer resins into solid plastic molds; similar in form to the rete ridge structures of native skin, an idea initially proposed by George Pins. [119] An egg-box pattern was used as an approximation of the rete ridges. It was hypothesised that a light intensity profile would cure this pattern. A blue laser rig was tuned to produce this pattern. The setup originally had unfocused light, the diffuse beam pattern could only cure the PEG in an unstructured manner. (Figure 10‑4) The only feature of interest under SEM was the finest surface topography seen at a very high magnification. 

	[image: ]
[bookmark: _Ref429750953][bookmark: _Toc431205276][bookmark: _Toc456437498]Figure 10‑4: Early attempts demonstrated need for optimisation of setup. At high magnification (1600x) surface structure can be seen.



 Careful setting up of the blue laser rig was required to increase the resolution, so that pixels we curing the PEG into separate distinguishable entities.  Paying some more attention to the rig, some improvement was made. This was seen with 4x4 pixels forming a heightened area with spacing’s of 130µm and heights of 60µm. The resolution was not optimum.

	[image: ]
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[bookmark: _Ref430520386][bookmark: _Toc431205277]
[bookmark: _Toc456437499]Figure 10‑5: SEM images of PEG cured under 473nm blue laser light via photolithography. Actual single pixel resolution was seen with 4x4 pixels forming a heightened area with spacing’s of 130µm and heights of 60µm. The resolution was not optimised by much better than initial attempts.

To get individual pixel resolution, further improvements were made to the blue laser rig. The method to do this is summarised in section 10.1.
	[image: ]
[bookmark: _Ref430520283][bookmark: _Toc431205278][bookmark: _Toc456437500]Figure 10‑6: PEG rete ridge pattern cured into insert.



Well inserts can have a PEG scaffold cured directly inside them. (Figure 10‑6) Diffraction of incident light by the top layer of cured PEG causes a larger area underneath to be cured, forming a solid structure. The accurate replication of the patterned light was limited to curing only on the top surface. As the light scatters it will polymerise the surrounding area, so the structure bellow was bulk cured but the top surface had the desired topography from the DMD design. There was an issue of the liquid PEG forming a meniscus around the edges, which distorted the surface into a U-shape. This left only the central flat region to have cured an accurate pattern.
The same process can also be done inside a 24-well plate. A central square of patterned PEG was designed to fit within the central region with a patternless region surrounding it. 

[bookmark: _Toc456437666]Cell culture protocol for 2.5D PEG Rete ridge model
For 2D experiments 3x104 HaCaT keratinocytes and fibroblast cells were seeded onto two separate 24-well plates. For the co-culture 2.7x104 HaCaT keratinocytes and 3x103 fibroblast were seeded onto a 24-well plate to give a 90:10 ratio. These 3 well plates were incubated at 37◦C in a 5% CO2 humidified cabinet for 36 hours. SDS solutions were prepared in the same manner as the preliminary experiment at concentrations of 0.1, 0.2, 0.4 and 0.6mM. Each of the solutions and the control were added to 3 wells of each well plate. 

	[image: ][image: ][image: ]
[bookmark: _Ref431070097][bookmark: _Toc431205279][bookmark: _Toc456437501]Figure 10‑7: MTT Assay to Measure Cell Viability of submerged cultures of HaCaT keratinocytes, fibroblasts and co-cultures in 2D TCP and 2.5D PEG structure using ’42 Bis’ protocol exposure to SDS. The cell viability is notably lower on 2.5D PEG scaffolds compared to the TCP. Bottom repeat with collagen 1 coating the PEG improved the viability of all cell types. n=1	Comment by Joe Lemmens: Straighten graphs. N numbers in figures stats 



[bookmark: _Toc431273913][bookmark: _Toc456437667]Rete Ridge PEG
The square well patterns were seen to have greater cell density under optical microscopy. It was believed that cells fell into the wells and found the edges of the well to be most suited for cell attachment due to increased surface area. To achieve higher cell viability, a thin collagen 1 coating over the PEG structure produces surface that the cells could attach too, without losing underling topography. The collagen coating came off the underlying PEG when contracted by an excess amount of fibroblasts. With 6x104 fibroblasts the collagen film did not detach. Coating the PEG with 2mg/ml Collagen 1 improved the cell viability both at control and at 0.1mM SDS for all cell types. (Figure 10‑7)


[bookmark: _Toc431273914][bookmark: _Toc456437668]Analysis of SEM images
From Figure 10‑8, 12x12 pixels have formed together at the edges into a solid single structure. While each pixel is visible, the edges of scaffolds tend to blur somewhat, even forming a thin web at the base of corners. Holes have not formed at the 4 pixel wide gaps, instead valleys have formed large indents. A 400x magnification of the valley can be seen in Figure 10‑9. This formation could be useful in getting larger features cured into scaffolds. This is a great improvement over the PEG scaffolds produced with an earlier setup with less defined features as in Figure 10‑5. 
[bookmark: _GoBack]In Figure 10‑9 the areas where pixels have created the characteristic pimple features are easily visible with large valleys in between. The peaks are of the order of 60µm high and spacing’s of 130µm peak-to-peak. In comparison to work by George Pins one could expect increased epidermal thickness with these aspect ratios, if they could accurately be moulded into a basal analogue. [119]



[bookmark: _Ref428457833][bookmark: _Ref431313134][bookmark: _Toc431205280][bookmark: _Toc456437502]Figure 10‑8: Comparison of DMD pattern with 12x12 pixel squares around a central square with small (1x4, 1x2) pixel indents. Much improved resolution, individual pixels can be resolved. Some skin effect seen in areas.

[bookmark: _Ref428457864][bookmark: _Toc431205281][bookmark: _Toc456437503]Figure 10‑9: SEM images of PEG cured under 473nm blue laser light via photolithography. The egg-box pattern created had spacing’s of 27-30µm peak-to-peak.

SEM images of the PEG scaffold in Figure 10‑8 can be seen in Figure 10‑9. Higher magnifications with SEM show pixel to pixel the distances have been kept in the region of 27 to 30µm. A region where the PEG has distorted over allows us to see the sinusoidal cross-section. The heights of the waves from trough to peak is around 9µm, however what is apparent may only be the pixel-to-pixel cross-links and not the true troughs which are shadowed and may be around 25µm deep.


	[image: EGG3.TIF]
[bookmark: _Toc431205282][bookmark: _Toc456437504]Figure 10‑10: Original PEG pattern by 2 photon stereolithographic. These were used as a male pattern to make PDMS moulds.



	[image: EGGNG6.TIF]
[bookmark: _Ref430525034][bookmark: _Toc431205283][bookmark: _Toc456437505]Figure 10‑11: UV cured PEG copies from PDMS moulds.
	[image: EGGNG5.TIF]
[bookmark: _Ref430525044][bookmark: _Toc431205284][bookmark: _Toc456437506]Figure 10‑12: Rotated 90 degrees. Fine detail at peaks but loss of detail in valleys probably due to pressure.






[bookmark: _Ref428438357][bookmark: _Toc431273915][bookmark: _Toc456437669]Two-photon stereolithography of the rete ridge pattern
Two-photon stereolithography was used to create a rete ridge analogue based. Initial attempts had the laser beam passing through the glass and curing the material from bellow. This was causing light scattering and a large loss of definition to the egg-box pattern. By inverting the setup cure occurred from the topside and achieve the definition significantly.   The two-photon results had an accurate egg-box pattern, with only a slight distortion seen in different planes in Figure 10‑11 and Figure 10‑12. These are PDMS copies of the PEG pattern and so there is loss of detail resulting in the flat sections. The original PEG has some webbing between peaks due to the overlapping of laser light for sub-activated regions causing activation. This does not cause issues with PDMS moulds. The peaks are much larger than the DMD produced ridges, at around 60µm deep and the peak-to-peak distance of around 150µm. This is a good approximation to native rete ridges, having been based on measurements using ultrasound.

[bookmark: _Toc431273916][bookmark: _Toc456437670]Photolithography conclusions
 An egg-box model was produced in PEG by careful calibration of a DMD equipped blue laser setup. The resolution of the setup was increased till individual pixels of the DED were clearly resolved under SEM. Once individual pixel resolution was obtained the Gaussian distributions of light energy being reflected off each mirror naturally created the egg-box pattern. The PEG comes with light absorbers, which helped low intensity light area to have less curing of PEG. The rete ridge model was termed a 2.5 dimensional scaffold, as it possesses contours that gives height but still restrict cells to a surface. Low viability was seen in the 2.5D PEG experiment, this could possibly be due to poor cell attachment. HaCaTs proliferated well on the PEG, which was a less favourable surface for fibroblasts. The polystyrene of TCP was preferable by fibroblasts. When covered with a film of collagen 1 over the PEG, the viability was improved so that cultures survived 0.1mM SDS exposure. From these attempts to make collagen 1 moulds proved unsuccessful as without the additional strengthening of GAG, they were not strong enough to peel away from the PEG mould. With the PEG moulds produced the only thing preventing the production of rete ridge models as good as produced by Downing et al. was the inability to produce the collagen 1-GAG gels that had the strength to be peeled off the moulds. The moulds produced had greater aspect ratios and so could have led to increased epidermal thickness. The moulds produced did not have the edge lip artefact as well. [59] 
 Removing them was necessary as there was a limit to mould numbers. One idea was to stamp the male mould into multiple areas of a stiff gel, which would plastically deform and maintain its shape. Preferably this would be a PDMS gel which would then be the female mould for the collagen 1 gel setting.
The issue of the blue laser setup was also there. Optimum resolution of the lenses was achieved by taking SEM images of PEG structures produced till individual single mirror effects could be seen. However the blue laser rig was then altered by other uses to achieve their desired scale. This made reproduction of results impossible.
 Two-photon stereolithography produced high resolution ridges. The only issue was macro scale. While the designs produced in section 10.3.3 were of superior detail to rete ridge designs achieved before, it was felt that the structures could not be reproduced at the scale needed to fill the Alvetex® inserts. The 2mm2 squares of patterned PEG took 2 hours to make. While the DMD setup could produce 1cm2 area structures the two-photon setup was only capable of mm2 area structures. The basal lamina analogue model using the PEG work was put on hold and eventually the Bilayer model proved to be adequate. I had a conversation with Professor Robert Brown of UCL into using his method of collagen-compressed gels to produce a rete ridge analogue model using the PEG patterns produced. The PEG mould would be coated with matrigel and then a collagen 1 gel block compressed onto the mould. This would coat the surface of the collagen 1 with a thin film of basement membrane proteins. The excess fluid can then be lost by small holes at the base of the ridges.

[bookmark: _Toc431273902][bookmark: _Toc456437671]Laser cutting for tensile testing
Having gained experience with the Epilog laser cutter on electrospun scaffolds, a potential improvement to the straight sided samples typically tensile tested in house on the Bose ElectroForce® was deduced. The ‘dog-bone’ design was chosen and an adaption of the American standard made. (Figure 10‑13). The resulting scaffold no longer ripped at the ‘teeth’ of the DMA grips, instead the central section could elongate till failure. Damage to the scaffold due to the grips can be seen. (Figure 10‑14) This process was valuable for other projects such as investigating the mechanical strength of polyHIPEs scaffolds, but the strength of the scaffolds is not a priority for in vitro testing.  

	[image: ]



[bookmark: _Ref436580967][bookmark: _Toc456437507]Figure 10‑13: Pattern drawn for dog-bone structure to be laser cut, based on American standard but shortened to fit  the maximum spacing of the Bose DMA grips on elongation to failure. 

[bookmark: _Ref436580985][bookmark: _Toc456437508]Figure 10‑14: Bose ElectroForce® - extension of dog-bone. The grips compress and can damage the electrospun scaffold. This damage then causes the material to break at the damaged area.



[bookmark: _Ref453499212][bookmark: _Toc456437672]Cell culture of HaCaTs, fibroblasts and cocultures in 2D for 2-day with 2 and 24hour incubations with SDS. 

[bookmark: _Toc431273917][bookmark: _Ref452908078][bookmark: _Toc456437673]Cell viability of HaCaTs, fibroblasts and co-cultures after 2-hour exposure to SDS concentrations
Monocultures of 6x104 HaCaT keratinocytes and 3x104 fibroblasts cells were seeded in a 24-well plate. As well as co-cultures of HaCaT keratinocytes with fibroblasts at ratios of 9:1, 1:1 and 1:9, with a total 6x104 cells. They were cultured for a total of 48 hours on TCP. In 2D after 48 hours they are confluent monolayers. 1.5mL of 10% FCS DMEM was used.  They were incubated with SDS concentrations of 10−5, 10−4, 10−3 and 10−2 Molar (0.01, 0.1, 1 and 10mM) for 2 hours.

[image: ]
[bookmark: _Toc431205285][bookmark: _Toc456437509]Figure 11‑1: Dose response of 2-hour exposure to SDS via MTT Assay to Measure Cell Viability. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts)

Analysis via cell viability using the MTT assay, found 6x104 HaCaT keratinocytes to have the highest viability when exposed for 2 hours to low concentrations of SDS (10−5Molar). This may be due to confluency, as the control viability is also much higher. It was expected that the 90K: 10F co-culture percentage ratio to be similar to HaCaT keratinocyte monoculture viability. This was not the case as the introduction of fibroblasts, even at a low ratio (9:1) had reduced cell viability. The 0.1mM SDS exposed cells were below the IC-50 after 2 hours irritant concentration, though there was some remaining viability. A more accurate dose response curve was need to find the IC-50.

 [image: ]
[bookmark: _Ref430591208][bookmark: _Toc431205286][bookmark: _Toc456437510]Figure 11‑2: ELISA to measure IL-1α in 2-hour exposure to SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.

Analysis of collected media by ELISAs that had been exposed to just 0.1mM SDS as this level was toxic after 24 hours and control media. ELISAs were performed in triplicate on each individual sample. Small variances in ELISA readings can be amplified when read off against the standard curve. The 90K: 10F ratio had the average IL-1α measure of 178pg/mL in the control compared to the stimulated of 203pg/mL. The HaCaT monoculture had a 20pg/mL higher IL-1α reading when stimulated over control. 
	[image: ]
[bookmark: _Toc431205287][bookmark: _Toc456437511]Figure 11‑3: ELISA to measure IL-6 in 2-hour exposure to 0.1mM SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.



IL-6 measurements of the media showed that unstimulated (control) HaCaTs keratinocytes and fibroblasts did not produce IL-6, whereas the exposure to SDS caused a response of both cell types. This response was increased for co-cultures, not just the stimulated samples but also the controls. This ‘basal’ level of response by the controls demonstrated active paracrine signalling between the cell types. The addition of SDS to the co-culture caused a slight increase for 50k: 50f and 90k: 10f but a decrease in fibroblast dominated 10k: 90f cultures. This may be due to the 90k: 10f control having the highest IL-6 level in the first place, but there is a definite activation of the fibroblasts with an addition of 10% HaCaT keratinocytes.

	[image: ]
[bookmark: _Toc431205288][bookmark: _Toc456437512]Figure 11‑4: ELISA to measure IL-8 in 2-hour exposure to 0.1mM SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.



The IL-8 levels after 2 hour exposure to SDS were highest in the monocultures. The addition of just 10% fibroblasts significantly decreased the amount, while the addition of 10% HaCaTs did not. In the co-cultures only the 90k: 10f culture saw an amplification with irritation, other co-cultures had significant depression. 

[bookmark: _Toc456437674][bookmark: _Toc431273918]2D HaCaT keratinocytes, fibroblasts and co-cultures after 24 hour exposure to SDS 
Monocultures of 6x104 HaCaT keratinocyte cells and 3x104 fibroblasts cells were seeded in a 24-well plate. As well as co-cultures of HaCaT keratinocytes with fibroblasts at ratios of 9:1, 1:1 and 1:9, with a total 6x104 cells. They were cultured for a total of 48 hours on TCP. In 2D after 48 hours they are confluent monolayers. 1.5mL of 10% FCS DMEM was used.  They were incubated with SDS concentrations of 10−5, 10−4, 10−3 and 10−2 Molar (0.01, 0.1, 1 and 10mM) for 24 hours.

[image: ]
[bookmark: _Toc431205289][bookmark: _Toc456437513]Figure 11‑5: MTT Assay to Measure Cell Viability in 24-hour exposure to SDS. 
Analysis via cell viability using the MTT assay, found 6x104 HaCaT keratinocytes to have the highest viability after 24 hours, the co-cultures all had a lower viability but in a similar group and lastly the fibroblasts which had roughly half the viability of co-cultures. Low concentrations of SDS (10−5Molar) increased the viability of the HaCaT keratinocyte cultures and co-cultures, with the lower the numbers of HaCaT keratinocytes the higher the viability. The response of the fibroblasts was a slight lowering of viability. High concentrations of SDS (10−4Molar) lysed all the HaCaT keratinocyte and co-cultures but interestingly the fibroblasts remained viable. Somewhere between the 0.01mM and 0.1mM SDS lies the IC-50 concentration. In 2D no cultures survived at or above the 1mM concentration of SDS.

[image: ]
[bookmark: _Toc431205290][bookmark: _Toc456437514]Figure 11‑6: ELISA to measure IL-1α after 24-hour exposure to SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.
The ELISA results show that co-cultures caused an upregulation of IL-1α compared to the HaCaT keratinocytes and fibroblast only cultures. The HaCaT keratinocyte monoculture responds to the SDS by amplifying IL-1α, whereas fibroblasts do not respond by IL-1α. Presumptions over how well co-cultures of HaCaT keratinocytes with normal human dermal fibroblasts relate to co-cultures of normal human keratinocytes with normal human dermal fibroblasts cannot be made without direct like-for-like comparisons. (See section 2.4.5) 
	Comparing 2 hour IL-1α response to 24 hour, finds no significant changes in pattern of response. A little less IL-1α had been secreted into the media after 24 hours compared to 2 hours. This may be due to cells in SDS being lysed not irritated releasing total amount of IL-1α, instead of the case whereby irritated cells produce additional IL-1α intracellularly for secretion. Irritation of fibroblasts did not produce an IL-1α above that of the control.  The amount of IL-1α secreted from the co-cultures is well over the 60pg/mL irritant level defined in the EU R38 irritant tests, though similar results were found using the keratinocyte monocultures which correspond to the current models. 
These results can be compared to Sun, Jackson et al. paper. They found the cellular metabolic activity increases when incubated at concentrations that are not toxic, however this mechanism is not fully understood. [198] The addition of IL-1α data to their findings explains the protective effect of the co-culture over the monocultures.
	[image: ]
[bookmark: _Toc431205291][bookmark: _Toc456437515]Figure 11‑7: ELISA to measure IL-6 in 24-hour exposure to 0.1mM SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.



The response after the 24 hour exposure was much greater than the 2 hour exposure. The 10k: 90f culture showed an increase in IL-6 over control, whereas the 2 hour culture had dropped. For the 50k: 50f co-culture the increase had extended from 46pg/mL too 150pg/mL. The 90k: 10f co-culture demonstrated the greatest increase of 969pg/mL over control. This indicates that the addition of relatively few fibroblasts vastly increases the sensitivity or response over HaCaT keratinocyte monocultures. The HaCaT keratinocyte monocultures did show significant amplification of IL-6 also at 24 hours.
	[image: ]
[bookmark: _Toc431205292][bookmark: _Toc456437516]Figure 11‑8: ELISA to measure IL-8 in 24-hour exposure to 0.1mM SDS. Control sample had no SDS treatment. (K-keratinocytes, F-fibroblasts) n=6; *P<0.005.



The extension of irritation from 2 hours to 24 hours resulted in a generally higher expression of IL-8. In the HaCaT keratinocyte monoculture, the IL-8 increase with irritation became significant.  The co-cultures also showed amplification of IL-8 with irritation, this correlation exists only for 24 hour exposure, not in the 2 hour exposure. This indicates a time based effect, whereby fibroblasts perhaps suppress the initial irritation reaction.
These 2D HaCaT keratinocytes and normal human fibroblast cultures demonstrated dose response curves where the IC-50 fell between 0.01mM and 0.1mM SDS for both 2 hour and 24 hour exposures. ELISAs were made on 0.1mM SDS exposed cultures and controls only. Co-cultures were shown to respond very differently from monocultures, even with just a 10% seeding of the other respective cell type. The IL-1α results demonstrated significant amplification going from monocultures to co-cultures. The amplification with irritation was less significant, this may be due to the basal level of stress being high in the controls. Monocultures in 2D may be in a senescent state due to the unfavourable culture conditions. These conditions may pose a stress level that the co-cultures are reacting to. Another theory would be that the separation usually posed by a basement membrane is lacking, without a separation membrane the fibroblasts and HaCaT keratinocytes are growing among each other. This state would only occur naturally with a compromised basement membrane, resulting in a wound healing response. Cytokines are known to penetrate through the matrigel basement membrane analogues with a decreased concentration and have distal affects. [112] IL-6 levels were much greater in co-cultures than monocultures. Monocultures did release some intracellular IL-6 when exposed to SDS probably just intracellular IL-6 on lysis. Significant upregulation of IL-6 was usually seen in the co-cultures, especially given more time. Co-cultures had IL-8 results in a similar pattern to IL-6. Monocultures however produced >120pg/mL IL-8 for HaCaTs and fibroblasts. After 24-hour exposure the high ratios of HaCaT keratinocytes produced the most significant IL-8 upregulation, perhaps due to the higher relative concentration of IL-8 stimulants. The number of fibroblasts would have to be kept the same with an increase of keratinocytes only to test that theory. For 2-hour exposures a down regulation in IL-8 was seen with 50% or less keratinocytes in co-culture suggesting a time based response is happening. 
One method of studying the keratinocyte-fibroblast relationship is to take medium from keratinocyte cultures place on fibroblasts and study the effects. The fibroblasts upregulate IL-6 and IL-8 presumably due to IL-1α, as the occurrence was both concentration dependent and simultaneous. [24]  
While co-culture ratios make a significant effect on responses, the next section focuses on achieving the correct skin histology using various keratinocyte: fibroblast seeding ratios. The faster proliferation rate of HaCaTs does mean they come to dominate having seeded at a 50k: 50f ratio.

[bookmark: _Toc456437675]Discussion
IL-1α was secreted rapidly by co-cultures but not monocultures, HaCaT 2D monocultures produced a little more than fibroblast monocultures after 24hrs. NhKs are needed in the model to produce a normal response to irritation via the secretion of IL-1α. IL-6 was measured at much higher levels, however serum-free levels were similar to the SDS medium. This suggests a level of stress response due to removing serum from the culture.  Fibroblasts in 2D monoculture had a burst response of double the IL-6 at time 0 that returned to serum-free levels after 2hrs. SDS caused a delayed IL-8 response in fibroblast 2D monocultures, rising rapidly at 2hours. IL-8 rose for all cultures over 24 hours, with fibroblast producing the most, then co-cultures and HaCaT keratinocyte monocultures producing a little. Results suggest only IL-6 and IL-8 are useful measurements for HaCaT keratinocytes, but will need to compare to NhKs.
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