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Abstract

Full thickness skin models, generated in vitro, are now a common alternative to ex vivo
human skin and animal tissue for testing new active compounds. Although skin models mimic
the structure and physiology of both the dermis and epidermis, the culture conditions
traditionally lack the dynamic fluid flow associated with vasculature in vivo. Additionally, in
vitro static culture generates an unstirred water layer at the media-cell interface, which limits
nutrient diffusion. In this study, | aimed to disrupt these unstirred layers by culturing
Alvetex® Scaffold skin models in a dynamic bioreactor and subsequently investigating how
model development and maintenance is affected. The results show that the time in which
perfusion is introduced causes stark differences in model development. On the one hand,
early perfusion leads to poor maturation of dermal models and a lack of stratification in the
epidermal compartment of full thickness models. On the other hand, delayed perfusion leads
to a thicker fibroblast surface layer and a thicker viable epidermis, indicating enhanced tissue
development. In full thickness models cultured with delayed perfusion, proliferation of
keratinocytes increased in the first week of culture, while early/mid differentiation was more
prominent in the first 3 weeks. The barrier function of the delayed perfused models, as
identified using trans-epidermal water loss (TEWL), did not change during model
development and maintenance. A speed of 100 rpm was found to be suitable for skin models
and increasing the stirrer speed led to greater shear stress, which negatively impacted cell
morphology. Although this study was limited by great variability in models and reliance on
qualitative analysis of relevant biomarkers, the importance of delaying perfusion as an
optimisable factor for improving skin models was highlighted. Future work can be conducted,
using a larger sample size, on identifying the precise time and speed of perfusion that would

generate significant improvements in model structure, physiology, and function.
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Chapter I: Introduction and Literature Review

1.1 Introduction

As the largest organ, the skin forms the outermost layer, which covers the body, and is one
of the most observable phenotypes of an individual. Therefore, the quality and appearance
of skin is a physical aspect, which holds social and psychological value. In particular, the
changes in appearance associated with ageing and skin diseases can be damaging (1,2).
Research in cosmetics and drugs, which aim to improve skin quality, typically require the use

of an appropriate platform for testing new compounds.

Whilst the use of ex vivo human and animal tissue has been a traditional approach for
preclinical testing, in vitro skin models have become more widely used, based on the
principles of tissue engineering (3,4). These models can be built from isolated cells using four
components: a scaffold, cells, growth factors, and appropriate culture conditions. Skin
models typically use 3D cell culture techniques, which mimic the in vivo conditions necessary
for appropriate cell development, which enables them to be used as an alternative for testing

new active compounds; this is possible as structure is a determinant of tissue function (5).

Skin models have been bioengineered successfully in the past using static culture, in which
culture medium is replenished periodically during the culture duration. The 3D structure of
models grown in static culture, as well as protein expression of relevant biomarkers, have
been similar to that of skin (6—-9). However, there is interest in developing skin models with
an improved morphology, viability, and longevity. A major concern highlighted in previous
studies regarding static culture is the development of unstirred layers in culture media,
adjacent to the model. These unstirred layers insulate nearby cellular surfaces and slow
down the movement of nutrients and waste; acting as a barrier to limit diffusion and

exchange (10).

Generation of skin models in dynamic culture, with perfusion, is a potential solution for
enhancing in vitro tissue development, in terms of structure and maturation. Unlike static
culture, the skin models are grown in a dynamic environment whereby unstirred layers are
disrupted through the use of a bioreactor. These devices or systems are designed to enable
constant flow of media, which maintains an efficient diffusion gradient for nutrient and
waste exchange. In more complex bioreactors, parameters impacting tissue health, such as
pH and partial pressure of oxygen, can be monitored and controlled. These parameters can

be monitored in real-time through the implementation of a feedback system (11). By
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incorporating dynamic culture conditions and disrupting unstirred layers in 3D cell culture
through the use of bioreactor technology, there is potential for generating skin models with

greater resemblance to human skin, and enhanced viability and longevity.

1.2 The anatomy of skin

The skin is a complex multi-layered organ composed of the epidermis, dermis, and
hypodermis. The outermost layer in contact with the external environment is the epidermis.
This layer is mostly comprised of keratinocytes; however, melanin-producing melanocytes,
and Langerhans cells can also be found (12). The epidermis is stratified, comprised of distinct
layers: the stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and
stratum corneum. These layers generate the structure of the epidermis from bottom-to-top
respectively and are distinguished by varying keratinocyte morphology. The keratinocytes in
each layer reflect a specific stage in differentiation as they migrate upwards through the
epidermis; in each layer, the keratinocytes express specific biomarkers pertaining to its

relative stage in differentiation (13).

The stratum basale, also known as the basal layer, is where basal keratinocytes reside. Basal
keratinocytes typically have a round morphology lining the basement membrane at the foot
of the epidermis and are highly proliferative (14). As this occurs, keratinocytes migrate to the
stratum spinosum above, also known as the spinous layer or prickle cell layer. The
keratinocytes in this layer are tightly packed and are named prickle cells, due to their “spiny”
polyhedral morphology. This characteristic appearance viewed in histology can be attributed
to the abundance of desmosomes present, which tightly link each of the prickle cells to
another, and the shrinking of keratin filaments within the desmosomes during histological
processing (15,16). In the stratum spinosum, proliferation is down-regulated, and
keratinocytes undergo early differentiation; this is the start of a process called keratinization.
A major difference which occurs between the stratum basale and the other layers within the
epidermis, beginning with the stratum spinosum, is the type of keratin filament produced by
keratinocytes. In the stratum basale, cytokeratins K5, K14, and K15 are produced, whilst in

the other layers of the epidermis, cyto-keratins K1 and K10 are produced (17).

Above the stratum spinosum is the stratum granulosum, also known as the granular layer.
The keratinocytes in this layer have a flat irregular morphology and are called granular cells
due to the presence of intracellular basophilic lipid-containing keratohyalin granules (18).

The keratinocytes in the stratum granulosum are in a mid-differentiation state and undergo

13



preparation for terminal differentiation as they are pushed upwards towards the stratum
corneum. As the keratinocytes move from the stratum granulosum to the stratum corneum,
they lose their nuclei and cytoplasmic organelles therefore forming fully keratinized
corneocytes which reside on the surface of the skin (19). In thicker parts of the skin such as
the soles of the feet, there is an additional thin layer present between the stratum

granulosum and the stratum corneum known as the stratum lucidum.

Beneath the epidermis is the dermis, which is connected by the dermal-epidermal junction
(DEJ). The DEJ, also known as the basement membrane, is a glycoprotein-rich zone which
consists of many macromolecules such as fibronectins and laminins; these macromolecules
interact with each other to form adhesion complexes between the lower epidermis and
upper dermis, keeping the skin intact (20). Unlike the epidermis, the dermis is mostly
composed of fibrous and elastic tissue and is vascularised. Furthermore, it is only comprised
of two layers: the thin papillary layer and the bulk reticular layer. The papillary layer, in
contact with the DEJ, is comprised of loose connective tissue. The abundant presence of
capillaries in this layer is responsible for delivering nutrients to the dermis and the epidermis
(21). Meanwhile, the reticular layer constitutes the majority of the dermis and is comprised
of dense connective tissue. Within the reticular layer, fibroblasts secrete extracellular matrix,
primarily collagen-I, collagen-Ill, and elastin (22,23). The reticular layer is not in contact with
the epidermis, and rather, the hypodermis below, which is the deepest part of skin
composed of adipose tissue and areolar connective tissue. Like the dermis above, the
hypodermis is also vascularised. The three layers of skin are summarised in Figure 1 below,
in terms of the types of cells and structures present. The latter are referred to as skin
appendages, and have multiple functions relating to sensation, homeostasis, and

lubrications; the appendages include nails, sweat glands, and hair-associated structures.
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EPIDERMIS

.| Keratinocytes
Melanocytes
Langerhans Cells
Merkel Cells

DERMIS

Papillary Layer: Loose connective tissue

Reticular Layer: Dense connective tissue,
collagen, elastin

Other features: Sweat glands, muscles, hair
and follicles, sensory neurons,
blood vessels

HYPODERMIS

Adipose Lobules
Hair follicles
Sensory neurons
Blood vessels

Figure 1: The Epidermis, Dermis and Hypodermis, and their respective constituents.
Adapted from Yousef, Alhajj and Sharma (12)

Whilst the primary function of skin is to be a barrier separating the internal and external
environments of the body, each of the three skin layers have specific functions. Firstly, the
epidermis has a barrier and regulatory function. The epidermis provides protection against
the external environment by forming a physical barrier, which acts as a first line of defence
against mechanical, chemical, ionising, and microbial factors. The stratum corneum is the
major line of defence against each of the above factors as the aforementioned layer of thick
keratinized corneocytes are in contact with the external environment where all of these
factors can penetrate from. In addition, the epidermis regulates trans-epidermal water loss
and is waterproof on the surface (13). The barrier function can also be attributed primarily
to the keratohyalin granules in the stratum granulosum, which form an insoluble lipid barrier,
and to a smaller extent, the desmosomes in the stratum spinosum (24). Secondly, the dermis
beneath primarily has a support function. As this layer is mostly comprised of fibrous and
elastic tissue, it provides strength and flexibility to the skin. Furthermore, as the dermis is
vascularised, it plays a role in nutrient delivery and oxygenation of cells within this layer and
the overlying avascular epidermis (25). Other roles of the dermis include sensation, and
sweat and sebum production; these functions are attributed to the presence of nerve
endings and glands, respectively (26). Lastly, the hypodermis has an insulation and structural

support function.
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1.3 Introduction to 3D cell culture for skin models

3D cell culture can be employed as a technique to produce in vitro skin models, which can
replicate the multi-layered structure of skin. Traditionally, cell culture is conducted in 2D
whereby a monolayer of cells is cultured. Whilst this is useful for fundamental studies in cell
biology, it has limited applications for modelling skin as it generates a poor representation
of in vivo conditions. When cells are cultured in 2D, the morphology of cells is flat as adhesion
only occurs at the bottom of a cell culture flask; this can have implications on the structural
and physiological behaviour of cells (27,28). 3D cell culture is an approach which mimics the
complex 3D environment of cells in vivo and enables cells to benefit from multi-directional
interactions in 3D, soluble gradients, steric hindrance of spreading, and a lack of imposed

polarity (29).

3D cell culture can be conducted using spheroids, hydrogels, or scaffolds. Unlike the latter
two, spheroids do not require the use of biomaterials to provide a 3D environment for cells
to grow. Spheroids are spherical 3D aggregates of cells formed by the application of forces
and, in some cases, the use of non-adhesive cell culture surfaces (30,31). One such technique
for spheroid formation is the hanging drop approach which utilises surface tension and
gravitational force (32). By stimulating self-assembly of cells into spheroids, 3D structures
are created; such structures enable both nutrient delivery and oxygen via perfusion to a

certain extent, depending on aggregate size (33).

For skin models, hydrogels and prefabricated scaffolds are used for 3D cell culture instead of
spheroids, as a flat multi-layered tissue mimic is required. Hydrogels are the most common
scaffold for 3D cell culture and are water-swollen polymeric networks which cells can be
encapsulated in. Due to the high water content and the presence of pores, it is possible for
hydrogels to mimic the extracellular matrix (ECM) generated by fibroblasts (34,35).
Hydrogels are derived from either natural or synthetic materials. On the one hand, naturally-
derived hydrogels such as collagen and chitosan generally elicit a better biological response
for cell encapsulation purposes, but undesirably express poor mechanical strength and
batch-to-batch variation (36,37). On the other hand, synthetic hydrogels such as
polyethylene glycol display greater mechanical strength and stability at the slight expense of
biocompatibility (38,39). Recent approaches in hydrogel development combine natural and
synthetic materials to form organic-inorganic hybrid hydrogels which display both a good
biological response and better mechanical properties (40). Whilst hydrogels are suitable

‘scaffold’ materials for 3D cell culture, hydrogel polymerisation through physical, chemical,
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or light-cure approaches may affect cell viability (41,42). Moreover, most hydrogels are
animal-derived, thus introducing inter-species differences and, as previously mentioned,

batch-to-batch variation (43).

Prefabricated scaffolds are an alternative biomaterial, which are manufactured ready for use
to create cultures with a more natural cellular morphology. Design parameters for these
scaffolds generally include the biocompatibility of the material, the porosity, the thickness
of the scaffold, and the incorporation of necessary nutrients or growth factors within the
scaffold (44,45). Several commercial scaffolds exist, including CelluSponge™ and SeedEZ™,
which are advertised to improve cell metabolism and growth. For this study, the
commercially-available Alvetex® Scaffold is utilised. The Alvetex® Scaffold has a porous
structure and is made from polystyrene, a similar material to tissue culture plasticware; this
enables cell infiltration and attachment in a 3D environment. Proliferation and growth is
facilitated in Alvetex® with improved cell-cell interactions, thereby mimicking the complexity
of in vivo physiological behaviour and producing more representative tissue constructs.
Previous work conducted with Alvetex® has successfully generated various 3D tissue models
including skin tissue, airway mucosa, intestinal tissue and a model of neurite outgrowth
(6,46,47). In the skin model, fibroblasts proliferate within the Alvetex® Scaffold and

synthesise endogenous extracellular matrix (6).
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All forms of 3D tissue culture mentioned above display different advantages and limitations.

Figure 2 below summarises the options available for 3D cell culture of skin tissues.

3D Cell Culture Techniques
N -
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v Straightforward and
plentiful protocols

v Ready-to-use
v Co-culture ability

v
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cell formats 4 Pre-designed and
¥ Cheaper than cannot be altered in
hydrogels lab
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L May be timely

v ! v

v Maximum v Greater mechanical v Reproducible
resemblance to properties structure and
in-vive conditions v Reproducible properties
v Best substrate for structure and v Enhanced
inducing proliferation properties biocompatibility
and differentiation v Can be combined with v Greater optimisation
o Batch to batch growth factors and of properties
variation antibiotics <4 Insufficient research
& Poor mechanical 4 Can expressslow 4 lssues with large-scale
properties degradation production
£ Immunogenic issues & Risk of poor cellular
response

Figure 2: The different techniques of 3D cell culture, respective examples, and their
advantages and disadvantages. Adapted from Ryu et al., Ravi et al. and Fang and Englen
(48-50)
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1.4 in vitro skin models

Similar to human skin, tissue engineered skin models have a multi-layered structure, which
represents the dermis and epidermis. For the dermal layer equivalent, fibroblasts are the
primary cell type; whilst for the epidermal layer equivalent, keratinocytes are the primary
cell type (51). The fibroblasts and keratinocytes used for skin models can be primary cells
acquired from donor tissue, commonly from the human foreskin, or cell lines, such as HaCaT
or TERT keratinocytes. Whilst these two cell types form the standard cellular composition of
skin models, some studies in the literature have also reported skin models which include
additional cell types depending on their specific application. For example, endothelial cells
are used for mimicking skin vasculature (52), melanocytes are used for pigmentation studies

(53), and adipose tissue is used for developing a hypodermis-like compartment (54).

In skin models, the structures of both layers differ; the epidermis has a differentiated and
stratified structure, whereas the dermis has fibroblasts embedded in a matrix largely
comprised of collagen (55). Traditionally, the epidermal compartment and the dermal
compartment were generated independently as epidermal models and dermal models
respectively. However, studies have shown that there is interplay, or “cross-talk”, that occurs
when fibroblasts and keratinocytes are cultured together which have a beneficial effect for
in vitro skin models. In particular, the fibroblasts positively influence the viability,
proliferation, and differentiation of the keratinocytes (56). Based on this knowledge, there
has been interest during the last few decades in growing models which are multi-layered
(57). Such models which have both a dermis and epidermis are called full-thickness skin
models and require the co-culture of both fibroblasts and keratinocytes (6,55). Protocols for
growing full thickness models can vary slightly depending on the scaffold, cell type, culture
conditions, and culture time; however, the protocols usually follow the same development
process in which a dermis is formed first followed by an epidermal compartment. An example

of the process, which utilises Alvetex® Scaffold, is briefly outlined in Figure 3 below.
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Figure 3: A standard protocol for generating a full thickness skin model using Alvetex®. [1]
Fibroblasts are cultured in 2D and subsequently seeded onto Alvetex® scaffold. The model
is supplemented with dermal fibroblast growth medium for up to 35 days; [2] Keratinocytes
are cultured in 2D and subsequently seeded on top of the dermal compartment. The model
is supplemented with keratinocyte growth medium and left in submerged culture for 2
days; [3] Model lifted to air-liquid interface (ALIl) for up to 28 days; [4] Full thickness model
is harvested for analysis. Adapted from Roger et al. (7)

Protocols for generating multicellular and multi-layered full thickness skin models begin with
the generation of the dermal compartment, which is de-epithelialised. To create dermal
models, primary fibroblasts or fibroblast cell lines are firstly acquired and cultured in 2D to
proliferate. Once a suitable cell density is achieved, these cells are seeded into a scaffold and
supplemented with media in submerged culture (7,8,58). The scaffold itself can act as the
ECM, which surrounds cells and promotes cell-cell interaction, such as collagen hydrogels;
however in some cases, endogenous ECM production can be stimulated by the addition of
growth factors and supplements into synthetic scaffolds. One such growth factor is
transforming growth factor beta (TGF-B) whose respective signalling pathway in vivo is
important in healthy skin for ECM deposition. Additionally, TGF-B is usually upregulated in
vivo within fibrotic skin; it affects fibroblasts by inducing excessive extracellular matrix
deposition. Dermal fibroblasts exposed to TGF- have been reported to express increased

collagen-1 and fibronectin levels (59); these are two major proteins found in the extracellular
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matrix within the dermis. The addition of TGF-B would therefore be beneficial in generating

a mature dermal compartment in a shorter period of time.

Another supplement which is commonly used to improve dermal equivalents is ascorbic acid
(AA). Similar to TGF-B, AA upregulates collagen secretion in fibroblasts to give rise to a well-
developed extracellular matrix and a mature dermal equivalent. Collagen synthesis can be
increased by up to 8-fold when exposing fibroblasts to AA (60), and thus it is essential to

collagen formation in skin models.

Dermal models can be generated into full thickness models by subsequently seeding
keratinocytes on top of the dermal compartment and producing a co-culture model (7).
Unlike the dermal layer, the epidermal layer has a complex, stratified structure illustrated by
varying levels of keratinocyte differentiation and keratinisation. Therefore, several
considerations have to be made to replicate the epidermis’ structure and physiology. Initially,
the keratinocytes are subjected to submerged culture using low-calcium conditions to
promote keratinocyte proliferation and induce formation of the stratum basale above the
DEJ. However, after 2-3 days, the model must be raised to air-liquid interface (ALI) culture in
high calcium conditions to achieve stratification, observed in vivo (61). The change to ALl and
the ‘calcium switch’ also aids in regulating the change in protein expression within the
epidermis; the most notable change is from the expression of keratin 5/14, upregulated in
the basal layer, to keratin 1/10 upregulated in the suprabasal layer (62,63). This is necessary
to produce a model representative of human skin. Calcium can be supplied to the
keratinocytes by introducing it as a supplement in the media, along with other growth
factors that aid in the development of the epidermal equivalent. The growth factors that can
be supplemented include keratinocyte growth factor (KGF) and epidermal growth factor
(EGF) which are usually synthesised by fibroblasts in vivo, as one of the cross-talk elements
between fibroblasts and keratinocytes. On the one hand, KGF can induce hyperproliferation
of basal keratinocytes and delay differentiation, which is significant for mediating epidermal
growth. This can occur with the risk of crowding in the basal layer therefore leading to
elongated basal keratinocytes (64). On the other hand, EGF has no significant effect on
keratinocyte growth characteristics and morphology but can accelerate the rate of

proliferation (65).
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1.5 Nutrient delivery in vivo and its implications for in vitro models

When developing in vitro models, maintenance of cell metabolism is a major determinant
for the success of tissue generation. Cells require the uptake of nutrients to respire,
proliferate, grow, differentiate, and produce endogenous substances. However, cells must
also remove the waste products that form due to cellular processes such as respiration. If
the waste products are not expelled, they can accumulate within the cell and increase
intracellular toxicity (66—69). The exchange of nutrients and waste therefore determines the

viability of the cells in culture.

In 3D culture, the media is able to facilitate the exchange of nutrients and waste. However,
in static conditions, the efficiency of exchange decreases over time due to the progressive
loss of a diffusion gradient (70,71). This phenomenon is not representative of in vivo
conditions whereby a specialised transport system exists. In humans, the vascular system

and lymphatic system are responsible for the transport of nutrients and removal of waste.

The vascular system facilitates the transport of blood from the heart to different tissues, and
vice versa. In skin, vasculature exists within the dermis and the hypodermis and is known as
cutaneous vasculature. There are three major vasculature plexuses in skin which can be
found from top to bottom: the superficial plexus, the deep plexus, and the subcutaneous
plexus (25). The superficial plexus is situated at the top of the reticular layer of the dermis
and arising from it are capillaries which extend towards the papillary layer, forming
characteristic loops. These loops supply blood to the epidermis and form a large surface area
for exchange, thereby improving the delivery of nutrients to keratinocytes and removing
waste. Beneath the superficial plexus is the deep plexus which supplies blood exclusively to
fibroblasts, hairs, and glands within the dermis. Lastly, the subcutaneous plexus extends
from the base of the reticular layer of the dermis to the hypodermis, whereby it delivers

blood to underlying adipocytes.

Although most cellular waste is transported away from cells via the veins in the vascular
system, some are removed via the lymphatic system. This system is comprised of lymphatic
vessels that carry excess fluid which have leaked out from capillaries. Likewise with blood
vessels, lymphatic vessels can be found in the dermis and hypodermis. The vessels transport
a fluid called lymph which primarily carry waste products and white blood cells and transport

them to lymph nodes. Within these nodes, waste is filtered out and fluid is returned to the
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vascular system, thereby maintaining fluid levels, and ensuring waste does not return to

circulation (72).

The action of transport systems in vivo is dynamic as it enables continuous circulation of fluid
to and from cells; in other words, the gradients for cellular exchange are maintained (73,74).
One approach to mimic the dynamic nature of in vivo transport systems for in vitro models
is to introduce perfusion. The concept of perfusion in vitro, is to initiate fluid flow and ensure
cells receive the optimum nutrient diffusion rate. Perfusion of media has several functions

which enable 3D culture systems to mimic in vivo conditions, as shown in Figure 4.

Figure 4: Functions of perfusion in vitro. (A) nutrient diffusion gradient into cells; (B) shear
stress is a mechanical stimuli for cells; (C) fluid flow disrupts unstirred water layers; and (D)
waste diffusion gradient into media

In skin models, it is the fibroblasts in the dermal compartment that are in contact with fluid
flow, similar to in vivo vasculature. Fluid flow maintains concentration gradients, acts as a
mechanical stimuli for fibroblasts, and disrupts unstirred layers in media, as shown in Figure
4 above. First, the dynamic movement of media ensures that fibroblasts are always in contact
with fresh media and that waste does not accumulate adjacent to the cells. Second,

fibroblasts in contact with the media are subject to mechanical stimuli, as a result of fluid
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flow applying shear stress on the cells. The mechanical stimuli invokes physiological changes
in fibroblasts which improve proliferation and alignment of secreted collagen (75). Lastly,
and most importantly for this study, fluid flow disrupts unstirred layers that form adjacent

to fibroblasts.

Unstirred layers are diffusivity barriers which form where mixing speed is not sufficient. This
phenomenon is not exclusive to in vitro conditions, as it can be found in vivo in regions with
poor stirring such as the human jejenum (76,77). However, this phenomena is more
significant in static conditions where no mixing is observed, with unstirred layer thicknesses
reaching at least 40-fold greater than in vivo (78). Over time, the thickness of the unstirred
layer will continue to increase if sufficient mixing is not applied (79). Contrary to the name,
unstirred layers are not stationary but rather express a slow laminar flow that impedes the
bulk fluid flow (80). Therefore, concentration gradients can change due to the accumulation
of nutrients and waste near this region (81). Due to low permeability, slow diffusivity, and
solute accumulation, unstirred layers adjacent to cells are detrimental for 3D cell culture.
Currently, there are no studies that investigate the effect of unstirred water layers on in vitro

skin models.

1.6 The use of bioreactors to introduce perfusion

As static culture brings forth the problem of unstirred layers, there is an emergence in
switching to dynamic culture to improve structure and function; this can be achieved using
a bioreactor. Bioreactors are vessels or systems that enable cells to be cultured with
continuous media flow, in controlled conditions. The use of a bioreactor provides greater
control over parameters which may influence the efficiency of 3D cell culture, and the ability
to monitor them in real-time. These parameters include mass transfer, oxygenation, and

shear stress (82,83).

Within the bioreactor, the rate and direction of fluid flow is essential to regulate as it is a key
factor which can impact mass transfer, oxygenation, and shear stress. Mass transfer is the
delivery of nutrients and the removal of waste, while oxygenation is the delivery of oxygen
to cells within the scaffold. By increasing the flow rate, mass transfer and oxygenation are
optimised to improve cell viability (84). This optimisation can be attributed to improved
diffusion gradients, and a reduction of unstirred liquid layers close to the cell surface which
limit diffusion of oxygen and nutrients (85,86). However, by increasing flow rate, shear stress

also increases which can be detrimental to some cells in contact with the media flow (87,88).
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Therefore, a simulation of fluid flow is essential for deciding a suitable compromise between

improved mass transfer and oxygenation, and low shear stress (83,89).

There are various types of bioreactors, which can be used for full thickness skin models.
Bioreactor systems can be generated physically, but in recent years, they can also be
designed using computer-aided design/computer-aided manufacturing (CAD-CAM)
software, whereby its function can be digitally simulated and tested; this saves cost and time
for development (90,91). Bioreactors developed in previous studies have so far been
promising, as the culture of skin models within a bioreactor induced differences in epidermal
thickness and protein expression in skin models, compared to static culture. The different

types of bioreactors are shown in Table 1 below.

Table 1: Types of bioreactors for 3D cell culture. Adapted from Stephenson and Grayson,
and Ahmed et al. (92,93).

Type of Bioreactor Description Diagram
Pumped Perfusion System Media is pumped to and
from a perfusion platform at
a constant flow rate. Media =
can be recirculated or ﬁ
pumped to a waste

reservoir. S22 .'4
|
The platform for the scaffold

has an inlet and outlet for
media to be pumped across.
Stirred System A magnetic stirrer at the
bottom of the flask ensures
that the culture medium is
thoroughly mixed. In other
cases, a physical motor-
powered stirrer is present.

Within these systems, there
can either be suspension
culture of aggregates, or a
3D scaffold fixed in place

Rotary System Media is mixed through
rotation of a cylindrical flask.

Cells in suspension are
stimulated to form
aggregates, by action of
microgravity.
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Rocking (Wave) System A culture vessel containing
media is placed on a rocking
plate, which moves up and

down on either side. Media
flow is generated in a wave
motion. l l

Cells are either in suspension
or seeded onto a scaffold
fixed in place within the bag
or flask

Microfluidic System A miniaturised pumped
perfusion system. Cells are
cultured onto a miniature
plate and supplemented
with media through various
channels fabricated within
the plate.

The choice of bioreactor depends on the application, cost, and scale of each study. For cells
that require low shear stress, rotary systems are ideal (94). However, it is not ideal for skin
models as it does not provide an ALl for improved keratinocyte differentiation (95). For small
scale experiments with low installation costs and ease of use, spinner flasks and rocking
systems are preferred (96). Whilst these systems provide good control of fluid flow direction,
these systems are not preferred in complex tissue models which require intricate design: for
example, the use of multiple perfusion channels. This can be achieved using pumped
perfusion systems instead (94,97). In recent years, 3D microfluidic systems have been
developed to miniaturise the scale of perfusion systems (98). These systems take into
consideration optimised perfusion routes through intricate design and have been developed
prior to this report as a means for creating models used in drug and inflammation testing

(99).

1.7 Skin models grown in dynamic culture

In the past decade, some studies have investigated the effect of dynamic culture on the
structure and physiology of different skin models; these studies and their subsequent

findings are summarised in Table 2 below.
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Table 2: 3D in vitro skin models developed with bioreactors, and observed effects
compared to static culture.

Source | Model Type of Scaffold/ | Cell Source Observed Effects of Bioreactor
Developed Bioreactor Construct
(95) Epidermal Rotating Cell | Spheroid | Human More keratinocytes
model Culture Epidermal grew around micro-
System Stem Cells carrier bead, based on
(RCCS) (hEpSC) histology
Increased proliferation
compared to static
culture, as shown by
increased Ki-67
expression
Increased number of
viable hEpSCs indicating
improved cell viability
Decreased expression of
involucrin suggesting
that perfusion may
inhibit terminal
differentiation
(100) Full-thickness | Pumped Collagen- | Human Perfused models had a
skin model Perfusion Based Dermal thicker stratum
System hydrogel | Fibroblasts corneum, thinner
(HDF) dermis, and viable
epithelium of same
Human thickness, compared to
Foreskin static-grown models
Keratinocytes Pumped perfusion
(HfKC) increased expression of
involucrin, claudin-1 and
occludin, suggesting
improved terminal
differentiation and tight
junction formation
(101) Full thickness Pumped Fibrin- HDF Perfused models had a
skin model Perfusion based stratified epidermis with
System hydrogel | HfKC a well-defined basal
layer
The dermal
Human compartment had evenly
Umbilical Vein distributed fibroblasts
Endothelial and produced
Cells homogenous collagen
(HUVEC) type-|

The expression of
vimentin, collagen type |,
involucrin, and pan
cytokeratin was clear
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(102) Full thickness Microfluidic | Skin-on- HDF e Perfused models
model Perfusion a-chip Immortalised displayed superior
System human/TERT- epidermal
1 morphogenesis and a
thick viable epidermis
e Desmoglein-1,
involucrin, loricrin and
collagen type IV were
significantly expressed
e Comparable expression
of KRT-10, filaggrin,
integrin-p1, KRT-16 and
collagen type |
Confocal Raman Spectroscopy
e  Greater keratin intensity
within stratum corneum
e  Thicker stratum corneum
(103) Full thickness Microfluidic | Skin-on- Human e There was greater
model Perfusion a-chip neonatal similarity to native skin
System dermal tissue when the models
fibroblasts were exposed to shear
(HDFn) stress
Human e Adistinct basal layer of
neonatal epidermis observed
epidermal e Athicker epidermis was
keratinocytes observed with dynamic
(HEKn) stretching and perfusion
HUVEC (2.3-fold greater with

10% strain at 0.05HZ)
Increased cell densities
in dermal layer in
perfused conditions as
observed with DAPI
staining

Vascular channels only
open in perfused
conditions as observed
with CD31 staining

The studies in Table 2 show that dynamic culture can have a major impact on the structure

of skin models. In particular, dynamic culture enhanced the growth and maturation of the

epidermal layer. This was evident in the epidermal model through the formation of a multi-

layer of keratinocytes in dynamic culture compared to a monolayer in static culture (95). As

for the full thickness models, this effect was observed through the acquisition of a thicker

epidermis with improved stratification (101,102). Improved maturation of the epidermal

layer with greater resemblance to in vivo skin was observed in all full thickness studies.
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The studies in Table 2 also show that dynamic culture improves the structure of skin models.
Generally, the incorporation of dynamic culture in full thickness models increased the
expression of ECM proteins in the dermal compartment, tight junction markers in the DEJ,
cell proliferation markers in the basal layer of the epidermal compartment, and keratinocyte
terminal differentiation markers in the stratum corneum (100-102). Through these
observations, it can be assumed that dynamic culture improved maturation of the dermal
compartment through increased ECM deposition, influenced the formation of a defined DEJ,
and improved the maturation of the epidermal compartment through better stratification,
respectively. In the case of the epidermal model in rotary culture, the expression of the
keratinocyte terminal differentiation marker involucrin dropped, thereby contradicting the
positive effect of dynamic culture on biomarker expression. However, it can be suggested
that this was due to a lack of ALl in that respective study which limited keratinocyte

differentiation (95).

In the full thickness studies, dynamic conditions were implemented at different stages of the
model development protocol. Helmedag et al. and Sriram et al. perfused the skin models in
submerged culture during the development of the de-epithelialised dermal equivalent,
whilst Striiver et al. and Mori et al. perfused the models during the air-lift culture of full
thickness equivalents. On the one hand, models can be perfused during the generation of
the dermal equivalent to potentially improve the maturation of the dermal compartment
before seeding keratinocytes. In other words, perfusion of the dermal equivalent can
potentially increase the rate of ECM deposition in a shorter period of time. It has previously
been observed that perfusing the dermal compartment improves proliferation of human
dermal fibroblasts and increase collagen production due to improved oxygenation (104). On
the other hand, perfusion of the models at ALl can improve stratification stimulated by the
ALl culture; this occurs as dynamic culture provides a continuous supply of nutrients and
oxygen to keratinocytes, particularly in the basal layer, thereby improving viability and

encouraging both proliferation and differentiation (105).

1.8 Conclusion

The generation of in vitro full thickness skin models, as animal-free alternatives for drug and
cosmetic testing, has been promising. Previous studies have been successful in creating
multi-layered skin models using biocompatible scaffolds and 3D cell culture, however they
primarily use static conditions. The models generated from these studies have been found

to resemble human skin, with regards to structure and function. However, a prominent issue
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which occurs in static in vitro culture is that the thickness of the unstirred layer which forms
is far thicker than in vivo. This can be detrimental to metabolic exchange, and therefore cell
viability. Perfusion can potentially enhance the development of these models in terms of
structure, maturation, viability, and longevity. By incorporating perfusion in culture with the
use of a bioreactor, there is a window for refinement with full thickness models to maximise

resemblance to in vivo skin, necessary for improving accuracy in subsequent drug testing.

1.9 Project overview

The overall aim of this project is to investigate how the disruption of unstirred layers affects
the development and longevity of skin models generated using Alvetex®. To achieve the
disruption of unstirred layers, perfusion will be incorporated in 3D culture using in-house
bioreactor technology. It is hypothesised that characterisation and evaluation of dynamically
cultured human skin models, in contrast to statically generated models, will provide a greater
understanding on the significance of culture conditions for generating models with greater
resemblance to in vivo skin. Furthermore, based on the literature, it can be hypothesised
that an enhanced full thickness skin model will be generated in dynamic conditions due to
increased ECM deposition in the dermal compartment, improved stratification and

maturation of the epidermal layer, and increased cell viability in both layers.
Within the scope of this project, the following hypotheses are proposed:

1. Disruption of unstirred layers, caused by perfusion of the models, can improve the
structure of the dermal compartment and the deposition of ECM proteins

2. Disruption of unstirred layers, caused by perfusion of the models, can improve the
development of full thickness models, in terms of structure, physiology, and function

3. Disruption of unstirred layers, caused by perfusion of the models, can improve the
longevity of full thickness models, in terms of structure, physiology, and function

4. The speed of media mixing, when disrupting unstirred layers, can influence the

development and maintenance of full thickness models

1.9.1 Project objectives

First, it is hypothesised that the disruption of unstirred layers will improve the structure and
ECM deposition of Alvetex®-based dermal models. Dynamic culture will be achieved using a

low-cost magnetic stirrer-based bioreactor developed in the Przyborski lab. The bioreactor
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will be used to investigate enhanced development of a mature dermal compartment in

submerged culture, through assessment of changes in ECM deposition.

For the initial phase of this project, dermal models will be generated and characterised in

both static and perfused conditions. The objectives are as follows:

e Generate dermal models in 3D cell culture, using Alvetex® scaffold technology and
develop a novel protocol for perfusion. Models will be grown in static or perfused
conditions.

e Harvest the dermal models for subsequent analytical processing:

o Histological analysis: Models will be stained with Haematoxylin and Eosin
(H&E). The cross-section of the dermal model will be observed to identify
any changes in the structure, arrangement, and thickness of the dermal
layer.

o Immunofluorescence analysis: Changes in ECM protein deposition will be
detected by staining models with antigen-specific antibodies. Collagen-I and

Collagen-IIl will be analysed.

Second, it is hypothesised that full thickness models in dynamic culture will also have an
improved structure, physiology, and function compared to models grown in static culture,
due to the disruption of unstirred layers. This can be beneficial for model development and
longevity. In terms of structure, the epidermal compartment grown in perfusion is expected
to display greater stratification. In terms of function, it is expected that epidermal layer will
have greater proliferation and early, mid, and terminal keratinocyte terminal differentiation.
Additionally, it is predicted that the trans-epidermal water loss will be reduced in perfused

models, as barrier properties are enhanced.

To assess the effects of dynamic culture on the stratification and expression of keratinocyte
differentiation markers, the bioreactor is most suited to be implemented during the ALI.
However, several considerations must be made when using the magnetic stirrer-based

bioreactor:

e Mixing speed — This must be minimised to avoid media spillage onto the top of the

model
e Evaporation of growth medium — The volume of growth medium in the bioreactor

must be regularly observed for any evaporation, and replenished if necessary
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e Degradation of growth factors — Growth factors such as KGF and AA in growth
medium will degrade over time. Therefore, growth medium must be replaced twice
a week.

e Media Volume — This must be optimised to ensure that mixing speed and

evaporation did not negatively affect the model
With these considerations in mind, the objectives are as follows:

e Generate full thickness models in 3D cell culture, using Alvetex® scaffold technology
and develop a novel protocol. Models will be grown in static or perfused conditions
at the ALI.

e Harvest the dermal models for subsequent analytical processing:

o Histological analysis: H&E staining will be used to observe the cross-section
of the full thickness models and identify changes in the structure and
thicknesses of epidermal compartments.

o Biometric Analyses: Imagel software will be used to quantify epidermal
thickness

o Immunofluorescence (IF) analysis. IF will be used to analyse the distribution
of biomarkers in the model: (A) Ki67 to analyse basal keratinocyte
proliferation; (B) K14/K10 to analyse early and mid-differentiation of
keratinocytes; and (C) filaggrin to analyse keratinocyte terminal
differentiation

o Trans-epidermal water loss (TEWL) analysis: Trans-epidermal water loss will

be analysed as a measure of barrier function

Lastly, it is hypothesised that increasing the speed of perfusion would negatively affect the
development of full thickness models, as literature links perfusion speed to increased shear

stress.
The objectives are as follows:

e Generate 14 day full thickness models in 3D cell culture, using Alvetex® scaffold
technology. Models will be grown in perfused conditions at the ALI, with varying
stirrer speeds.

e Harvest the full thickness models for subsequent analytical processing:
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o Histological analysis: H&E staining will be used to observe the cross-section
of the full thickness models and identify whether the models display any
changes in structure or physiology due to stirrer speeds.

e If significant observations are made, proceed to conduct further analysis.
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Chapter II: Materials and Methods

2.1 Introduction

In this study, a variety of scientific techniques were used to generate and characterise both
dermal and full-thickness skin equivalents. Firstly, to generate skin equivalents, 2D and 3D
cell culture techniques were used. Secondly, to characterise skin equivalents, the main
techniques used were histological and immunofluorescence techniques. Characterisation of
skin equivalents was also achieved using other analytical techniques, such as epidermal
thickness and trans-epidermal water loss measurements. This chapter aims to outline all of

the main techniques used, and the methodology applied.
2.2 Alvetex® technology for 3D skin models

Alvetex® was employed in this study as a scaffold for generating 3D skin models. It is a
commercialised polystyrene-based scaffold for 3D culture, which is available in three
formats: Scaffold, Strata, and Polaris. The difference in the type of Alvetex® primarily refers
to the porosity and void size of the scaffold. For the generation of the dermal equivalent,
Alvetex® Scaffold is routinely used due to its higher porosity and larger void size of 42um,
which enables the fibroblasts to infiltrate and reside within the scaffold. The Alvetex®

Scaffold used is shown in Figure 5.

34



Apparatus Alvetex® Scaffold

Figure 5: Alvetex® Scaffold for 3D cell culture. (A) Alvetex® 12-well inserts can fit into
standard 6 well plates. (B) Deep dish with a holder that can hold three Alvetex® inserts at
various heights, the medium setting is suitable for ALI culture. (C-D) Electron scanning
microscopy images of Alvetex scaffold at high and low magnification. Scale: (C) = 10 um; (D)
=200 um. Images courtesy of Reprocell Europe.

The Alvetex® scaffold has a thickness of 200um, which ensures that the seeded fibroblasts
are able to efficiently acquire nutrients and exchange waste from the supplied media,
through a shorter nutrient diffusion distance of 100um or less. This is beneficial as
increased efficiency in nutrient and waste exchange improves the long-term viability of the
cells. Fibroblasts encapsulated in the scaffold are able to produce their own endogenous
extracellular matrix, without addition of exogenous matrix proteins, to form the dermal

equivalent.
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2.3 A magnetic stirrer-based bioreactor for incorporating perfusion

As this project aims to investigate the development and longevity of skin models as a
consequence of disrupting unstirred layers in media, perfusion must be introduced to
continuously mix the media. Whilst the use of traditional well plates and deep petri dishes
to generate skin models have been the gold standard for effectively generating skin models
in static conditions, there is a greater variability in the literature on what apparatus is used
to introduce perfusion. In this study, an in-house magnetic stirrer-based bioreactor is used
to introduce perfusion, as it is low-cost, small scale and purpose-built for Alvetex® inserts.
Based on literature, microfluidic systems and pumped perfusion systems are the most
common approaches for skin models; the use of a magnetic stirrer for skin models is scarcely,
if not, documented. The apparatus for the bioreactor used to disrupt unstirred layers is
shown below in Figure 6. Alvetex® skin models can be placed on top of the bioreactor stand
(Figure 6E), and media can be supplied beneath the model. To operate the bioreactor vessel,
the whole apparatus must be carefully placed on a magnetic stirrer with adjustable speeds,

whereby an electromagnetic field will cause the stirrer within the vessel to spin.

1'—»(1\)

) (B)
s (C)
Ty ) (D)

<« 4 > ) (F)

Figure 6: Components of the in-house magnetic stirrer bioreactor. (A) Lid; (B) Alvetex® 12-
well insert body; (C) Alvetex® Scaffold; (D) Alvetex® Scaffold insert base; (E) Stand for
Alvetex® insert; (F) Bioreactor vessel; (G) Magnetic stirrer bar. The blue components are
commercially available, and the red components have been designed in-house.
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2.4 Cell culture

2.4.1 Commercially available cells and their maintenance in 2D

In this study, cell lines were purchased and used for generation of skin equivalents. In this
project, human dermal fibroblasts (HDFn) and human epidermal keratinocytes (HEKn) were

used. Initially, these cells were grown in 2D culture before switching to 3D culture.

2.4.1.1 Human neonatal dermal fibroblasts (HDFn)

Human neonatal dermal fibroblasts (HDFn, ThermoFisher, Loughborough, UK) were used in
the generation of dermal compartments in both dermal and full-thickness skin equivalents.
For dermal equivalents, HDFn were maintained in defined Dulbecco’s Modified Eagle
Medium (DMEM, ThermoFisher), supplemented with non-heat treated foetal bovine serum
(FBS, ThermoFisher), L-glutamine (ThermoFisher), 10 pg/mL gentamicin (Thermofisher), and
0.25 pg/mL amphotericin B (ThermoFisher), following the supplier’s instructions. For full-
thickness skin models, HDFn were maintained in defined medium 106 (M106°)
(ThermoFisher), supplemented with low serum growth supplement (LSGS, Thermofisher), 10
pg/mL gentamicin (ThermoFisher) and 0.25 ug/mL amphotericin B (ThermoFisher), following
the supplier’s instructions. The supplemented media will be referred to as complete DMEM
and complete M106°®, respectively. HDFn were maintained in T175 flasks with 25 mL
complete DMEM or complete M106® and incubated at 37 degrees Celsius (°C) and 5% carbon

dioxide (CO,) in a humidified environment.

Passage 4 or 5 HDFn were revived from vials in Synthafreeze, at 150°C. Vials of HDFn were
thawed in a pre-heated 37°C water bath and transferred to warm complete DMEM or warm
complete M106°. The cells were seeded at a cell density of 5x10° in T175 flasks, containing
25 mL of respective media used. Media was changed the day after revival to remove the
cryopreservative, and media was changed every 2-3 days until an 80% HDFn confluency was
achieved. Growth and morphology of the HDFn population in 2D culture was periodically
observed after 1, 3, and 7 days using phase contrast microscopy, described in Section 2.7.1.
The expected growth of HDFn under a phase contrast microscope over 1 week is shown in

Figure 7 below.

37



Day 1 Day 3 Day 7

4x Objective

20x Objective

Figure 7: Phase contrast micrograph images of neonatal human dermal fibroblasts (HDFn)
grown in 2D culture over 1 week. (A-C) Growth of HDFn at day 1, 3, and 7 using 4x
objective. By day 7, confluency is at approximately 90%. (D-F) Growth of HDFn at day 1, 3,
and 7 using 20x objective. Over time, the morphology of the fibroblasts become more
elongated and spindle shaped. Scale: (A-C) = 500 um, (D-F) = 100 um.

2.4.1.2 Human neonatal epidermal keratinocytes (HEKn)

Human neonatal epidermal keratinocytes (HEKn, ThermoFisher, Loughborough, UK) were
used in the generation of dermal compartments in full-thickness skin equivalents. HEKn were
maintained in defined EpilLife® medium (ThermoFisher), supplemented with human
keratinocyte growth supplement (HKGS, ThermoFisher), 10 pg/mL gentamicin
(ThermoFisher) and 0.25 pug/mL amphotericin B (ThermoFisher), following the supplier’s
instructions. The supplemented media will be referred to as complete EpilLife®. HDFn were
maintained in T175 flasks with 25 mL complete EpilLife® and incubated at 37°C and 5% CO,

in a humidified environment.

Passage 3 HEKn were revived from vials in liquid nitrogen, at 150°C. Vials of HEKn were
thawed in a pre-heated 37°C water bath and transferred to warm complete EpiLife®. The
cells were seeded at a cell density of 5x10° in T175 flasks, containing 25 mL of complete
EpiLife®. Media was changed the day after revival to remove the cryopreservative, and media
was changed every 2-3 days until an 80% HEKn confluency was achieved. Growth and
morphology of the HEKn population in 2D culture was periodically observed after 1,3, and 7
days using contrast phase microscopy. The expected growth of HEKn under a phase contrast

microscope over 1 week is shown in Figure 8 below.
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Figure 8: Phase contrast micrograph images of neonatal human epidermal keratinocytes
(HEKn) grown in 2D culture over 1 week. (A-C) Growth of HEKn at day 1, 3, and 7 using 4x
objective. By day 7, confluency is at approximately 80%. (D-F) Growth of HEKn at day 1, 3,
and 7 using 20x objective. Over time, the morphology of the keratinocytes become
rounder, forming clusters. Some HEKn begin to differentiate and grow much bigger over
time. Scale: (A-C) = 500 um, (D-F) = 100um.

2.4.2 Generation of dermal skin equivalents

Dermal skin equivalents were generated using a detailed standard operating procedure

(SOP) developed in-house. This is illustrated in Figure 9 below:
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Figure 9: Methodology for the generation of a dermal equivalent. HDFn are expanded in
2D monoculture for a week and are acquired using trypsin-EDTA (TE). The resulting HDFn in
suspension are then seeded into the Alvetex® scaffold at 5x10° cell density. An hour after
seeding, complete M106® supplemented with TGF-B and AA is added to the model. A
mature dermal equivalent, with increased fibroblast population and ECM deposition, is
formed after 28 days of 3D culture.

2.4.2.1 Preparation of Alvetex® Scaffold

Dermal skin equivalents were generated using Sterile Alvetex® scaffold 12-well inserts
(200pum, 36-40um pore polystyrene membrane, Reprocell, Europe, Sedgefield, UK). The
inserts were pre-treated before use to induce hydrophilicity, by being washed in 70% ethanol
for 5 minutes and subsequently washed in phosphate buffered saline (PBS) for an additional

5 minutes. Once treated, the inserts were submerged in complete DMEM until cell seeding.

2.4.2.2 Retrieval of HDFn using enzymatic passaging

Passage 4 or 5 human neonatal dermal fibroblasts (HDFn) were grown in T175 until 80%
confluency. HDFn were acquired by enzymatic passaging. This was achieved through aspiring
the complete DMEM in the T175 flask, gently washing the cells once with sterile 1x PBS
(ThermoFisher), and carefully rinsing the cells with 5 mL 0.025% trypsin-EDTA (TE,
ThermoFisher), diluted at a 1:10 ratio with sterile versene. The TE-rinsed HDFn were
incubated for 2-5 minutes, at 37°C, 5% CO, and 95% humidity, until the cells had fully
detached from the surface of the T175 flask. Once cells were detached, the TE was
neutralised by adding 5 mL trypsin neutraliser solution (TN, ThermoFisher), and the resulting

cell suspension was transferred to a 50 mL falcon tube. The T175 flasks were further rinsed
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with an additional 5 mL TN twice and was added to the falcon tube. The cell suspension was
centrifuged at 200 g for 5 minutes, to acquire a pellet of HDFn at the bottom of the falcon
tube. The supernatant was aspirated, and the pellet was gently resuspended in 1 mL fresh

complete DMEM.

2.4.2.3 Cell counts and cell seeding

Using a micropipette, 20 pL of the cell suspension was transferred to a microcentrifuge tube
(Eppendorf, Hamburg, Germany) and diluted 1:10 with trypan blue. The number of viable
cells was determined using a haemocytometer, and the concentration of the cell suspension

was adjusted with fresh DMEM to the desired level for seeding the models.

The treated Alvetex® inserts were transferred to sterile 6-well cell culture plates and HDFn
were gently seeded onto the top of the Alvetex® inserts, at the appropriate cell density
provided in the protocol (5x10°/100 pL). The cells were incubated at 37°C and 5% CO, in a
humidified environment for 1 hour to allow the HDFn to adhere to the Alvetex®. After 1 hour,
the cells were submerged in complete DMEM, supplemented with 5 ng/mL TGF- and 100
pug/mL AA. The generated dermal equivalents were incubated at 37°C and 5% CO; in a
humidified environment for 14-28 days. Media was replaced every 3-4 days, and inserts were
transferred to new 6-well plates after the first media change, and 2 weeks after dermal

equivalent generation.

2.4.3 Generation of full-thickness skin equivalents

Full-thickness skin equivalents were generated using a detailed SOP developed in-house. As
these skin equivalents require both a dermal and epidermal compartment, a dermal
equivalent is generated first, as outlined in Section 2.4.2. However, for full thickness skin
equivalents, the media used to grow HDFn was changed from DMEM to M106°.
Furthermore, the dermal compartment had to be grown for at least 28 days to ensure that
it was mature to support the development of the epidermal compartment. The protocol for

generating full thickness skin equivalents is outlined in Figure 10 below.
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Figure 10: Methodology for the generation of a full thickness model. A mature dermal
compartment is firstly formed. HEKn are seeded onto the top surface of the dermal
compartment and the model is supplemented with complete Epilife® (with low calcium) in
submerged conditions for 2 days. This promotes keratinocyte adhesion and basal layer
formation. After 2 days, the full thickness model is raised to the ALl and supplemented with
complete Epilife® (with high calcium) for 14 days to promote stratification of the epidermal
compartment.

2.4.3.1 Seeding of keratinocytes onto the surface of the dermal compartment

Human epidermal keratinocytes (HEKn) at Passage 3 were grown in T175 flask. Upon
reaching 80% confluency and ensuring that HEKn were not differentiated, HEKn were
acquired by detaching the cells from the surface of the T175 flask, by enzymatic passaging.
The process for acquiring a cell suspension is identical to Section 2.4.2.2 with the only
difference being the media used, which is Epilife® for HEKn. Upon acquiring a cell suspension,
a cell count was performed in the same fashion as Section 2.4.2.3 and the concentration of
the cell suspension was altered respectively. For HEKn, the cell seeding density as outlined
by the protocol was 1.3x10° per model in 100-300 pL. The dermal equivalents which were
previously generated were transferred to a new 6-well plate, and gently, HEKn were seeded
onto the upper surface of the mature dermal compartment at the given density. The newly
generated full-thickness models were incubated at 37°C and 5% CO; in a humidified
environment for 2 hours to allow the HDFn to adhere onto the surface. Afterwards, the
models were submerged in Epilife®, supplemented with 10 ng/mL KGF (ThermoFisher),
140uM calcium chloride (CaCly, Sigma Aldrich, Dorset, UK), and 100 pg/mL AA, and incubated
at 37°C and 5% CO; in a humidified environment for 2 days.
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2.4.3.2 Air-liquid interface culture of full thickness skin models

After 48 hours, the full thickness models were transferred from submerged culture to ALl
culture. The models were transferred to either a deep Petri dish containing an Alvetex® well
insert holder (Reprocell Europe), or an Alvetex® well stand custom-built for the in-house
bioreactor used in study; the former is for models which are subjected to ALl in static
conditions while the latter is for models subjected to perfusion during ALI. Before proceeding
to supply the model with media, the upper surface of the models was aspirated to ensure
that the epidermal surface was dry for ALl culture. When using the deep-well apparatus, up
to 3 models were left to rest on the medium height setting, and 35 mL of Epilife®,
supplemented with 10 ng KGF, 1.64 mM CaCl,, and 100 ug AA, was added to the Petri dish.
When using the bioreactor apparatus, the well stand, holding just 1 full thickness model, was
placed within the glass bioreactor vessel and 88 mL of Epilife®, supplemented with 10 ng
KGF, 1.64 mM CaCl,, and 100 pg AA, was added to the vessel. Media was replaced every 3-4
days, with the deep-well apparatus having a full media change and the bioreactor apparatus
having a half-media change (44 mL). The full-thickness models were cultured at the ALI for

7-28 days before harvesting.

2.5 Fixation and post-processing techniques

2.5.1 Fixation and embedding

For this study, fixation was achieved through the use of paraformaldehyde (PFA), and
embedding was achieved through the use of paraffin wax. Models that were ready to be
harvested were removed from their inserts by unclipping them from the insert holder. The
models were washed in 5mL PBS twice prior to fixation, and submerged in 4% PFA (Sigma
Aldrich) diluted in PBS for overnight fixation at 4°C. The following day, the models were
washed in PBS for 10 minutes and sequentially dehydrated using ethanols of increasing
concentrations: 30%, 50%, 70%, 80%, 90%, and 95%, for 10 minutes each. For the final step
of dehydration, the models were submerged in 100% ethanol for 30 minutes at room
temperature, or overnight at 4°C. Upon successful dehydration, the models were transferred
to tissue processing cassettes and placed in a beaker of Histoclear Il (ThermoFisher) for 30
minutes within a fume hood. After 30 minutes, half of the Histoclear Il was poured out and
replaced with molten paraffin wax, ensuring that a 1:1 ratio was achieved. The models in
Histoclear II: wax solution were incubated at 60°C in a convection oven for an additional 30

minutes. Subsequently, the Histoclear II: wax solution was poured out fully and replaced with
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100% molten paraffin wax. The models submerged in wax were incubated at 60°C, for 1 hour.
The models were removed from the cassettes and cut in half across their diameter using a
scalpel. Molten wax was poured onto plastic moulds and once the wax at the base began to
solidify, the cut samples were embedded upright, with the flat side touching the base of the
mould. The wax blocks were left to solidify overnight in room temperature prior to

subsequent sectioning.

2.5.2 Sectioning

The paraffin wax blocks were removed from the plastic moulds and sectioned using a rotary
manual microtome (Leica RM2125RT), fitted with MB DynaSharp microtome blades
(ThermoFisher). The microtome was set to generate 5um-thick transverse sections to use for
histological or immunofluorescence analysis. The transverse sections were carefully placed
on the surface of a 37°C water bath using forceps and the samples were mounted onto
charged SuperFrost Plus microscope slides (ThermoFisher). The glass slides were placed on

a 30°C heat rack and left to dry overnight for further processing.

2.6 Analytical techniques

2.6.1 Histological analysis - Haematoxylin and Eosin (H&E)

The paraffin wax sections were deparaffinised in Histoclear | for 5 minutes, and subsequently
placed in 100% ethanol for 2 minutes. The sections were then rehydrated by placing the
slides in ethanols of decreasing concentration for 1 minute each: 95% ethanol, 70% ethanol,
and distilled water, respectively. Afterwards, the sections were stained with Mayers
Haematoxylin for 5 minutes, followed by a wash in distilled water for 30 seconds. To ensure
that nuclei appeared blue during imaging, the haematoxylin-stained sections were
submerged in alkaline alcohol for 30 seconds. Prior to staining with eosin, the sections were
sequentially rehydrated in 70% ethanol and 95% ethanol for 30 seconds each. The
rehydrated sections were stained with eosin for 30 seconds, and subsequently subjected to
further dehydration: twice in 95% ethanol for 10 seconds then twice in 100% ethanol for 15
and 30 seconds, respectively. The H&E-stained sections were placed in Histoclear | two times,
for 3 minutes each, until they were ready for mounting with a coverslip. The sections were
mounted with a coverslip using Omni-mount (Scientific Laboratory Supplies Ltd.,
Nottingham, UK) and slides were imaged under a brightfield microscope, as described in

Section 2.7.2.
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2.6.2 Biometric analysis of epidermal thickness

Brightfield microscopy images displaying the histology of full-thickness models were opened
on Imagel image processing software. The scale of the images were set using the software.
Using the line tool, a vertical line was drawn from the base of the epidermis to the top of the
viable epidermis. The thickness of the epidermis at the point where the line was drawn was
automatically measured by the software using the Analyze > Measure tool. Additional
measurements were taken by drawing another four lines along the length of the epidermis
in each image. Based on five measurements per image, an average thickness was calculated.

Three images were used for each condition.

2.6.3 Immunofluorescence analysis

The paraffin wax sections were deparaffinised in Histoclear | for 15 minutes, followed by
sequential rehydration in 100% ethanol, 95% ethanol, 70% ethanol, and PBS respectively, for
5 minutes each. The slides were then transferred to a pre-heated black insulated box
containing citrate buffer (pH 6.0, Sigma Aldrich), in a 95°C water bath. The sections were
incubated in citrate buffer for 20 minutes to enable antigen retrieval. After 20 minutes, the
slides were left to cool at room temperature for 5 minutes. Slides were encircled with a
hydrophobic pen and covered with 200ul blocking solution, comprised of 20% neonatal calf
serum (NCS, Sigma Aldrich) diluted in 0.4% Triton-X-100 diluted with PBS, for 1 hour. The
rings ensured that the blocking buffer was evenly distributed and in contact with the sample
during blocking. Concurrent with the blocking process, the required primary antibodies were
diluted in the original blocking buffer solution; the appropriate dilutions are shown in Table
3. After 1 hour, the samples were incubated with 200ul primary antibody solution, and left

overnight in the humidity chamber at 4°C.
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Table 3: Primary antibodies for immunofluorescence (ICC/IF), with their respective

supplier, species, and dilution for application.

Antibody Supplier Product Species Dilution
Code

Collagen-I Abcam Ab34710 Rabbit 1:100

Collagen-lli Abcam Ab7778 Rabbit 1:100

Ki-67 Abcam Ab16667 Rabbit 1:100

Alpha smooth Abcam Ab5694 Rabbit 1:100

muscle actin

(a-sma)

Cytokeratin-10 Abcam Ab76318 Rabbit 1:100
(K10)

Cytokeratin-14 Abcam Ab7800 Mouse 1:100
(K14)

Filaggrin Abcam Ab17808 Mouse 1:100

The following day, the slides were washed three times in PBS, for 10 minutes each, to remove
excess primary antibody. Secondary antibodies and Hoescht solution was diluted in blocking
buffer solution, using the dilutions shown in Table 4, and 200pl of this secondary antibody

solution was added to each sample.
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Table 4: Secondary antibodies for immunofluorescence (ICC/IF), with their respective

supplier and dilution for application.

Antibody Supplier Product Dilution
Code
Donkey Anti- ThermoFisher A-21206 1:1000

Rabbit IgG Alexa
Fluor® 488

Donkey Anti- ThermoFisher A-11001 1:1000
Mouse IgG Alexa
Fluor® 488

Donkey Anti- ThermoFisher A-21207 1:1000
Rabbit IgG Alexa
Fluor® 594

Donkey Anti- ThermoFisher A-21203 1:1000
Mouse IgG Alexa
Fluor® 594

The samples were left to incubate for 1 hour at room temperature in the humidity chamber.
Excess secondary antibodies were removed by washing the slides again three times with PBS,
for 10 minutes each. A coverslip was mounted onto the slides using Vectashield mounting
medium (Vector Laboratories, Peterborough, UK) and nail varnish was applied to the edges
of the coverslip. The slides were covered and stored at 4°C until imaging with a laser confocal

microscope, as described in Section 2.7.3.

For each batch of samples stained, an additional slide was stained as a negative control.
Unlike samples, the negative control was not stained with primary antibodies, but rather,
blocking solution. The negative control was stained with secondary antibodies as normal.
The negative control was used as a reference for post-imaging comparisons. Ideally, the
negative control should only emit blue fluorescence, in this case, DAPI stain; biomarkers
investigated should not appear in the negative control. A typical example is shown in Figure

11.
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Figure 11: Negative control for immunofluorescence. Only blue fluorescence, showing
DAPI, can be observed. Scale: 100 um

2.6.4 Quantification of Ki-67 positive cells

For Ki-67 immunofluorescence experiments, three images were taken for each model
condition. The triplicate images were loaded onto Imagel image processing software and the
Cell Counter plugin was utilised to count the number of keratinocytes in the basal layer of
the epidermal compartment and the number of Ki-67 positive cells, respectively. The
numbers acquired were transferred to Excel (Microsoft, Albuquerque, New Mexico, United
States) and an average percentage of Ki-67 positive cells per condition was calculated, as an
indicator of proliferation. The resultant averages were transferred to Prism 5.0 (San Diego,
California, United States) statistical software to generate graphs and conduct statistical

analysis, as described in Section 2.8.
2.6.5 Trans-epidermal water loss

For full-thickness models, trans-epidermal water loss (TEWL) was measured using a
vapometer (Delfin Technologies, Kuopio, Finland) prior to fixation and embedding outlined
in Section 2.5.1. Upon unclipping the models from the insert holder, the bottom surface of
the models were wet with PBS, to prevent the models from drying, and placed on a flat sterile
surface. The vapometer was carefully lowered on top of the model vertically until the nozzle
was in contact with the top surface of the model. Measurements were digitally acquired in
g/m%h after 3-10 seconds of contact. Three repeats were taken for each model. After use,

the adaptor was removed and washed in 70% ethanol overnight at 4°C.
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2.7 Microscopy

2.7.1 Phase contrast imaging

For maintenance of 2D-culture of fibroblasts and keratinocytes, the surface of T175 culture
flasks were imaged using EVOS® XL Core phase contrast microscope (ThermoFisher). Images

were acquired using the x4 and x20 objective.

2.7.2 Brightfield imaging

Histology samples of dermal equivalents and full thickness models stained with H&E were
imaged using a Leica ICC50 high definition camera mounted to a Leica microscope. Images
were taken using x4, x20, and x100 objective, with the latter requiring oil immersion. Images
were captured using the LAS EZ 3.4 imaging software (Leica Microsystems, Wetzlar,

Germany), and afterwards processed using the ImagelJ software.

2.7.3 Confocal fluorescence imaging

Immunofluorescence samples of dermal equivalents and full thickness models were imaged
using the Zeiss 880 confocal laser scanning microscope with Airyscan (Carl Zeiss AG,
Oberkochen, Germany). Imaging was performed using the x20 Plan Apochromat DIC Il
objective lens with filters for DAPI, 488nm, and 594nm. Images were captured using the Zeiss

Zen Black software, and afterwards processed using the ImagelJ software.

2.8 Statistical techniques

Using Graphpad Prism 5.0, the statistical significance of quantitative results was assessed by
applying relevant statistical tests. For this study, two-way ANOVA was used on datasets,
where applicable, with Tukey’ post-hoc test. The statistical differences of a dataset are

graphically represented as: ns = P>0.05, * = P<=0.05, ** = P<=0.01, *** = P<=0.0001.

2.9 Fluid modelling

Computational fluid dynamics (CFD) analysis was conducted using Fluent 19.2 software
(Ansys, Canonsburg, PA, USA). The geometry of the bioreactor system was designed using
Solidworks 2018 (Dassault Systémes, Vélizy-Villacoublay, France) and meshing was
performed on Fluent 19.2. The fluid flow simulation had the characteristics of an

incompressible and isothermal fluid. The dynamic viscosity was set to 1.003 gm™ and a
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constant density of 998.2 kgm™ was applied. Analysis was conducted on the XY plane for
vector and contour application, and on a specified ZX plane for calculations of shear stress

and flow rate. Calculations were taken using a function calculator within the software.
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Chapter lll: Results

3.1 The effect of perfusion on dermal models
3.1.1 Generation of dermal models

Whilst the overall goal of the study is to identify the effect of perfusion on full thickness
models, which are more representative of skin, it is necessary to appreciate that the
formation of an epidermal compartment is highly dependent on the presence of a mature
dermal compartment. If the dermis is not mature, the keratinocytes could fall through the
Alvetex® scaffold and infiltrate the dermal compartment. Therefore, the initial stage of this
study aims to address the effect of perfusion on the development and maintenance of a
mature dermal compartment. Previous literature have shown that dynamic culture can
improve fibroblast proliferation and ECM deposition (104), so it is hypothesised that

perfusion can improve maturation.
3.1.1.1 Delayed perfusion enhances fibroblast proliferation and ECM deposition

The effect of perfusion on the development of dermal equivalents was investigated. The
dermal equivalents were grown in 3 different conditions over the 4 week period: the
standard protocol of 4 weeks static, 2 weeks static followed by 2 weeks perfused, and 4
weeks perfused (Figure 12). Three models for each condition were sectioned and analysed.
By investigating dermal equivalents grown with delayed perfusion and early perfusion, |
aimed to investigate whether perfusion is more suitable during the start of the culture where
initial adhesion of fibroblasts is still occurring, or when an established fibroblast layer has
already formed. For preliminary studies investigating dermal equivalents, DMEM was used

instead of M106® due to the increased dermal maturation.

51



2 weeks Static >
4 weeks Static 2 weeks Perfused 4 weeks Perfused

Collagen - |

Collagen -l

Figure 12: Histological and immunofluorescence analyses of 4-week dermal equivalents
grown in varying conditions. (A-C) Histological analyses. (D-F) Collagen-l
immunofluorescence images. (G-1) Collagen-Ill immunofluorescence. Arro images Scale
bars: 100 pum.

The histological analysis in Figure 12 shows that delayed perfusion has a beneficial effect on
the structure of the dermal equivalent, while early perfusion is detrimental. On the one hand,
initially growing a dermal compartment in static and switching to perfusion later in culture
increases the thickness of the fibroblast layer which forms on the surface of the Alvetex®
Scaffold (Figure 12B). On the other hand, perfusing the dermal equivalent from the start of
culture yields a dermal compartment that has a significantly thinner fibroblast surface layer

(Figure 12C). Based on the histology, it was assumed that fibroblast proliferation was
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improved by delayed perfusion, and thus hypothesised that ECM deposition would also be
improved in this condition. To confirm this, immunofluorescence of the two prominent ECM
proteins deposited by fibroblasts, collagen-1 and collagen-Ill, was analysed in a qualitative

manner.

Consistent with the improved structure observed in histology, dermal equivalents grown
with delayed perfusion displayed a greater presence of both collagen-lI and collagen-Ili
(Figure 12E, 12H). Dermal equivalents grown in full perfusion displayed a weaker presence
of collagen-I and Il (Figure 12F, 12H). When comparing both collagen types, the presence of
collagen-I appears greater than collagen-lll, which could suggest that early perfusion has a
more significant effect on collagen-Ill expression. However, quantitative conclusions cannot

be drawn from immunofluorescence.

Comparing the three conditions above, it was clear that early perfusion was detrimental to
the development of dermal compartments, and thus it would be of greater interest to further
investigate the beneficial effect of delayed perfusion. The protocol parameters for delayed

perfusion such as the feeding regime and the culture duration time were further optimised.

3.1.1.2 Half media changes are the optimal feeding regime during perfusion

In the previous experiment, the feeding regime during perfusion was half media changes
every 3 to 4 days. The following experiment investigated whether another feeding regime,
such as periodic addition of supplements, termed media spiking, improved fibroblast
proliferation and ECM deposition alongside delayed perfusion. As DMEM has been
demonstrated to successfully support an epidermis in the full thickness skin model after 2
weeks in static conditions, this time-frame was used for future experiments. For this
experiment, there were three experimental conditions: 2 weeks static, 1 week static to 1
week perfused with half media changes, and 1 week static to 1 week perfused with media
spiking. Three models for each condition were sectioned and analysed. It was decided that
early perfusion would not be investigated for 2 weeks dermal equivalents as it did not
produce a suitable dermis at 4 weeks (Figure 12). The outcome of this experiment is shown

in Figure 13.
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Figure 13: Histological and immunofluorescence analyses of 2-week dermal equivalents
grown in varying conditions. (A-C) Histological analyses. (D-F) Collagen-I
immunofluorescence images. (G-I) Collagen-IIl immunofluorescence images. Scale bar: 100
pm.

The histology in Figure 13 shows that the half-media change may be a more superior feeding
regime during perfusion than media spiking due to the apparent increased numbers within
the Alvetex® Scaffold and on the surface (Figure 13C). Similar to the previous experiment,
immunofluorescence of collagen-l and collagen-Ill was observed. The hypothesis made,
based on histology, was that the half media change regime would express greater ECM
deposition. The immunofluorescence analysis showed that the presence of Collagen-Ill was

slightly greater with half media changes than with media spiking (Figure 131); however, the
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presence of collagen-l appeared to be greater with media spiking (Figure 13E). Therefore,
the observations imply a change in ECM composition rather than an increase in overall ECM

deposition.

From the initial experiments above, it is clear that the disruption of unstirred layers caused
by perfusion has an effect on the development of dermal equivalents, whether it be
beneficial in the case of delayed perfusion, or detrimental in the case of early perfusion.
However, this was investigated during the development of dermal equivalents; therefore,

the effect of perfusion was determined using mature dermal equivalents.

3.1.2 Increasing the speed of perfusion is detrimental to the integrity of the dermal

equivalent

The previous experiments showed that delayed perfusion improved the development of
dermal equivalents and formed mature models. Based on this observation, it can be
hypothesised that perfusion will also have a beneficial effect on the maintenance of mature
dermal equivalents, which have been fully developed in static beforehand. To investigate
this, mature dermal equivalents were generated for 28 days in static culture then moved to
perfusion for an additional 5 days. For this experiment, another parameter was introduced
which could affect the fibroblasts in the dermal equivalent: stir speed. Previously, dermal
equivalents were perfused at a stirrer speed of 100 revolutions per minute (rpm). Based on
previous literature, speed of perfusion has been shown to affect fibroblast adhesion and
proliferation (104). Stir speeds were investigated on dermal equivalents grown for 28 days
rather than dermal equivalents grown at shorter time points due to improved stability of

mature models.

Mature dermal equivalents were cultured for 28 days in static conditions then cultured for
an additional 5 days at different stir speeds (Figure 14). Likewise, three models for each
condition were sectioned and analysed. The histology of the models were subsequently
viewed to observe differences in the model structure and fibroblast morphology, as shown

in Figure 14.
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Figure 14: Histological analysis of mature dermal equivalents subject to different stirrer
speeds for an additional 5 days. Stir speeds used: (A) O rpm; (B) 100 rpm; (C) 150 rpm; (D)
200 rpm. Scale: 4x and 20x objective = 100 um, 100x objective = 10um.

Mature dermal equivalents, cultured using different stir speeds, express differences in
fibroblast surface layer and fibroblast morphology. In static conditions (Figure 14A), the
mature dermal equivalent maintains a thin but dense fibroblast surface layer, with the
fibroblasts maintaining their typical elongated morphology. When incorporating perfusion
at the standard 100 rpm speed previously used, the fibroblast surface layer thickens,
consistent with previous results (Figure 14B). When using a higher magnification, it can be
observed that the fibroblasts still look healthy, with an elongated morphology. Moreover,
perfusion at 100 rpm does not damage the integrity of the dermal equivalent. Models
perfused at higher speeds have a very thin fibroblast surface layer and the fibroblasts begin
to lose their elongated morphology (Figure 14C, 14D). At 150 rpm, some of the fibroblasts
have adopted to a rounder nuclear morphology, while at 200 rpm, almost all of the
fibroblasts have lost their elongated morphology. The change suggests that the fibroblasts

are not healthy at faster stirrer speeds.
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In summary, dermal compartments can be grown at a stirrer speed of 100 rpm if perfusion
is implemented after a delay. Early perfusion appears to be detrimental to the thickness of
the dermal compartment, when compared to both the static control and the delayed
perfused compartments. Thus, for the remainder of this study, only delayed perfusion was
investigated. Additionally, in terms of media feeding regime for models subjected to
mixing, there is no clear advantage observed between half media changes and media
spiking. With regards to stirrer speed, 100 rpm remains to be optimal for following

experiments, when contrasting with higher stirrer speeds investigated.

3.2 The effect of perfusion on full thickness models

Upon identifying that delayed perfusion at 100 rpm improved the development of the dermal
equivalent, the next stage of this study was to investigate the effect of perfusion on
epidermal development in a full thickness model. As delayed perfusion improved fibroblast
proliferation and ECM deposition, it is possible that an improvement in epidermal
development would also be observable due to fibroblast and keratinocyte cross-talk. In the
following experiments, perfusion was implemented at the ALlI, since previous literature has
shown that this has benefitted full thickness skin models through the generation of thicker
viable epidermis and increased expression of differentiation markers (100-102).

Additionally, it is a well-established protocol (7).

Likewise with the dermal equivalents, the effect of perfusion on full thickness models was
investigated at the pre-maturation stage and the post-maturation stage, to assess how
development and longevity is affected. The standard ALI duration for developing a mature
full-thickness model with a stratified epidermis was 14 days. Cells were grown for periods of
7 — 28 days to assess the effects of perfusion on both maturation and longevity. The
experimental conditions for full thickness models at the ALl were as follows: static in a deep
dish, static in the bioreactor vessel, early perfusion, and delayed perfusion. Similar to above,
in each experiment, three models were grown for each condition. However, some models
experienced failure during development and only 2 repeats could be acquired for sectioning

and analysis.
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3.2.1 Development of full thickness models

3.2.1.1 Delayed perfusion increased the epidermal thickness during full-thickness model

development

Full thickness models were grown for 7 or 14 days at the ALI. The observed histology of 7 and

14 day models are shown in Figure 15.
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Figure 15: Histological analysis of full thickness models grown at the air-liquid interface (ALl) in varying conditions after 7 and 14 days. (A) 7 days static in
deep dish; (B) 7 days static in bioreactor vessel; (C) 3 days static, 4 days perfused; (D) 7 days perfused; (E) 14 days static in deep dish; (F) 14 days static in

bioreactor vessel; (G) 7 days static, 7 days perfused; (H) 14 days perfused. Scale: 100um.
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The standard protocol of using static culture in the deep dish (Figure 15A, 15E) produced a
stratified epidermal compartment. The models cultured in the bioreactor vessel displayed a
thicker epidermis compared to the static control, which suggests that increased media
volume has a beneficial effect on epidermal development (Figure 15B, 15F). In addition,
when incorporating delayed perfusion, the increase in epidermal thickness is amplified
further, and the basal keratinocytes show greater organisation and alignment (Figure 15C,
15G). Therefore, delayed perfusion is shown to have a positive effect on the development of

full thickness models.

However, early perfusion does not favour epidermal development based on the histology
(Figure 15D, 15H). In 7 day ALI models with early perfusion, the epidermal compartment is
significantly thinner than the other conditions. After 14 days in perfusion, the epidermal
compartment completely fails as no stratification can be observed, and the epidermis
detaches from the dermal compartment. This suggests that full thickness models subjected

to early perfusion do not show longevity past 7 day ALI culture.
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Figure 16: Biometric analysis of epidermal thickness of full thickness models grown in
varying conditions at the air-liquid interface (ALI) after 7 and 14 days. (Data represent
mean +- SD, number of replicates = 3, number of measurements per replicate = 5). SDD =
Static in deep dish, SBV = Static in bioreactor vessel, DP = Delayed perfusion, EP = Early
perfusion. Statistical differences are denoted as: ns = P>0.05, * = P<0.05, ** = P<0.01, ***
= P<0.01, **** = P<0.0001

Figure 16 confirms the qualitative differences in epidermal thicknesses made from Figure 15.
For 7 day ALI full thickness models, there is no significant difference observed between the
static controls cultured in the deep dish and bioreactor vessel. However, there is a very
significant difference between the static models in the bioreactor vessel and delayed
perfusion (P<0.0001). This suggests that delayed perfusion is the main factor improving
epidermal thickness. For 14 day ALl models, there is no significant difference between the
static in the bioreactor vessel and delayed perfusion. Instead, there is a significant difference
between the two static controls (P<0.01). This suggests that the increased media volume
improves epidermal development over a longer ALI culture duration. A significant difference
can also be found between static in the deep dish and delayed perfusion (P<0.0001) which
confirms that the combination of delayed perfusion and increased media volume improves

epidermal thickness over time.
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3.2.1.2 Delayed perfusion increases proliferation in full thickness models during full

thickness model development

It can be hypothesised that the increased epidermal thickness demonstrated in Figures 15
and 16 are attributed to the effect of delayed perfusion on increased proliferation. To
understand whether the rate of proliferation in the basal layer of the epidermal
compartment influenced epidermal thickness, immunofluorescence analysis of Ki67, a
marker of proliferation, was conducted. The Ki67 immunofluorescence and quantification of

Ki-67 positive cells in 7 and 14 day ALI full thickness models are shown in Figure 17.
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Figure 17: Ki-67 analyses of full thickness models grown for 7 and 14 days ALI culture in different conditions. (A-H) Immunofluorescence analyses. (A) 7
days static in deep dish; (B) 7 days static in bioreactor vessel; (C) 3 days static, 4 days perfused; (D) 7 days perfused; (E) 14 days static in deep dish; (F) 14
days static in bioreactor vessel; (G) 7 days static, 7 days perfused; (H) 14 days perfused.Ki-67 positive cells are found in the basal layer of the epidermal
compartment. Arrows show Ki-67 positive cells. Scale: 100um (1) Quantitative analysis. Early perfused models was excluded as there was no significant
expression in the basal layer. SDD = Static Deep Dish, SBV = Static Bioreactor Vessel, DP = Delayed Perfusion (Number of replicates = 2, Number of
measurements per replicate = 3).
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The rate of basal keratinocyte proliferation is affected by increased media volume and
delayed perfusion, as shown in Figure 17, however, it is dependent on the duration of ALI
culture. Comparing all conditions, the static control in the deep dish is shown to have
consistent proliferation between 7 (Figure 17A) and 14 (Figure 17E) days AL
Immunofluorescence analysis of 7 days ALl models show that the number of Ki-67 positive
cells greatly increase when increasing media volume and incorporating delayed perfusion,
with 72.4% of the total cells in the basal layer undergoing proliferation (Figure 17B, 17C). On
the other hand, there are very few Ki-67 positive cells in 14 day ALl models grown with
increased media volume and delayed perfusion, compared to the traditional static condition
(Figure 17F, 17G); where the percentage of proliferative cells drops below 20%. Early
perfused models, which did not form viable epidermal compartments, did not express Ki-67

positive cells and did not show a distinct basal layer.

The Ki-67 data suggests that delayed perfusion at the ALl influences the rate of proliferation.
The increased epidermal thickness in models grown with delayed perfusion, observed in
Figure 15 may be caused by an increase in proliferation for the first 7 days of ALl. However,
proliferation does not seem to be the major determinant of increased epidermal thickness

beyond that duration. Therefore, early, mid, and terminal differentiation was also analysed.

3.2.1.3 Delayed perfusion affects early-mid differentiation of keratinocytes during full

thickness model development

Since Section 3.2.1.2 identified that delayed perfusion does not improve proliferation post-
7 days AL, it was hypothesised that improvements in epidermal thickness may be attributed
to delayed perfusion stimulating changes in differentiation. K10 and K14 was observed as
markers for early/mid differentiation, whilst filaggrin was observed for terminal
differentiation. As early perfused models at 14 days ALl had a detached epidermal

compartment, it was excluded from further analyses.
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Figure 18: Cytokeratin-10 and cytokeratin-14 immunofluorescence analyses of full thickness models grown for 7 and 14 days ALl culture in different
conditions. (A) 7 days static in deep dish; (B) 7 days static in bioreactor vessel; (C) 3 days static, 4 days perfused; (D) 7 days perfused; (E) 14 days static in
deep dish; (F) 14 days static in bioreactor vessel; (G) 7 days static, 7 days perfused. Scale: 100um
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Figure 18 shows that delayed perfusion increases the expression of K14 during the
development of full thickness models. In both static controls, the expression of K10 and K14
remain similar despite an increased epidermal thickness in the static bioreactor vessel
condition based on distribution within the epidermal compartment, and to an extent,
intensity. For models grown with delayed perfusion, the intensity of K10 is also similar to the
other conditions, but K14 is shown to have a more intense fluorescence (Figure 18C, 18G).
The increased intensity for K14 is consistent for both 7 and 14 days ALI culture and suggests
that delayed perfusion does have a profound effect on the early differentiation of
keratinocytes. Additionally, K14 is usually found strictly in the basal layer of the epidermal
compartment as a marker for early differentiation. In the models cultured with delayed
perfusion, K14 is highly expressed beyond the basal layer, particularly with the 14 days ALI
culture (Figure 18G). Based on the K14 observation, it is possible that the keratinocytes
above the basal layer are undergoing hyperproliferation. Although early perfusion did not

yield a thick epidermal compartment, there is evidence of some differentiation (Figure D).

Upon identifying that early differentiation was improved by delayed perfusion, terminal
differentiation was subsequently observed, as shown in Figure 19. Based on literature, it was

hypothesised that perfusion would improve terminal differentiation (100).
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Figure 19: Filaggrin immunofluorescence analysis of full thickness models grown at the air-liquid interface (ALI) in varying conditions after 7 and 14 days. A)
7 days static in deep dish; (B) 7 days static in bioreactor vessel; (C) 3 days static, 4 days perfused; (D) 7 days perfused; (E) 14 days static in deep dish; (F) 14
days static in bioreactor vessel; (G) 7 days static, 7 days perfused. Scale: 100 um
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Contrary to the literature, terminal differentiation of full thickness models was not affected
by delayed perfusion, as shown in Figure 19. All conditions expressed filaggrin, which is
indicative of the epidermal barrier, however perfusion did not affect filaggrin staining. All
conditions express filaggrin layers that are approximately 2 layers thick, which is expected
for the granular layer. Although it may appear that the filaggrin band is thicker in the static
bioreactor vessel condition at 14 days (Figure 19F), it may be that the staining observed in
the stratum corneum is non-specific. The height of the filaggrin layer differs between all
conditions but this occurs due to differences in epidermal thicknesses and cannot be
correlated with any changes in terminal differentiation; the height corresponds to the

position of the stratum granulosum in each model.

So far, the effect of perfusion on the structure and physiology of the epidermal compartment
have been analysed. However, the effect of perfusion on function has yet to be understood.

Therefore, the barrier function was analysed by measuring TEWL.

3.2.1.4 Early perfusion is not beneficial to the barrier function of the epidermis during full-

thickness model development

The barrier function of the 7 and 14 day ALI models was observed by measuring TEWL. The

average measurements for the TEWL of 7 and 14 day ALI models are shown in Figure 20.
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Figure 20: Biometric analysis of trans-epidermal water loss (TEWL) of full thickness models
grown in varying conditions at the air-liquid interface (ALI) after 7 and 14 days. Data
represent mean +- SD, number of replicates = 1, number of measurements per replicate = 3).
SDD = Static in deep dish, SBV = Static in bioreactor vessel, DP = Delayed perfusion, EP = Early
perfusion.

The TEWL measurements indicate that early perfusion is detrimental to barrier function.
Early perfused models, which have been subjected to perfusion for a longer duration of time,
have a TEWL measurement of 30 g/m?/h, which is significantly higher than the other
conditions and indicative of a poor barrier. The poor barrier function of perfused models is
expected based on the histological and terminal differentiation analyses performed
previously. In contrast, models grown in static within the bioreactor vessel have the lowest
TEWL values at 7 and 14 days, indicating that increased media volume improves TEWL.
Generally, Day 14 TEWL values are lower than Day 7 TEWL values, with delayed perfusion
having slightly higher TEWL than the static bioreactor; however, it is still within a
physiological range. This is expected as there would be a more mature barrier after a longer
duration of epidermal development. In all of these descriptions, it is difficult to draw any true
conclusions between the static deep dish and perfused models - it is better to compare the

perfused models to the static bioreactor to determine the effect of perfusion alone.
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Using the 7 and 14 day ALl models, it was possible to observe the effect of perfusion on
structure, physiology, and structure of full thickness models that are still in the development
stage. Similarly to the studies on dermal equivalents, delayed perfusion is identified to be
the best condition for improving the development of skin models, as it improved the
epidermal thickness, short-term proliferation, and early differentiation. As delayed perfusion
improved development, the next stage was to identify whether perfusion improved the

longevity of full thickness models.

3.2.2 Longevity of full thickness models

The longevity of full thickness models refers to the duration that models are able to maintain
a viable epidermis in which keratinocytes proliferate and differentiate efficiently. The ALI
culture duration can be extended to investigate the effect of perfusion on longevity rather
than development. It was hypothesised that delayed perfusion would improve longevity of
the models, in addition to development. As the epidermis failed after day 14 in early perfused

models, only models grown with delayed perfusion were observed in this part of the study.

3.2.2.1 Delayed perfusion maintains increased epidermal thickness at 21 days ALl but fails

to improve longevity at 28 days ALl

Full thickness models were grown for 21 and 28 days ALI culture to assess longevity. The

histology of these models are shown in Figure 21.
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Figure 21: Histological analysis of full thickness models grown at the air-liquid interface (ALI) in varying conditions after 21 and 28 days. (A) 21 days static
in deep dish; (B) 21 days static in bioreactor vessel; (C) 10 days static, 11 days perfused; (D) 28 days static in deep dish; (E) 28 days static in bioreactor
vessel; (F) 14 days static, 14 days perfused. Scale: 100 um
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The histology in Figure 21 shows that increased media volume and delayed perfusion
improve the thickness of the viable epidermis at 21 days ALl, but only increased media
volume maintains similar thickness at 28 days ALI. At 21 days ALI, both static (Figure 21B)
and perfused models (Figure 21C) grown in a bioreactor vessel generate a thicker epidermis
than the traditional static deep dish control. However, at 28 days ALI, only the static in the
bioreactor vessel condition produces models that are able to maintain a thick epidermis
(Figure 21E). Delayed perfusion fails to maintain the thickness observed at 21 days ALI, and
the viable epidermis appears similar to the traditional static control by 28 days ALI (21F).
Further insight into epidermal thickness was conducted using quantitative measurements as

shown in Figure 22 below.
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Figure 22: Biometric analysis of epidermal thickness of full thickness models grown in
varying conditions at the air-liquid interface (ALI) after 21 and 28 days. (Data represent
mean +- SD, number of replicates =3, number of measurements per replicate = 5). SDD =

Static in deep dish, SBV = Static in bioreactor vessel, DP = Delayed perfusion, EP = Early
perfusion. Statistical differences are denoted as: ns = P>0.05, * = P<= 0.05, ** = P<=0.01,

*** = P<0.01, **** = P<=0.0001
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The measurements in Figure 22 shows that delayed perfusion has the thickest viable
epidermis at 21 days ALI. At this time point, there is a significant difference between each
condition, with increased media volume and delayed perfusion showing a beneficial effect
on epidermal thickness. However, at day 28, the static deep dish condition and the delayed
perfusion condition shows a drastic difference from their day 21 counterparts. Both of these
conditions display a thinner epidermis than the static bioreactor vessel condition, but it can
still be classed as a good epidermis based on previous in-lab results (~40-50um).
Unexpectedly, there is no significant difference in epidermal thickness when grown in the
static bioreactor vessel condition from 21 to 28 days. From these measurements, it can be
suggested that delayed perfusion is only beneficial for the maintenance of full thickness
models up to 21 days, and increased media volume in static conditions is preferred for longer

maintenance post-21 days.

3.2.2.2 Delayed perfusion does not improve or maintain proliferation of keratinocytes in

long-term mature full thickness models

Based on the histology in Section 3.2.2.1, it was hypothesised that there would be greater
proliferation at day 21 in all conditions than at day 28. Additionally, it was expected that
models grown in delayed perfusion would have greater proliferation, accounting for
improved epidermal thickness at day 21, while the static bioreactor vessel condition would
maintain improved proliferation at day 28. The immunofluorescence and quantitative

measurements for proliferation are shown in Figure 23.
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Figure 23: Ki-67 analyses of full thickness models grown for 21 and 28 days ALI culture in different conditions. (A-H) Immunofluorescence analyses.

Arrows show Ki-67 positive cells. Scale: 100 um (l) Quantitative analysis. A graph of the percentage of Ki-67 positive cells in the basal layer of the epidermis.

SDD = Static Deep Dish, SBV = Static Bioreactor Vessel, DP = Delayed Perfusion (Number of replicates = 2, Number of measurements per replicate = 3).
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The immunofluorescence shows that delayed perfusion does not improve proliferation at
both day 21 and day 28. The static bioreactor vessel condition is shown to have the greatest
number of Ki-67 positive cells in the basal layer, suggesting that it is the optimal condition
for maintaining proliferation. Based on observations, at day 21 and day 28 respectively,
proliferation in models grown with delayed perfusion is similar to that in the static deep dish
condition. The quantitative measurements give further clarity on the differences between
conditions at different time points. It can be confirmed that the proliferation in delayed
perfused models is similar to the static deep dish control, however, differences can be
observed at day 28. In the latter time point, delayed perfusion is detrimental to maintaining
proliferation as the rate is much lower than both static conditions; additionally, proliferation
is shown to increase in the static deep dish control. This can be characterised by the
observation that the rate of proliferation from both static controls at day 28 are more than

double that of models subjected to delayed perfusion.

3.2.2.3 Delayed perfusion improves early, mid, and terminal differentiation of mature full

thickness models at 21 days culture but has minimal impact at 28 days

As the increased epidermal thickness caused by delayed perfusion was not correlated with
increased proliferation, it was hypothesised that increased thickness was correlated to
improved differentiation. Firstly, early/mid differentiation was analysed as shown in Figure

24.
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Figure 24: Cytokeratin-10 and cytokeratin-14 immunofluorescence analyses of full thickness models grown for 21 and 28 days ALl culture in different
conditions. Scale: 100um
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Analysis of K10 and K14, as shown in Figure 24, shows that both biomarkers are highly
expressed in models grown with delayed perfusion at day 21, and appear to be less
expressed by day 28. At day 21, all conditions express a clear K10 and K14 expression. The
localisation of K14 is consistent and is present in the basal layer, while K10 is expressed above
the basal layer. The models grown for 28 days in the static deep dish and delayed perfusion
conditions show that the expression of K10 and K14 may be significantly downregulated
compared to their day 21 compartments; however further research needs to be undertaken.
Interestingly, for day 28 models grown with delayed perfusion, the fluorescence of K14 is
almost completely absent which suggests that early differentiation ceases earlier with
perfusion (23F). The expression of K10 and K14 is consistent for both time points in models
grown in a static bioreactor vessel (23B, 23E). The early/mid differentiation
immunofluorescence shows greater correlation with the histology and epidermal
thicknesses described in Section 3.2.2.1, compared to the proliferation analysis in Section
3.2.2.2. Therefore, it can be suggested that in terms of longevity, the effects of delayed
perfusion are more correlated with differentiation. For further analysis, terminal

differentiation was also observed, as shown in Figure 25 below.
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Figure 25 Filaggrin immunofluorescence analysis of full thickness models grown at the air-liquid interface (ALI) in varying conditions after 21 and 28
days. Scale: 100um
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As shown in Figure 25, delayed perfusion greatly upregulates filaggrin expression at day 21,
but is almost unobservable by day 28. Between conditions at day 21, increased media volume
and delayed perfusion both contribute to improved thickness of the filaggrin band in the
stratum granulosum at day 21, with the latter producing the thickest band of filaggrin. At day
28, the thickness of filaggrin bands are maintained in both static conditions (21D, 21E), but
no band can be observed in the delayed perfusion condition (21F). Traces of filaggrin can still
be observed at day 28 in the stratum corneum but is faint and discontinuous. The trends of
terminal differentiation are comparable to that of early/mid differentiation and suggests that
delayed perfusion may not bring any benefits for long term maintenance of full thickness

models post-21 days.

3.2.2.4 Delayed perfusion greatly increases TEWL at day 28

After identifying the physiology of long-term full thickness models in different conditions,
the barrier function of these models was also investigated. For longer term models, a thicker
stratum corneum would generally be expected, and this would correlate with increased
resistance to TEWL. The filaggrin bands observed in Section 3.2.2.3, as a marker for terminal
differentiation, are a foundation for providing a hypothesis on barrier function. It was
hypothesised that at day 21, the barrier function of delayed perfused models would be
improved, in line with increased filaggrin band thickness. However, based on previous TEWL
results with short term full thickness models, it can be suggested that perfusion may have a
negative effect due to slightly higher TEWL values. The TEWL measurements are shown in

Figure 26.
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Figure 26: Biometric analysis of trans-epidermal water loss (TEWL) of full thickness models
grown in varying conditions at the air-liquid interface (ALI) after 21 and 28 days. Data
represent mean +- SD, number of replicates = 1, number of measurements per replicate = 3).
SDD = Static deep dish, SBV = Static bioreactor vessel, DP = Delayed perfusion, EP = Early
perfusion.

The TEWL of all conditions, as shown in Figure 26, were similar at day 21, in the range of 10-
20g/m?/h. However, at day 28, there is a drastic difference between all conditions, with
delayed perfusion displaying the greatest TEWL at approximately 34.5g/m?/h. The increased
TEWL in the day 28 delayed perfusion model may be correlated with absence of filaggrin in
Figure 25. Comparing all conditions in general, the static deep dish condition is the most
consistent at maintaining TEWL between day 21 and day 28. This can be correlated to a
similar filaggrin thickness and maintained stability between time points found in the previous

section.

Based on the above analyses, it can be concluded that delayed perfusion is beneficial to the
maintenance of mature full thickness models, in terms of epidermal thickness and
differentiation, for culture durations up to 21 days. After 21 days, delayed perfusion is
observed to have a poor barrier function, but not entirely detrimental as model morphology

is still maintained.
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3.2.3 The effect of perfusion speed at the ALl

When investigating the effect of perfusion on short-term and long-term full thickness
models, a speed of 100 rpm was used. In Section 3.2.1.1, it was found that early perfused
models at 100 rpm all failed by 14 days, therefore it is of interest to investigate early
perfusion at a lower speed such as 50 rpm. The hypothesis is that with a lower perfusion
speed, early perfusion will yield similar beneficial effects as delayed perfusion. No literature
can be found pertaining to the effect of speed in stirrer-based bioreactors, but there are
some which exist in rotary systems. These studies suggest that lower stirrer speeds can aid
development in skin-related cell studies (106). Moreover, it has been identified that a slower
speed which is amplified later in culture shows improved keratinocyte development (95). It
can therefore be hypothesised that a lower slow speed will induce lower shear stress, thus

improving keratinocyte adhesion and proliferation.

3.2.3.1 Early perfusion, regardless of stir speed, fails to develop a stratified epidermal

compartment

Full-thickness models were generated using the standard protocol, with 14 days at the ALI.
However, the conditions were varied at the start of the ALI, and these are as follows: (A) 14
days static deep dish; (B) 14 days perfused at 50 rpm; (C) 14 days perfused at 100 rpm; and
(D) 7 days perfused at 50rpm to 7 days perfused at 100 rpm. The histology of these models

are shown in Figure 27.

Static (Deep Dish) 50RPM 100RPM 50>100 RPM
(A) (B) (%] (D)

ALI-14DAYS

Figure 27: Histological analysis of early perfused full thickness models grown at different
stirrer speeds for 14 days air-liquid interface (ALI) culture. The static control produced a
stratified epidermal compartment (A), but early perfused models did not, regardless of
stirrer speed (B-D). Scale: 100 um.
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The histology in Figure 27 shows that early perfusion is detrimental to the development of a
stratified epidermis, regardless of stirrer speed. From all experimental conditions, only the
static control produced a stratified epidermis reminiscent of in vivo skin. The early perfused
models, regardless of stirrer speeds, formed a thin layer of keratinocytes on the surface of
the dermal compartment. With higher stirrer speeds, the thin keratinocyte layer detaches
which implies that this layer can be easily displaced by perfusion. It can be concluded based
on these findings that delayed perfusion is the only condition in which perfusion improves

the development and maintenance of full thickness models.

The above experiments demonstrate the effect of disrupting unstirred layers in vitro on the
development and maintenance of skin models. To explain how perfusion and stirrer speeds
may potentially impact skin models, the final part of this study investigates the CFD within

the bioreactor.

3.3 Fluid modelling of the perfusion apparatus

It was hypothesised based on literature that perfusion speed impacted the disruption of
unstirred layers, but also increased shear stress on adjacent cells. Therefore, in addition to
analysis of in vitro models, this study also looked at the fluid mechanics which occurred
within the bioreactor apparatus used in this study. For this experiment, there were four fluid
modelling files used which were adjusted to take into account ALl culture and different stirrer
speeds. Using Fluent 19.2 software, fluid modelling files of the bioreactor apparatus at 50,

100, 150, and 200 rpm environments were analysed.

3.3.1 Direction of flow is consistent for all stirrer speeds, but the range in velocity increases

as stirrer speed increases

Using Fluent 19.2, vectors were applied to investigate the direction of flow of fluid and
contours were applied to investigate velocity in the XY plane of the bioreactor apparatus, as
shown in Figure 28. The vectors show that fluid is circulated in a similar motion regardless of
stirrer speed. Fluid is moved in an upwards and outwards motion from the base of the
vessel’s inner region, where the magnetic stirrer is situated, to the outer edges of the vessel.
As fluid is moved upwards, the fluid is subsequently drawn back inwards towards the base
of the Alvetex and forced to steeply flow downwards back towards the stirrer. This cycle is
then repeated. Using this information, paired with velocity contours, it can be observed that
the range of velocity increases as stirrer speed is increased. The contours show that the

speed of fluid flow is most intense at both ends of the magnetic stirrer and decreases as fluid
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moves upwards and outwards. When the fluid is drawn inwards and reaches contact with
the Alvetex® Scaffold, the intensity of the velocity contour pushing the fluid downwards

increases again; the intensity of which depends on how fast the stirrer speed is.

While the contours and vectors give an implication of how fluid flow and stirrer speed are
connected in the apparatus used, it does not give a clear indication of how these findings
actually affects the cells in the model. Therefore, calculations were conducted to investigate
the shear stress at the surface of the models in contact with the media and identify the flow
rates of the perfusion systems at different speeds; the latter of which would be relevant to

comparing with perfused systems in past literature.
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Figure 28: Velocity contours and fluid flow vectors for the bioreactor apparatus at the air-liquid interface (ALI), at different speeds. The direction of fluid
flow is similar for all conditions. However, the velocity contours become more intense with higher speeds, particularly in (D). Scale is given on the diagram
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3.3.2 Shear stress and flow rate increased with increasing stirrer speed

The function calculator in Fluent 19.2 was used to calculate shear stress and flow rate,
independently, where the fluid moves adjacent to the surface of the Alvetex® Scaffold. This
would give an estimation of the above parameters where fluid is closest to the cells. Table 5
below shows that shear stress increases as stirrer speed increases. As speed is raised by
increments of 50 rpm, the resultant increase in shear stress is exponential. The greatest
increase in shear stress is between 150 rpm to 200 rpm whereby the increase in shear stress
is ~0.019Pa, compared to ~0.003Pa between 50 rpm and 100 rpm. The difference in shear
stress between 50 rpm and 200 rpm is significant, as it is approximately 22-fold. Additionally,
in Table 6, it can also be observed that flow rate also increases as stirrer speed increases by
increments of 50 rpm. The difference in flow rate between 50 rpm and 200 rpm is
approximately 9-fold. From the calculations, the increase in shear stress is the most
significant consideration to make. As shear stress is detrimental to the fibroblasts,
maintaining lower stirrer speeds at 50 rpm and 100 rpm seems more reasonable to use due

to higher increases in shear stress with 150 rpm and 200 rpm.

Table 5: Shear stress calculations for the fluid-substrate interface during air-liquid

interface (ALI) perfusion at different stirrer speeds.

Stirrer Speed (RPM)  Shear Stress

(Pa)
50 0.00125871
100 0.00401156
150 0.00797487
200 0.0265924

Table 6: Flow rate calculations for the fluid-substrate interface during air-liquid interface

(ALI) perfusion at different stirrer speeds.

Stirrer Speed (RPM) Flow Rate

(ms)
50 0.00331503
100 0.0102955
150 0.0188827
200 0.0298979
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Chapter 4: Discussion

In this section, the phenomenon observed in this study when Alvetex® Scaffold dermal and
full thickness models are grown in dynamic culture using our novel magnetic stirrer-based
bioreactor will be discussed. By disrupting the unstirred media layers that form in static
culture, it was anticipated that perfusion of the models through media mixing would improve
the development and maintenance of skin models. In hindsight, | observed changes in the
structure, physiology, and function of the models. Additionally, by investigating parameters
which may influence model development and maintenance, a link between stirrer speed,

shear stress, and model quality was identified.
4.1 Incorporation of fluid flow in dermal models

3D in vitro skin models have previously been established as potential replacements for ex
vivo human and animal tissue, in fields such as basic skin research, cosmetic development,
and drug testing studies. However, ongoing research on how to optimise these models is
crucial. In this study, | aimed to improve the development of full thickness skin models
through dynamic culture, which could remove diffusion-limiting unstirred layers and enable
cells to be perfused, similar to in vivo vasculature. Initially, it was found that in vitro dermal
compartments were influenced by dynamic culture in terms of structural development, ECM

deposition, and nuclear morphology.
4.1.1 Initial adhesion of fibroblasts is hindered by shear stress

During the development of dermal compartments, a thicker surface layer of dermal
fibroblasts was formed under the influence of delayed perfusion (Figure 12). On the contrary,
early perfusion led to a thinner fibroblast layer. Ideally, a mature dermal compartment which
will be brought forward for full thickness model generation requires a stable fibroblast layer
which can uphold the epidermal compartment and prevent infiltration of keratinocytes into
the dermal compartment. From the results acquired, the fibroblast layer in models grown
with early perfusion does not appear to be mature due to it being thinner than the static
control. Therefore, it was hypothesised that if keratinocytes were to be seeded above the
dermal compartment, it would be likely that the basal layer of the epidermis would not form

continuously due to keratinocyte infiltration (7).

A thinner fibroblast layer in early perfused models suggest that newly seeded fibroblasts

cannot adhere as well to the Alvetex® scaffold when exposed to fluid flow. This lack of
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adhesion hinders the growth of the initial fibroblast layer that forms, as most human cells
depend on anchorage-based adhesion for proliferation (107). Based on histology, the surface
fibroblast morphology appears to be healthy, which suggests that they are not stressed by
early exposure to fluid flow; this asserts that instability may be the key issue. There is a
possibility that early perfusion can facilitate the formation of a thicker fibroblast layer but,
due to instability, the fibroblast layer is disrupted and detached from the scaffold. In
literature, this phenomenon has previously been discussed as “cell wash-out”, in which
dynamic culture increases shear stress on adjacent cells and may displace them from the

substrate (108).

On the contrary, if dermal equivalents are firstly grown in static conditions and later
perfused, the resultant fibroblast layer is thick. Fibroblast growth in static, prior to perfusion,
seems to be necessary for generating an improved surface for a dermal compartment. The
rationale behind initial static growth is to ensure that fibroblasts are given more time to
adhere to the scaffold and stabilise with the absence of fluid flow and shear stress. Previous
cell studies have adopted the methodology of their work, based on this rationale, to ensure
cell adhesion to the substrate and semi-confluency, before applying delayed perfusion (109).
In this study, the development of a thicker fibroblast surface layer suggests that cell wash-
out has been minimised. Through initial static culture, the initial fibroblast layer is stabilised

before perfusion is applied, and proliferation is stimulated afterwards.

Based on these findings, the disruption of unstirred layers during delayed perfusion can
improve the structure of the dermal compartment. However, it is worth noting that delayed
perfusion may not only affect surface fibroblasts, but also the fibroblasts encapsulated
within the scaffold. Therefore, ECM deposition by fibroblasts within the scaffold was

subsequently investigated.

4.1.2 Mechanotransduction stimulates ECM deposition and media feeding regime affects

the composition of ECM proteins in the matrix

The primary ECM proteins, collagen-l and collagen-Ill, analysed in Sections 3.3.1.1 and
3.3.1.2, appear to be greatly expressed within the dermal compartment after delayed
perfusion, based on immunofluorescence. Based on these results, it is assumed that the
disruption of unstirred layers in media after initial fibroblast growth in static conditions
improves ECM deposition; however it cannot be confirmed without quantitative analysis.

This observation is expected as dynamic culture stimulates collagen-producing cells, such as
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fibroblasts, to synthesise new collagen proteins and form their own ECM within the scaffold
space (110). The distribution of collagen-I and collagen-Ill within the scaffold is shown to be
well dispersed within the scaffold amidst the fibroblasts, therefore mimicking the continuous

ECM matrix found in vivo.

Dynamic flow of media, as incorporated in this study, can stimulate ECM production in the
dermal compartment through mechanotransduction. The presence of shear stress can
trigger either intracellular signalling pathways or gene transcription in cells. On the one hand,
intracellular signalling affects processes such as migration, proliferation, and differentiation;
while on the other hand, gene transcription can lead to the production of matrix
metalloproteinases (MMPs), their inhibitors (TIMPs), and ECM proteins themselves
(111,112). Due to the complexity of the response to shear stress, interplay between the two
may also occur. In the case of gene transcription, it was previously identified that dynamic
culture conditions led to changes in the genes of dermal fibroblasts associated with cell-cell
adhesion, ECM production, and ECM organisation; however, only less than 25% of the
genetic profile altered was specific to skin itself (113). Fibroblasts were also found to be
sensitive to mechanical stresses; studies have shown that shear stress, osmotic pressure, and
tension all induce effects on fibroblasts in terms of their structure and physiology (114-116).
Therefore, the increase in ECM deposition observed due to delayed perfusion may be the
result of changes in gene transcription caused by mechanotransduction, and increased

sensitivity. A summary of how shear stress affects cells is shown in Figure 29.
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Figure 29: Mechanotransduction in cells. External stresses can either cause changes in
intracellular signalling (1) or gene transcription (2). Interplay can also occur between (1)
and (2). The latter influences the production of ECM proteins, MMPs, and TIMPs. Adapted
from Pfenniger et al. (111).

When applying delayed perfusion, the media feeding regime within the bioreactor vessel
was also found to impact ECM deposition. Feeding regime is important to consider when
culturing cells, as it determines how nutrients are replenished within the 3D culture system.
In this paper, two approaches were investigated: media spiking and half media changes. The
former refers to the periodical addition of exogenous proteins into the culture medium,
while the latter refers to the replacement of half the volume of media in the system with
fresh complete medium. Both techniques enable exogenous growth factors in the system to
be replenished, as they may either deplete or degrade over time. The latter is a potential
issue when growing 3D skin models, as some exogenous growth factors may generate by-
products that have adverse effects on cells. In particular, there is a concern that the by-
products of AA (dehydro-ascorbate, oxalate, and threonate) may be detrimental (117).
Dehydro-ascorbate has been found to induce stress signalling in some cell types (118),
oxalate has cytotoxic properties (119), and threonate may impact cell signalling pathways

(120). However, the extent to which these by-products have an effect on fibroblast cultures
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have not been previously studied. By assuming this potential risk, it was predicted that half
media changes would be advantageous over media spiking as it partially accounts for the

removal of degraded growth factors.

However, there was no clear feeding regime that led to significant improvements on ECM
deposition, based on immunofluorescence analysis (Figure 13). Generally, a dermis with a
good distribution of both collagen-I and collagen-lll was formed in both feeding regime
conditions. Although the images show that the presence of collagen-Ill is greater with half
media changes, and the presence of collagen-I is greater with media spiking, this cannot be
validated without quantitative analysis such as Western Blot. If feeding regime did have an
effect on ECM composition, as shown by the immunofluorescence images, there could be
some biological implications caused by an increase or decrease in a certain type of ECM
protein. For example, studies on the relative levels of collagen-IIl have validated its relevance
for development and wound healing; its deficiency or absence can have adverse effects
(121,122). However, the mechanisms for this phenomenon are not clear. One plausible
reason may be due to differences in cell density between models, rather than the feeding
regime itself. In 2D culture, it has been reported that high density skin fibroblasts tend to
express a greater proportion of collagen-Ill to collagen-I (123); however, this is unexplored
in 3D culture. If a link were to be formed between cell density and the feeding regime in 3D,
half media changes supply fresh media that has thoroughly mixed exogenous growth factors,
while media spiking does not; this could lead to variances in growth factor uptake which is
necessary for proliferation. Further studies should quantitatively analyse the amount of each

ECM protein, through Western Blot, to clarify this observation.

4.1.3 Increasing shear stress changes the nuclear morphology of fibroblasts and may have

implications on cell morphology

The stirrer speed of the bioreactor was also shown to influence the development of the
dermal compartment, in particular, nuclear morphology of the fibroblasts. In H&E,
haematoxylin stains the nucleus of fibroblasts, and Figure 14 shows stark differences in
nuclear morphology based on perfusion speed; static and 100 rpm maintained fibroblasts’
elongated oval-shaped nuclear morphology while higher speeds caused fibroblasts to adopt
a rounder morphology. In most cases, changes in nuclear morphology can be attributed to
apoptosis, as nuclear degradation occurs early in apoptotic cells (124). However, as the
largest organelle in mammalian cells, nuclear morphology can also be affected by external

stresses which propagate from focal adhesions, through the cytoskeleton, and to the nucleus
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(125). Primarily, stresses have been observed to induce changes in nuclear reorganisation or
gene transcription (126). For fibroblasts, changes in gene transcription is significant as it can
be associated to nuclear deformation (127). However, the nucleus should not bear the full
extent of external stresses due to the presence of laminins which stabilise nuclear
morphology (128). Therefore, the nucleus should experience minor changes in morphology,
compared to the cell body itself. Further studies could investigate changes in the cell body
morphology by performing immunofluorescence analysis of vimentin, which is a
mesenchymal marker that strongly stains fibroblasts embedded in paraffin. The use of this
stain would be useful for observing changes in cell shape under stress and would be more

informative compared to analysing just the nucleus.

By investigating the effects of dynamic culture on the dermal compartment, it was identified
that the time-based implementation of perfusion in culture, media feeding regime, and
speed of media mixing were three parameters that need to be regulated during its
development. Firstly, delayed perfusion has been identified to be beneficial compared to
early perfusion and this is significant for future perfusion-based studies. However, the ideal
time of implementation was not identified in this study. Secondly, media feeding regime was
found to potentially affect ECM deposition but cannot be clarified based on qualitative
immunofluorescence observations alone. Lastly, a stirrer speed of 100 rpm was identified as
a suitable speed for maintaining a thick fibroblast layer for subsequent keratinocyte seeding;
despite this, it may not be the optimal speed as the range of speeds investigated were broad,

at 50 rpm increments.

4.2 Incorporation of fluid flow in full thickness models

Following the observations made on the dermal compartment, the impact of early and
delayed perfusion on the epidermal compartment of full thickness models was investigated.
In this case, perfusion was implemented at the start of the ALI culture or halfway through,
following 4 week static growth of the dermal compartment. As previous full thickness model
studies incorporated perfusion at the ALl, this was the most beneficial approach for

investigating changes in the epidermal compartment (100,103).

4.2.1 Early perfusion hinders the development of the epidermal compartment in full

thickness skin equivalents

The application of shear stress directly after cell seeding negatively impacted the

downstream development of an epidermal compartment. In previous observations with
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dermal compartments, early perfusion did not completely prevent the development of a
fibroblast cell layer, as it was still structurally observed, albeit thinner than in static. In the
case of epidermal compartment development, similar outcomes were observed, as day 7
histology showed a functional, but underdeveloped, epidermal layer (Figure 15D). The model
was functional as stratification can be observed, and the localisation of K10 and K14
corresponded with the epidermal layers in which their presence was expected (Figure 18D).
Previous studies have shown that K14-expressing keratinocytes appear only in the basal
layer, while K10-expressing keratinocytes are found across the bulk of the viable epidermis,
above the basal layer (7,52). Comparing the effect of early perfusion on dermal and
epidermal compartments, it is clear that early perfusion is detrimental, but not to a critical
extent. However, as the day 14 epidermis began to break apart and was not stratified (Figure
15H), it can be assumed that poor development due to early perfusion can lead to time-

based failure of an in vitro epidermal compartment.

It may be the case that initial adhesion of keratinocytes to the dermal compartment is also
affected due to dynamic culture, which leads to poor downstream development. However,
unlike the fibroblasts in dermal compartments, the keratinocytes in the epidermal
compartments are not in contact with the culture medium. Therefore, the poor development
of newly seeded keratinocytes cannot directly be associated with cell wash-out. The effect
of media mixing on keratinocytes is likely to be indirect through the fibroblasts themselves;
this phenomenon was previously mentioned in Section 1.4 as fibroblast and keratinocyte

cross-talk.

The in vitro attachment of keratinocytes is highly dependent on the fibroblast layer upon
which they are seeded. As mentioned previously, the fibroblast surface layer of the dermal
compartment must be structurally mature, with sufficient ECM deposition, to form a distinct
DEJ. Keratinocytes do not attach directly to the fibroblasts themselves, but rather to
laminins, which are connected to ECM proteins deposited by fibroblasts (129). The resulting
basement membrane between the epidermis and dermis not only connects the two layers,
but also plays a significant role in cell signalling. Therefore, ECM deposition is crucial to
keratinocyte attachment. Figure 30 below shows how keratinocytes attach to the dermal

compartment, with keratinocytes and fibroblasts both producing components of the DEJ.
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Figure 30: Schematic to show the attachments that occur at the dermal-epidermal
junction (DEJ). Hemidesmosome consists of plectin, integrin a6B4, BP230, and collagen-
XVII. The hemidesmosome attaches to laminin-5, which is connected to collagen-IV situated
above the dermis. Adapted from Tasanen et al (130).

The major protein of attachment at the DEJ is collagen-IV; however, some studies on
keratinocyte attachment have identified that the rate of attachment increases in the
presence of collagen-lI and fibronectin (131-133). The poor epidermal development
observed in this study may be caused by variations in ECM deposition stimulated by shear
stress. Although collagen-IV was not investigated in this study, the immunofluorescence
analysis of collagen-I and collagen-Ill showed that sufficient ECM deposition was occurring;
however, compositions cannot be clearly determined without quantitative analysis. As it was
ensured that all dermal compartments were grown similarly for all conditions (28 days static)
and ECM proteins were sufficiently identified, the ECM composition is not likely to be the

dominant reason for poor epidermal formation in early ALl perfused models.

Another hypothesis for the poor epidermal development could be due to the initial wetting
of the epidermal surface. Unlike the poor early perfusion results acquired in this study,
Striver et al. successfully generated a stratified epidermis despite perfusing at the start of
the ALl culture. The major difference which contributes to this is that Striiver et al. utilised
an enclosed perfusion platform with a specific orifice which ensured that only the bottom of

the model was able to come into contact with the media. Therefore, it was impossible for
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any media to spill outside of the enclosed platform and potentially wet the upper epidermal

surface (100).

When generating epidermal compartments, the ALl is essential, as the keratinocytes need to
be exposed to air on its surface. In humans, the epidermal surface is exposed to the
atmosphere, which consists of 21% oxygen. If keratinocytes are in culture with <21% oxygen
at its surface, the keratinocytes will experience limited growth and differentiation (134). If
keratinocytes are grown in submerged culture, the distribution of keratins produced become
imbalanced and subsequent growth does not lead to a stratified epidermal structure. It is
reported that over time, high molecular weight keratins are lost if no ALl is generated (135).
In this study, it was ensured that the top surface of the dermal compartment remained dry
and in contact with air, to ensure an effective ALl. However, through media stirring, it is
possible that media may spill onto the top surface. If perfusion is applied at the start of the
AL, the keratinocytes are at risk of becoming wet before they have stabilised to the ALI. This
would therefore reduce the rate of oxygen required by the keratinocytes and restrict initial

growth and differentiation.

Based on histology, the models generated in early perfused ALl conditions were thin and
unstratified; thus, it can be assumed that early ALl perfusion affects the proliferation and
differentiation of keratinocytes, respectively. Inmunofluorescence analysis confirmed that
keratinocyte proliferation was indeed scarce (Figure 17D,H), but early and mid-
differentiation patterns were still consistent of a functional epidermal compartment (Figure
18D). Assuming that the issue lies in keratinocyte and fibroblast cross-talk, it has been
reported that both proliferation and differentiation of an epidermal compartment highly
depends on the presence of fibroblasts. Keratinocyte proliferation is stimulated by certain
cytokines expressed by fibroblasts, such as pleiotrophin, stromal cell-derived factor 1, and
granulocyte-macrophage colony-stimulating factor (GM-CSF); these cytokines take part in
paracrine signalling processes which help regulate proliferation (136,137). As previously
mentioned, shear stress is a significant contributor to changes in gene expression within
fibroblasts. It may be that the low keratinocyte proliferation of early ALl perfused models is
attributed to the downregulation of certain cytokines in fibroblasts, the response of
undifferentiated keratinocytes to cytokine concentrations, or the upregulation of
proinflammatory cytokines causing a negative response (138). Likewise, keratinocyte
differentiation is also regulated by fibroblast-expressed cytokines, including GM-CSF which
has a double regulatory function (137). In literature, most co-cultures of fibroblasts and

keratinocytes develop a stratified epidermis, to varying extents, and only when fibroblasts
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are absent do significant changes occur. In this case, the morphology of keratinocytes
become irregular, distinct epidermal layers are not formed, and keratinocytes at different
stages of differentiation overlap with each other (139). Although exogenous growth factors
such as KGF are supplemented to all models in all conditions, the differences in epidermal
morphology, keratinocyte proliferation, and keratinocyte differentiation between models is
likely to be attributed to changes in cell signalling within the models. This can be tested
further by investigating changes in phosphorylation in keratinocytes, such as the ERK1/2
pathway (140).

In an attempt to understand whether stirrer speed also affected the failure of the epidermal
compartment in early perfused models, a lower stirrer speed was investigated. Figure 27
shows that regardless, if stirrer speed is halved during early ALl perfusion, the epidermal
compartment still does not undergo stratification; only a thin keratinocyte layer is formed.
As previously mentioned, this can occur due to accidental wetting of the epidermal surface
during ALI. Additionally, as it was observed that 50 rpm models remained intact above the
dermal compartment, while 100 rpm models showed detachment and dissociation, adhesion
is therefore a key issue to consider when implementing dynamic culture early in ALl and
increasing the stirrer speed. Poor adhesion may occur due to the effect of shear stress on
ECM protein deposition (such as collagen-l, collagen-IV, and fibronectin), which
keratinocytes rely on for adhesion. While it was expected that using an initial slower speed
and increasing it over time could also improve keratinocyte development, based on a
previous study (95), this was not the case. It is possible that the lower stirrer speed used in
this study (50 rpm) needed to be reduced further to <25 rpm, as Lei et al. utilised. However,
it was regarded that the very low speeds in Lei et al.’s rotary system were due to the design
and nature of the models grown in those systems; they were not reflective of full thickness
models grown in our novel magnetic stirrer-based bioreactor systems. To clearly
demonstrate that early perfusion completely fails to form a viable epidermal compartment,

regardless of stirrer speed, further studies should investigate stirrer speeds <50 rpm.

4.2.2 Improved epidermal thickness in delayed perfusion models may be influenced by

increased circulation of growth factors and the presence of mechanical stimuli

In previous literature, perfusion has generally been regarded to improve 3D in vitro skin
models, as it enables constant nutrient delivery to cells, similar to in vivo vasculature, and
introduces relevant forces and stresses, experienced in vivo, to otherwise static systems

(100). While this study identified that early perfusion to full thickness models was
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detrimental, delayed perfusion generated similar benefits to those reported in literature. It
can be assumed that stability of the basal epidermal layer needs to be established first before
perfusion can improve development. Our attempt to introduce fluid flow, disrupt unstirred
layers, and apply relevant forces to an existing model grown in static conditions (6) has strong

implications for future optimisation of these models.

The disruption of diffusion-limiting unstirred layers at the media-cell interface and
continuous exchange of nutrients and waste through media mixing, was hypothesised to
improve the structure and physiology of the full thickness models in this study. Through
delayed perfusion, these objectives were achieved, and this is reflected in an improved
epidermal compartment, observed during its standard 14 day development. Noticeably, a
thicker viable epidermis was observed in delayed perfused models at day 7 and day 14,
maintaining a stratified structure with distinct layers of different keratinocyte morphologies
(Figure 15C,G). Moreover, basal keratinocytes had greater organisation and were vertically
aligned. The thicker viable epidermis observed with delayed perfusion reflects the
observations by Sriram et al. and Mori et al. when perfusing in vitro full thickness models
(102,103). Naturally, the development of the epidermal compartment relies on several
factors such as the ALI (58), growth factors supplemented, stresses applied, and the setup of
the in vitro system. In this study, it was hypothesised that the improvement in epidermal
compartment caused by delayed perfusion can be attributed to two of these factors: an
increase in growth factor circulation and uptake, and generation of stresses. In the first case,
perfusion enables growth factors required by the keratinocytes to be efficiently circulated,
thus improving uptake and cell accessibility; this is in conjunction with improved flow due to

disruption of unstirred layers.

Three exogenous molecules were supplemented in this study: KGF, calcium chloride, and AA.
Firstly, KGF is reported to induce hyperproliferation, regulate keratinocyte migration from
the basal layer up to the stratum corneum, and influence the rate of differentiation (64,141).
Increased circulation of this growth factor would likely encourage more cells to proliferate in
the basal layer and increase turnover of keratinocyte migration across layers; this would have
a greater impact on thickening the viable epidermis, rather than increasing terminal
differentiation. Secondly, calcium chloride is supplemented at a higher concentration during
ALl culture to stimulate a ‘calcium switch,” which reportedly turns on calcium-dependent
genes and increases expression of keratinocyte differentiation markers such as K1, K10, and
K16 (142). Perfusing the skin model would ensure that most keratinocytes in the basal layer

can undergo calcium-driven early and mid-differentiation; this can contribute to epidermal
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thickness by forming more distinct layers of keratinocytes with specific morphologies, as they
migrate. Lastly, AA is a growth factor that can influence both fibroblast and keratinocyte
behaviour. In literature, the addition of AA can influence basal keratinocytes to undergo
reorganisation, influence fibroblasts to stimulate ECM proteins such as collagen-l and
collagen-lll, and improve the stability of the DEJ (143). Additionally, AA acts as an antioxidant
and has been reported to counter the upregulation of reactive oxygen species (ROS) levels
in cells, as a response to shear stress (144). Increased circulation of AA would therefore
contribute to stabilising the full thickness model as a whole and facilitate improved
development. While the exogenous molecules supplied may influence the morphology and
physiology of the epidermal compartment, it is also worth noting that the fibroblasts will

secrete additional factors that may contribute to observable changes.

In the second case, improved epidermal compartment development is attributed to the
generation of stresses in dynamic culture, similar to in vivo conditions. Mechanical forces
play a large role in tissue maintenance in vivo, at a cellular level, and if stresses are absent,
the model will not be representative of in vivo conditions; forces can be linked to changes in
cell morphology, behaviour, and gene expression (145). Due to the need to create reliable
tissue mimics, different types of bioreactors are utilised in literature to incorporate and
control shear stress into models (146,147). In a recent study, it has been identified that the
thickening of the epidermal layer in full thickness skin models is attributed to dynamic
culture’s ability to regulate expression of MMPs and TIMPs, which in turn affects the ECM
composition and stability in the dermal compartment (145). As previously established, any
changes to the dermal compartment can impact the epidermal compartment due to changes
in cell-ECM interactions and keratinocyte-fibroblast cross talk. From this perspective, it is to
be expected that perfusion would improve the thickness of viable epidermis in full thickness
models, since they can benefit from the presence of mechanical stimuli unlike static

conditions.

4.2.3 Perfusion can speed up the maturity of the full thickness model, through changes in

proliferation and early/mid differentiation

The improved thickness of viable epidermis in our late perfused full thickness skin models
from day 7 to day 14 asserts the significance of dynamic culture on proliferation and
differentiation during model development. This was to be expected based on previous
perfusion studies of full thickness models, which all displayed changes in both physiological

processes (100-103). Multiple immunofluorescence analyses were performed to investigate
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further. In this study, changes in proliferation, early/mid differentiation, and terminal

differentiation were analysed.

Proliferation was observed using Ki-67, which stained positive for proliferating cells in the
basal layer of the epidermal compartment. While proliferation has previously been analysed
in static Alvetex® Scaffold-grown models, analysing the proliferation of keratinocytes in
Alvetex® grown models in perfused conditions is novel for this study. During the
development of the full thickness models, static models showed increasing proliferation
from day 7 to day 14 of ALl culture (Figure 17A,E, I). This is to be expected, as human skin
equivalents tend to be hyperproliferative compared to in vivo conditions (148). Quantitative
analysis of Ki67 in this study showed that proliferation in the basal layer increased from ~27%
to ~38%, which is in excess of the proliferation observed in vivo (~10-12%) (149). Additionally,
increased proliferation is expected as human skin equivalents are generally physiologically
stable at 7 to 14 days (148). A study conducted by Schimek et al. found that the proliferation

of basal keratinocytes in static models was highest between day 10 and 17 (150).

However, it was identified that increasing media volume and incorporating delayed
perfusion caused a decline in proliferation rate from day 7 to day 14 (Figure 17B,C,F,G,l). At
day 14, both conditions had a proliferation rate <20%. Despite this, it does not mean that
proliferation is negatively affected, as day 7 static bioreactor models and day 7 delayed
perfused models both had an excessive proliferation rate compared to static (~55% for static
bioreactor models and ~70% for delayed perfused models). This implies that increasing
media volume and incorporating perfusion increases the rate of hyperproliferation and
speeds up epidermal development, but proliferative activity is reduced >1 week. Previously,
it has been reported that keratinocytes generally proliferated better in the presence of
dynamic culture (105), which is representative of day 7 delayed perfused models, but there
is no literature which demonstrates a drop in proliferation after a period of
hyperproliferation. Glaum et al. conducted a study which investigated time-based changes
in the proliferation of keratinocytes during dynamic culture and identified minimal changes
from day 7 to day 14, which is contradictory to the results of this study; however, they
discussed that if the purpose of skin equivalents is to stimulate and maintain differentiation,
proliferation should theoretically drop over time (151). Therefore, it is feasible to believe
that perfusion causes hyperproliferation in the first week of culture, which speeds up early

development.

98



Upon analysing differentiation markers, perfusion was found to have a greater influence on
early and mid-differentiation at day 14, rather than on proliferation. K10 and K14 were used
to mark early/mid differentiation as they were commonly used in prior studies which analyse
in vitro full thickness models (7,52,152). In this study, | observed K14 structural protein in
proliferating keratinocytes within the basal layer and K10 found in migrating cells which are
inhibited from further proliferation (153). The previous studies mentioned above provided
insight into the localisation of these biomarkers and were used as a reference to determine
whether the epidermal compartments formed in this study were physiologically viable. It
was identified in this study that the localisation of these biomarkers in both static conditions
and the delayed perfused condition were as expected; however, delayed perfusion led to
localisation of K14 beyond the basal layer (Figure 18C,G). In this case, broader K14
localisation may be the result of hyperproliferation of basal keratinocytes triggered by
mechanotransduction (154). As the keratinocytes above the basal layer still produce K14
filaments, this means that the keratinocytes are likely constrained to early differentiation
(155). Since K14 is expressed beyond the basal layer in delayed perfused models, it means

that a greater proportion of keratinocytes are yet to inhibit proliferation and express K10.

In terms of terminal differentiation, perfusion did not seem to have a considerable effect.
The thickness of the filaggrin band in the delayed perfused model remained similar at day 7
and day 14 and did not have noticeable change compared to static models. Changes in
filaggrin expression due to perfusion are unclear in literature. In some cases, filaggrin is
upregulated (100), and in others, there is no comparable difference to static (102); the latter
being comparable to this study’s findings. However, other terminal differentiation
biomarkers such as involucrin are consistently upregulated in most perfusion studies
(100,102). Therefore, as a more accurate representation of terminal differentiation, other

biomarkers such as involucrin should be investigated.

4.2.4 Longevity of full thickness models is not improved post-21 days

As perfusion influenced the development of Alvetex® Scaffold full thickness skin models, it
was expected that it would also affect long term maintenance of the models. The optimal
duration for in vitro skin model development is assumed to be 7 to 14 days, as the epidermal
compartment undergoes continuous proliferation and differentiation for the first two weeks
(148). Models cultured beyond two weeks may exhibit a loss in viability and structure as skin
models are typically generated for short term maintenance; extended culture may result in

a halt in proliferation or a loss of fully differentiated cells in the stratum corneum (156,157).
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A previous study on Alvetex® Scaffold models found that the epidermal compartment
thickened from day 7 to day 21, which confirms the typical assertion of short term
maintenance. However, it was identified that at day 28, the viable epidermis was
considerably reduced, therefore suggesting that the models begin losing viability post-21
days (7). Like the aforementioned paper, the current study also investigates day 21 and day

28 models, but with the inclusion of perfusion.

Similar to the results of Roger et al, the Alvetex® Scaffold full thickness skin models were
considerably thick in both static and perfused conditions during day 21 but became thinner
at day 28 (Figure 21). The phenomenon of epidermal thinning of the models at day 28 shows
that perfusion does not improve the longevity of the full thickness models developed.
Regardless of culture conditions, a loss in epidermal thickness is observed, therefore
confirming that current models can only be used for short term studies. As previously
mentioned, this can be caused by a decrease in proliferation within the basal layer, or a loss

of cells.

Further analysis on the day 28 models implies that perfusion may even be detrimental for
long term maintenance. Firstly, the Ki67 immunofluorescence analysis for day 28 perfused
models shows scarce proliferation in the basal layer (Figure 23F). Secondly, the K10/K14
immunofluorescence analysis shows weaker expression of early and mid-differentiation
markers (Figure 24F). Lastly, the filaggrin immunofluorescence analysis does not show a clear
filaggrin band (Figure 25F). The trends observed shows that perfusion builds on the argument
that proliferation is reduced and differentiated cells are lost in long term models; it does not

alleviate it.

Despite this, the thickness of viable epidermis in the perfused model was found to be 50%
thicker than their static counterparts (Figure 22). As the epidermal compartment remains
thick at day 21, it can be assumed that the models are still developing at this stage, regardless
of culture conditions. As delayed perfusion was found to have a beneficial effect on the
development of full thickness models at day 7 and day 14, it would be reasonable to assume
that the same principles would apply for day 21 models. Only when the models begin to lose

viability, do the negative effects of perfusion become clearer.
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4.2.5 Perfusion impairs barrier function during the development and long term

maintenance of full thickness models

Based on histology and immunofluorescence, it was identified that perfusion had an effect
on the structure and function of full thickness models. Therefore, it is inevitable that it would
also have an effect on skin function. For full thickness skin models, barrier function is
commonly observed, using a variety of approaches such as transepithelial electrical
resistance (TEER) (152), permeation assays (158), and TEWL (159). In this study, barrier
function was investigated by measuring TEWL. It was understood that an epidermal
compartment had good barrier function if TEWL, which is the volume of water that passively

evaporates through skin, was minimised (160).

As shown in Figure 20, TEWL decreased in all conditions from day 7 to day 14; therefore,
barrier function improves over time. This occurs due to an increased turnover of
keratinocytes in longer cultures, which leads to an increase in keratohyalin granules being
produced in the stratum granulosum, and a denser stratum corneum; both are major
influences to barrier function (161). On the one hand, keratohyalin granules form a barrier
within the epidermis by being water insoluble and cross-linking keratins (162); while on the
other hand, corneocytes in the stratum corneum are surrounded by a lipid layer that acts as
a barrier on the surface of skin (163). Although the stratum corneum can be observed
through histology, it is hard to measure and compare, unlike the viable epidermis, as it
dissociates during the processing of these models. Therefore, it cannot be a clear indicator
in this study to explain the development of barrier function. However, a previous study has
managed to quantify the thickness of the stratum corneum and found it increased over time

(159).

Perfusion was shown to influence TEWL negatively during full thickness model development,
as early and delayed perfused models had a higher TEWL value than both static controls
(Figure 20). In the case of early perfusion, this was to be expected as the histology for day 7
showed a thinner epidermal compartment (Figure 15D) and day 14 showed a broken
epidermal compartment (Figure 15H). Therefore, it was reasonable to assume that water
permeability would increase in this condition. However, high TEWL was not expected for
delayed perfusion as it generated the thickest epidermal compartment at both day 7 and day
14 (Figure 15C,G). Fortunately, the TEWL was considerably lower than early perfused models.
Based on these observations, it is assumed that perfusion reduces barrier function. It is likely

that the shear stress from mixing media is the cause for impairing barrier function and,
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although it is flow rate dependent, it has previously been attributed to increasing surface

hydration, which is proportional to TEWL (164).

The TEWL was also observed for longer term cultures at day 21 and day 28, as shown in
Figure 26. The TEWL for both static controls and delayed perfusion at day 21 had no
noticeable difference, which shows that all conditions had a good barrier function between
10-20 g/m?/h. This is representative of the thick viable epidermis observed in all conditions
(Figure 21A-C). However, the perfused model had a significantly increased TEWL compared
to other conditions at day 28 (Figure 21F). As the models have thinner viable epidermis at
day 28, it is expected that all models would have a poorer barrier function. However, the
sharp increase in TEWL caused by perfusion implies that shear stress amplifies the drop in
function. As day 28 delayed perfused models had poor proliferation, significantly weaker
K10/K14 expression based on fluorescence, and an unclear filaggrin band, the drop in barrier

function can be attributed to poorer physiology.

In hindsight, TEWL is not the only indicator of barrier function in this study, as the expression
of filaggrin can also be used. Filaggrin is usually expressed in the stratum corneum and is
known to be correlated with good barrier function. It is reported that its degradation
products enable the stratum corneum to become more acidic which aid in protecting against
irritants (165). Additionally, Scharschmidt et al. found that filaggrin deficiency was linked to
increased permeability (166). However, in this study, the filaggrin layer mostly remained
consistent, and only barrier to liquid was observed. Therefore, analysis on filaggrin in terms
of barrier function is limited in this study. Instead, barrier function can be observed through
the continuous permeation of dyes such as lucifer yellow and X-Gal across the upper

epidermis (167).

4.3 The bioreactor system directs flow of media towards the base of the full

thickness model and stirrer speed affects shear stress and flow rate

Based on the analyses of dermal and full thickness models, perfusion influenced multiple
aspects of their development and maintenance, from structure and morphology to function.
However, analyses of models alone did not provide insight on how the implementation of
dynamic culture in this study was effective. Therefore, analysis of the system was conducted
from the following perspectives: direction of flow, velocity, flow rate, and shear stress.
Understanding these aspects provided insight into how media is circulated into these models

and how the system compares to other models.
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The cross section of the bioreactor vessel at the ALl was analysed using direction vectors and
velocity gradients (Figure 28). It was identified that the circulation of fluid flow maintained a
similar pattern, regardless of stirrer speed, with media being drawn outwards and inwards
from the base of the vessel, and subsequently upwards and inwards towards the base of the
full thickness model. This pattern asserts why perfusion would have a significant effect on
the models as media is constantly being drawn towards the model. Therefore, it is feasible
that the exogenous growth factors supplied and the nutrients in the media are continuously
being supplied to cells and waste products are being removed. While this circulation pattern
is beneficial, it also raises the issue of shear stress. When increasing the stirrer speed, it is
shown that the velocity within the system increases; therefore, shear stress should also
increase due to a positive correlation (168). A balance must be maintained between stirrer
speed and shear stress. In our study, 100 rpm was beneficial to models after delayed
incorporation, showing a good compromise of incorporating dynamic culture at a suitable

speed.

To further analyse how the bioreactor system affects the model, fluid mechanic simulations
focusing on the base of the model were conducted, as this is the interface where the fluid
and cells meet. It was identified that as stirrer speed was increased, both shear stress (Table
5) and flow rate increased (Table 6). Since the fluid only came into contact with the dermal
compartment, fibroblasts were most affected by shear stress. Previous studies have been
conducted on the effects of shear stress on dermal fibroblasts. Yankaskas et al. found that a
shear stress of 0.5 dyne/cm? was sufficient to influence fibroblast migration (169), while
Mackley et al. found that 0.1 dyne/cm? was sufficient to cause changes in ECM deposition
(170). Additionally, Shi et al. found that a-sma, a marker of tissue damage, was upregulated
by double in fibroblasts after applying a shear stress of 8 dyne/cm? (171). This would be
expected as 8 dyne is comparable to the lower end of approximate shear stress within an
artery (172). Based on these comparative studies, shear stress should ideally be <1 dyne/cm?.
The shear stresses acquired in the current study from 0-200 rpm are generally low, compared
to the studies outlined above, which means that there should not be a significant effect on
fibroblasts. The ranges observed are more likely to affect keratinocytes as it was previously
reported that 0.06 dyne/cm? could cause changes in keratinocyte morphology and
organisation. However, only the dermal compartment was in contact with fluid flow, so if a
shear stress was to be imposed indirectly, the overall stress for keratinocytes would be
significantly lower than 0.06 dyne/cm?. It is worth noting that previous studies on fibroblasts

were short term studies, while ours involved perfusion over a longer duration of time (=1
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week). Therefore, it is assumed that the lower overall stress over a longer period of time can

generate effects similar to higher shear stresses in a short duration of time.

Alongside shear stress, flow rate at the interface also increased as stirrer speed increased
(Table 6). However, while flow rate studies are available for comparison, it is difficult to make
a direct comparison due to the nature of the bioreactor system used. Most flow studies
relating to perfusion of skin models occur in microfluidic systems in which media flows
through a constrained space bound by specific parameters, and direction of flow is
determined (100,102). In this system, the media is mixed in a large open space within the
vessel and there is no flow rate that can be controlled. While the measurements in Table 6
are beneficial for understanding the relationship of flow rate, shear stress, and velocity,

shear stress is the best indicator for comparative study.

4.4 Future directions

In general, this study identified that the disruption of unstirred layers caused by perfusion
can have a significant effect on both dermal and full thickness models, after an initial period
of growth in static conditions. Through histology, improvements in epidermal and dermal
compartments were observed in terms of cell nuclear morphology, thicknesses, and
compartment structure. Additionally, through immunofluorescence analysis, changes in
physiology were observed in terms of ECM deposition, proliferation, and various stages of
differentiation. Lastly, through TEWL measurements, changes in barrier function was
observed. Although clear observations can be identified, there are several limitations to this

study which can be addressed in future studies.

Firstly, in terms of model development, there is high variability that can occur for each
replicate due to the process of developing full thickness models over a long duration of time.
As all models are manually generated, there are several issues that can be encountered
which will lead to variability. Primarily, during the ALl stage, accidental wetting can occur
which can influence the development of a stratified epidermal compartment. The dryness of
the surface plays a large role in downstream development and can be influenced by the
mixing of media in the bioreactor vessel or user handling. Another problem pertaining to the
models is that the epidermal surface of the full thickness models can be affected by the
processing technique. A major consequence of this is the loss of stratum corneum in models,

which begins to dissociate and prevents accurate measurements to be taken. As it is
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unavoidable to eliminate the risk of handling issues during long term cultures, a greater

sample size would help improve the comparability of the models.

Secondly, the expression of ECM deposition, proliferation, and differentiation markers were
only qualitatively analysed using immunofluorescence. Conclusions relating to expression
were drawn from the intensities of stains, which can be influenced by varying factors such as
photobleaching, autofluorescence and non-specific fluorescence (173). In the case of dermal
compartments, autofluorescence of the Alvetex® Scaffold is a noticeable issue, which can be
problematic if staining is weak relative to it. To improve conclusions pertaining to biomarker
expression, quantitative analysis should be undertaken in future studies. The most common
technique used to quantify protein expression is Western Blotting, which is a semi-
guantitative technique which enables specific proteins to be isolated and identified based on
molecular weight, and its abundance compared against a control via band thicknesses (174).
Comparing band thicknesses for each protein would provide greater insight on changes in
protein levels between conditions; while it does not give absolute measurements, it provides

more than the identification of presence and localisation using immunofluorescence.

Thirdly, other biomarkers can be observed to further investigate the effect of disrupting
unstirred layers via perfusion on physiology. For dermal models, fibroblast morphology and
response to damage can be observed using the biomarkers vimentin and alpha smooth
muscle actin (a-sma), respectively. Both of these markers have been used to observe
changes in fibroblast morphology and also identify the number of fibroblasts present within
a dermal compartment (175,176). For full thickness models, DEJ integrity can be observed
using the biomarker integrin-a6, which indicate the attachment of keratinocytes to ECM
proteins, and tight junction formation (7). This would aid in further understanding why early
perfusion prevents poor growth of fibroblast and keratinocyte layers via changes in
adhesion. Other proteins that can be observed include other terminal differentiation

biomarkers such as loricrin and involucrin.

Lastly, future studies can investigate further optimisation of the perfusion conditions in this
study. Improvements can be made on the parameters already utilised, such as stirrer speed
and culture duration. Further research can be more specific, such as investigating a greater
range of stirrer speeds and understanding the precise duration in culture when perfusion
should be implemented. Additionally, changes in skin model development caused by

switching between static and perfused, as a control mechanism, can be investigated. It may
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be the case that thickness, and integrity of the models can be controlled by changing culture

conditions multiple times during culture.

By successfully optimising these models, it is possible to use them for long term applications
which many different skin models aim to tackle. A prominent application would be chronic
skin condition studies, such as the investigation of skin irritation and relative inflammation
(177). Alternatively, the optimised models would be beneficial for commercial research, in
identifying the long term effects of different cosmetic formulations (178). By acknowledging
these potential research fields, it is clear that the future directions for these models are

significant.
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Chapter 5: Conclusion

In this study, it was successfully determined that the disruption of unstirred layers in vitro
influences the development and maintenance of both dermal models and full thickness
models. While an abundance of literature reports that dynamic culture generally improves
the structure, physiology, and function of skin models, the results acquired indicate that
timing of perfusion, introduced through dynamic culture, is crucial for model development.
On the one hand, introducing perfusion at the beginning of model culture hinders the
maturation of the dermal compartment and prevents stratification of the epidermal
compartment. On the other hand, delayed perfusion improves the thickness of the fibroblast
surface layer and ECM deposition in the dermal compartment , as well as the thickness of
viable epidermis in the epidermal compartment. It was established that dermal models and
full thickness models should be grown in static for a period of time before transferring to
dynamic culture, to aid initial cell adhesion and the formation of an epidermis which acts as
a foundation for downstream proliferation and differentiation. Whilst delayed perfusion
improved structure and physiology, through improved nutrient diffusion resulting from the
disruption of unstirred layers, it was surprisingly found that delayed perfusion did not

improve the barrier function.

Additionally, for full thickness models, it was identified that perfusion does not improve
longevity. Full thickness models grew well from day 7 to day 21 in both static and perfused
conditions, with the latter showing increased proliferation and potentially greater
differentiation until day 21. However, perfusion did not improve the morphology of more
mature models cultured for 28 days at the air-liquid interface. This suggests that the models

still require further optimisation for large-scale long-term applications.

Lastly, within the scope of this study, an attempt was made to optimise parameters which
could improve development of models in a dynamic culture system. While shear stress is
necessary for mimicking in vivo conditions, stirrer speed should be minimised, as our fluid
mechanics simulations show an exponential increase of shear stress with increasing speed.
This will directly or indirectly impact the development of both the dermal compartment and
epidermal compartment, respectively. Through histology, stirrer speed was shown to change
the nuclear morphology of fibroblasts in the dermal compartment and prevent stratification

of the epidermal compartment.

In summary, our attempt to disrupt unstirred layers through the use of a magnetic stirrer-

based bioreactor introduces the issue of perfusing skin models too early, and affirms similar
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improvements found in other bioreactor systems when a culture shift from static to dynamic
is delayed. The result of this study lays the groundwork for future studies in optimising the
incorporation of perfusion, from its time-based introduction to the stirrer speed applied.
Scholars may be interested in determining the best balance between the disruption of
unstirred layers, to maximise nutrient delivery, and shear stress, which can be detrimental
to cells at high levels. Additionally, other parameters can be optimised alongside dynamic
culture, such as the design of the bioreactor and the exogenous growth factors supplied in
the system. By addressing these potential solutions, in vitro full thickness skin models can be
brought forward for long term experimental studies, beneficial for clinical and commercial

purposes.
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