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ABSTRACT

The fabrication of a laboratory derived skin substitute that promotes epidermal and dermal
elements are alternatives that are becoming more widely studied in the field of tissue
engineering. Areas of particular interest include significant tissue injuries where skin
autograft paucity and donor sites are of concern. The introduction of these products has

the potential to reduce the number of surgeries, pain, and scarring for patients with large
Total Body Surface Area (TBSA) skin wounds, such as extensive, deep burns. The changes
in burn care over the last two decades has seen the percentage of survival burn increase,
requiring the need to seek alternative tissue sources. With this in mind, a two stage strategy

has been developed to assist with this challenge.

The first stage, a biodegradable temporising matrix (BTM) was developed to temporise
the wound, followed by the second stage of definitive wound coverage with a laboratory
fabricated skin composite, composite cultured skin (CCS). The CCS has been used in pilot
animal studies in small wounds (8cm x 8cm) -2, but the concern with large burns is small
pieces may leave a patchwork quilt appearance. The primary aim of this thesis is to reduce
the need for skin autograft by upscaling the CCS using a bespoke bioreactor system to
enable the production of large pieces (25cm x 25cm) for the use in extensive full-thickness

burn patients.

To assess the CCS, optimisation methods investigating culture techniques to refine and
reduce the use of animal products for clinical use were employed. The development of

a novel bioreactor was concurrently designed to fabricate large pieces 25cm x 25¢m and
tested in animal model which led to the first use of this polyurethane derived composite in
man, enabling a long-term follow-up of this patient. Further investigations were warranted
to overcome pore size of this polymer in later iterations of this dermal template and a hybrid
collagen/polyurethane were designed and tested with in vitro and in vivo results showing
the potential of a combinational product to overcome the inherent collagen contraction and

polyurethane pore size.

This thesis provides a translational clinical research story from bench to bedside, it shows
the clinical challenges and provides insights into the fabrication of biopolymers for the

construction of skin substitutes and their potential use in full-thickness extensive wounds.

Vil



CHAPTER 1:
Introduction and Review
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1.1 Thesis Overview

Surviving significant burn injury is, inevitably, life-changing. The trauma of extensive skin
loss (wounding) and the outcomes subsequent on treatment and healing, are emotionally
and physically scarring for life. Although burn injury of such extent is relatively uncommon
globally, the socioeconomic impact and burden on healthcare systems and economies is
significant. As burn size increases, the area of available uninjured skin decreases, and

tissue engineered solutions are desirable if survival is to be functionally and aesthetically

acceptable in the long-term.

This thesis explores the development of an autologous skin substitute utilising a novel
polyurethane scaffold, and its subsequent expansion to clinical applicability using a
bespoke bioreactor system, with the overarching aim of translating concept to clinical
practice (Figure 1.0). Chapter 1 discusses the anatomy of skin to appreciate its native
structure and multiple functions, followed by the mechanisms of wound healing to convey
the complex issues presented by large wounds. A brief historical background follows to
describe milestones in the field of skin tissue engineering with reference to burn injury
management. Concluding this chapter is a published review paper, which summarises the
challenges of major burn injury and the issues facing skin substitute development (Frontiers
of Surgery). Chapter 2 consists of a second manuscript, published in Journal of Burn Care
and Research which describes the ‘scale-up’ issues inherent in using an in-house designed
bioreactor for the composite cultured skin (CCS) growth in a porcine model. The autologous
CCSs fabricated were 24.5cm x 24.5cm and were transplanted successfully on the flanks

of three pigs. In Chapter 3, this technology progresses from bench to bedside in a world
first, when it was used clinically to save life, and provide independent living outcomes, for
a patient who suffered 95% full-thickness burns. The results were published in the Burns
Open journal in 2020. Chapters 4 and 5 describes unpublished data expanding on the
optimisation of the CCS culturing parameters and culture protocols to refine and produce a
more reliable CCS for patient use. Within Chapter 5, alternative methods for skin substitute
fabrication were explored, collaborating with an internationally acknowledged expert, with
long experience of producing engineered skins, to fabricate and trial a hybrid biopolymer

scaffold for evaluation, in vitro and in vivo, in a porcine model. Chapter 6 describes the



results of the in vivo biopolymer scaffold study in a manuscript submitted to the journal,
Wound Repair and Regeneration. Chapter 7 is an unpublished chapter that examines the
refined polyurethane established in Chapter 5 and tests the layer-by-layer CCS approach in
the bioreactor and an ISO 7 environment. This process is in preparation for clinical use, to
identify the workflow and success of this scaled-up model. Chapter 8 concludes the thesis
narrative and presents results from the long-term follow-up of the burn survivor patient
treated with CCS from Chapter 3, published in Burns Open 2022. Chapter 9 is the overall
discussion and provides a general summary elucidating new events not published in the
presented paper discussions. It will suggest potential future directions of this project in the
prospective development of engineered skin that may restore wounded tissue to the normal

anatomy and physiology of uninjured human skin.

R Thesis Overview
Challenges of clinical translation

Scale-up

Bioreactor Large

CCS - Porcine

Model
CCS-ISO7
environment

=2\ Clinical Patient —
First CCS in
¥ Human

Culturing
optimisation \ kN

\{‘ . ® 4

Long-term
patient follow-up =% In vitro

THE UNIVERSITY

+ADELAIDE

Figure 1.0. Schematic of thesis overview and related chapters.
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1.2 The Structure and Function of Skin

Skin is a remarkably complex organ that provides a physical interface between body’s
internal and external environments. The skin has two defined layers, the epidermis and the
dermis; both have distinctive (yet integrated) roles based on their structural constituents
(Figure 1.1). The epidermis (an ectodermal derivative consisting predominantly of cells)
comprises keratinocyte layers of varying maturity and morphology. From deep to superficial
- stratum basale, stratum spinosum, stratum granulosum and stratum corneum represent
the life cycle of the keratinocyte (Figure 1.2). These layers are renewed by proliferation,
differentiation and final keratinisation of keratinocyte stem cells located within the stratum
basale and the epidermal adnexal structures, renewing on average every 40 days @. The
glabrous skin on the palms and soles of the feet has a thicker epidermis and an additional
layer, the stratum lucidum, located between the stratum granulosum and the stratum

corncum.

The stratum basale is the deepest layer, with a columnar shape and mitotically active cell
population ®. The keratinocytes of the stratum basale and overlying stratum spinosum
produce several varieties of structural proteins, keratins. The basal keratinocytes express
keratins 5 and 14, whereas the suprabasal spinous cells synthesise keratins K1 and K10
(Figure 1.2) ©®. The basal keratinocytes reside at the dermal-epidermal junction (DEJ)
connecting the collagenous extracellular matrix (ECM) of the papillary dermis known as the

basement membrane zone (Figure 1.3).



Papillary Dermal Plexus
Sebaceous Gland

Sweat Glands Epidermis

i,:i
| &

Dermis

Hypodermis

Arrector Pili Muscle

Hair Follicle Sensory Nerve

Reticular Dermal Plexus

Figure 1.1. The structure of human skin. The skin comprises two main layers, the
epidermis and dermis. The epidermis is divided into sublayers each with unique structures
and functions. The dermis is a matrix consisting of loose connective tissue primarily

of collagen and elastin fibres with blood and lymph vessels, nerves and contains the
penetrating epidermal appendages: hair follicles, sebaceous and sweat glands.

[llustration generated in paint.net by K.Stefani.
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Tactile Cell Melanocyte Dendritic Cell
(Merkel Cell)

K1/10 K5/14

Stratum
Corneum

Stratum
Granulosum

Stratum
Spinosum

Stratum
Basale

Figure 1.2. Epidermal skin layers and associated cell types. Basal keratinocytes express
K14 and the suprabasal layers K10. Other cell types include the pigment-producing
melanocytes, Dendritic langerhans cells, Merkel cells with associated nerve fibres and

the extracellular matrix dermal collagen-producing fibroblasts. The basement membrane
structure shows the link between the epidermal and dermal layer. Illustration generated in
paint.net by K.Stefani.

The stratum granulosum is a thin 2-3 cell layer of irregularly shaped granular cells
(containing keratohyalin granules) that have migrated from the underlying stratum

spinosum, a 3-4 cell layer connected by multiple intercellular desmosomal junctions.

The outermost cornified layer, the stratum corneum consists of anucleated keratin-filled
squamous cells (corneocytes). These keratin filaments and proteins are cross-linked tight
bundles that form the cornified envelope of the corneocyte and gives it its flattened shape.
Other structural proteins are subsequently cross-linked by transglutaminase reinforcing the
cornified envelope. These compact flattened cells are cemented together in a ‘bricks and

mortar’ model ©. Corneocytes (bricks) are surrounded in a protective extracellular lipid-

Click to go back to Table of Contents 6



matrix (mortar). This complex structure aids in the barrier function of skin providing a
physical barrier to water loss and prevents external insults from exogenous chemicals or
pathogens . The corneocytes are linked to adjacent cells via corneodesmosomes, (modified
desmosomes) and with final keratinisation these are degraded by proteases with cell

exfoliation at the skin surface ®.

The junction between the ectodermally-derived epidermis and the mesodermally-derived
dermis is structurally weak (representing an embryological cleavage plane). A specialised
structure, the basement membrane, exists to assist in strengthening this junction. The
basement membrane is comprised of two main layers — a superficial lamina lucida, and a
deep lamina densa, firmly adhered via complex interconnecting adhesions. The lamina densa
is the site of most of the structural protein, Collagen I'V. Keratin filaments from the basal
keratinocytes anchor the hemidesmosomes to the lamina lucida with anchoring filaments to
the lamina densa. Anchoring fibrils of collagen VII then extend to adhere to the papillary
dermis (Figure 1.3) ©. The debilitating blistering diseases, Epidermolysis Bullosa, result
from alterations in the genes specific for a6p4 integrin, laminin 332 and collagen VII,

thus exploiting the weakness of the embryological cleavage plane and allowing ‘shear’

at the dermo-epidermal junction, with interlayer fluid accumulation, blistering and

epidermal loss (9.
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Figure 1.3. Skin microstructure (a) schematic overview of skin layers (b) showing
the basement membrane structure with the lamina lucida and lamina densa at the
molecular level. Illustration generated in paint.net by K.Stefani.

Other cell types exist within the epidermis. Melanocytes are pigment-producing cells
derived from the neural crest. They produce melanin in two forms (in humans) — black/
brown eumelanin, and red/yellow phaeomelanin '". Melanosome organelles within
melanocytes transfer melanin into keratinocytes, forming an epidermal melanin unit, which
forms a superficial cap over the nucleus of the stratum basale keratinocyte. The melanin
protects the DNA in the nuclei of the potent stratum basale cells from DNA damage caused
by ultraviolet ionising radiation by reflection and absorption. Langerhans cells (bone
marrow-derived antigen-presenting immune cells), are tissue macrophages which reside
predominantly in the stratum spinosum. They phagocytose foreign material and present
derived antigens on their surface to initiate an immune response. Merkel cells are scattered
among the epidermis, they are thought to be neuroendocrine derived and have a structure

suggesting a mechanoreceptor function 2.
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The dermis derived from mesoderm and is predominantly a molecular structure. The main
cell type in the dermis is the fibroblast, a collagen-producing cell that deposits extracellular
matrix components that proffer suppleness, flexibility, and tensile strength to the skin as

a whole. The dermis can be up to twenty times the thickness of the epidermis (location
dependent) and is divided into a superficial, loosely-arranged, papillary layer and a deep,
denser, reticular layer. Although these layers are indistinct histologically, they differ in
fibroblast density and have demonstrated different functions > 'Y, The dermal extracellular
matrix comprises macromolecular ‘building blocks’ of collagens, elastin, laminins, and
proteoglycans. In normal human skin, collagen type I constitutes 75% of the collagen, with
the remaining 25% being collagen III (Collagen ratio of normal skin; Collagen I: Collagen
I[II = 3:1). The other main cell population present are endothelial cells, which form the
intima of the blood vessels that provide oxygen and nutrients to the many cells involved for
function and survival. The dermis also contains appendages of epidermal origin (adnexal
structures), including hair follicles, sebaceous glands and sweat glands, as well as numerous
nerve endings ¥ (Figure 1.1). The subcutis (or hypodermis) is occasionally listed as a
third layer of the dermis and resides deep to the reticular layer. It consists of a blood vessel
network and fat-adipose cells that thermally insulate and act as a ‘shock absorber’ for

underlying tissues.

1.3 Wound Healing

A wound is a pathological discontinuity of the epidermis. What loss of function results

is determined by which other structures are coincidentally damaged/lost. Wound healing
can be divided into phases with sequential molecular and cellular events. These phases
overlap temporally and their durations are dependent on wound depth, size, type, and
location (Figure 1.4) %17, Since the epidermis is a cellular structure, it is capable of
regeneration. The molecular dermis, however, can only be repaired after injury with the
aim to provide an environment over which epithelial differentiation, proliferation and
migration can occur to ‘close’ the wound. In the ideal situation, the wound edges are either
closely opposed as a result of the injury, or are brought into close opposition by surgical
means (such as by debridement and direct suture). Such healing is said to progress by

PRIMARY INTENTION. The processes involved, occurring in the dermis, begin with



a multi-step, multifactorial cascade, triggered immediately to initialise blood clotting

and secure haemostasis at the site within minutes after injury !®. The early response,
inflammation, occurs from wounding and peaks around 48 hours later. This is characterised
clinically by redness, heat, swelling and pain secondary to the immediate release of
proinflammatory mediators (such as histamine from mast cells, serotonin from activated
platelets) which result in precapillary arteriolar dilatation, increased capillary permeability
and post-capillary venule constriction; resulting in increased blood flow (erythema and
heat), movement of fluid and protein into the wound environment (oedema), and pain.
Neutrophils are chemotactically summoned to the wound environment, peaking at 4-6
hours, where they function to enzymatically break down damaged tissue, phagocytose
bacteria and foreign material and attract macrophages (7. These cells co-ordinate the
infiltrating immune response and continue the process of debridement, providing a
framework for neovascularisation and a release of growth factors to initiate the next stage.
The phase of proliferation can start from day 4-24 with fibroblasts depositing new tissue
(collagens and ground substance) and angiogenetic ingrowth of vascular structures 19
The collagen produced in the early proliferative phase is predominantly Collagen III, such
that the collagen ratio in the wound is (Collagen I: Collagen III = 1:3), reversed from the
normal skin ratio. Granulation tissue results (defined as the admixture of collagen and new
vessels), enabling edge epithelial cells to migrate and initiate ultimate wound closure. The
final phase, maturation, may last up to 2 years, involves tissue remodelling as skin matures
(Figure 1.4) ©*2D The Collagen III deposited in the proliferative phase is replaced by
Collagen I, enabling restoration of the normal collagen ratio. The repaired wound only has
70-80% the strength of the pre-injury skin 1°-2?, Under these circumstances, the scarring
is as ‘good’ as it is destined to be, taking into account the general health of the individual,
any systemic factors that might influence wound healing and the local environment of the

original wound. Such wounds do not produce a high degree of scar contraction.

When the wound edges are not, and cannot surgically be, opposed (wounds > 4cm in
diameter), the healing process is exaggerated. The phase of proliferation is lengthened,
more granulation tissue is deposited. Fibroblasts in the granulation tissue differentiate into

myofibroblasts, determined by the level of contractile protein alpha-smooth muscle actin,

10



and contraction occurs in an effort to make the wound smaller in area/width, which might
allow epithelial migration across the wound . Otherwise, migration will not extend
more than Smm from any edge. Excessive granulation tissue, contraction, rouching and
delayed epithelialisation result in thickened (hypertrophic) scarring, functional disability,
and aesthetic distortion. This healing process is known as healing by SECONDARY

INTENTION.

1. Hemostasis and inflammation 2. Tissue formation 3. Tissue remodelling
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Figure 1.4. Phases of wound healing. The initial haemostasis and inflammatory phase
lasts between 4-6 days triggering the immune system to prevent bacterial invasion. The
proliferation phase from day 4-24 starts with deposition of granulation tissue to fill the
wound to enable edge migration and re-epithelialisation and final tissue remodelling with
maturation of the tissue from 21 days up to 2 years. (Image from Plotczyk et al. 2019 @D),
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As mentioned earlier, other factors can affect wound healing, resulting in impaired or
non-healing wounds. In the local wound environment, they include decreased oxygen and
hypoxic conditions, heavy bacterial colonisation or infection, and prolonged inflammatory
response. Systemic factors also play a role, for example patient age, sex, presence of stress,
diabetes and certain medications. A non-healing (chronic) wound is classified as a wound
persisting longer than 4 weeks to three months ¢*. They represent an immense burden on
healthcare systems, costing in excess of AU$3.5 billion per year in Australia, and US$25-
39 billion annually in the United States ?¥. Putting aside cost, the diminution of quality of
life mandates aggressive investigation into chronic wounds. Pathological scarring resulting
from delayed wound healing (hypertrophic or keloid scarring) magnifies cost, dysfunction,
disability and dysaesthesia. Extensive, deep burn injury is often associated with significant
hypertrophic scar formation ®. Failure to ‘close’ the wounds within 14 days of injury,
results in ‘overgranulation’ with excess collagen deposition, raised and firm tissue, red-
pink in colour, borders within the initial wound site and are painful and pruritic ®*. Such
scars, when affecting function in particular, but also when causing unsightly socially-
disfiguring scars, often require surgical correction. Latterly, this has been performed using
laser therapy, but in severe cases, surgical release using a variety of techniques (some
enormously complex, or requiring serial surgery) is required to release contracture. Tissue-
engineered concepts have roles not only in the acute wound healing phase to close wounds
expeditiously when techniques like skin grafting are impossible due to donor site paucity,
but also in resource-sparing reconstructive surgery (where major free flap surgery can
potentially be replaced by cultured alternatives). The aim is always to improve outcome,
achieve independent living, regain pre-injury function and appearance as closely as possible,
and reduce ongoing societal and medical strains. With an aging population faced with
global increases in obesity and diseases such as diabetes, who are no longer robust enough
to undergo the physical insult of major surgical procedures, we must focus our attention to

expedite the transition of these research technologies into novel therapeutic treatments.
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1.4 Burn Injury

As depicted in the wound healing section 1.3 above, a severe burn (or open) wound,

heals differently from a normal cutaneous wound due to the degree of complexity (Figure
1.5). Thermal injury is the most common type of burn. Other causes include chemical,
radiation, and electrical, requiring altered burn care practices and treatments. Burn

injuries induce physiological and pathological systemic effects that lead to a compromised
adaptive immune response, increasing infection risks and bacterial sepsis with the
potential for organ dysfunction and death. Other related injuries include smoke inhalation,

comorbidities, and any associated trauma injuries.

I Inflammation Il Cell Proliferation 1ll Matrix Remodeling

Y

Time

Collagenases,

Figure 1.5. Differences between normal wound healing and excessive scarring.
(Image from Gauglitz et al. 2011 @),
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Together with the cause of injury, burns are classified according to the depth (the thickness
of destroyed tissue), size, mode of healing, and are treatment dependent. Burn depths can
essentially be classified into two groups, one where the wound will heal spontaneously
(primary healing), and the other requires intervention (heals by secondary intention)
(Figure 1.6). These can be further classified into superficial partial-thickness burns that
involve loss of epidermal layers and present with blistering, minor pain and erythema.
They heal with no scarring and require minimal intervention. Deep partial-thickness burns
cause loss of the epidermis deep into the reticular dermal region and repairs by a process
resulting in pathological scarring 7. The deep to full-thickness burns result in total loss
of epidermis, dermis, appendages and even subcutaneous fat to muscle and are often

less painful due to the damage of sensory receptors (deep-partial) or no pain with total
nerve obliteration (full-thickness). Contraction occurs due to fibroblasts transforming to

a myofibroblast phenotype within the granulation tissue ?°. The result of contraction is
‘contracture’, which creates the disfiguring disability that, until recently, characterised major
burn outcomes and may cause societal withdrawal and isolation. A full-thickness defect
greater than 4cm requires a form of graft closure as the injury healed by re-epithelialisation

is limiting and will have considerable contraction @7
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Figure 1.6. Burn classification of depths, dotted line delineates the two modes of burn
depths and healing courses (Adapted from Jeschke et al. 2020 @),
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Dysfunction requires reconstruction, often by multiple surgery episodes to release
contracture and produce a functionally aesthetic result . Extensive full-thickness burn
injuries (greater than 50% of the Total Body Surface Area) are problematic and require
considerable external interventions, with more medical complications than less severe
burns, and may require intensive care during hospitalisation. The health-related quality

of life parameters for patients that sustain a burn are lower when compared to the general
population ©?, alongside mental health issues that are substantially increased post-burn GV,
The effects are evident over years, long-term outcomes and quality of life are elements the

burns community are only now starting to engage.

Since the 1980’s early excision of eschar, and skin grafting for wound closure have been
the principal therapeutic approaches for full-thickness burns ©?, this has decreased infection
rates, shortened hospital stays and improved patient outcomes and survival 3. Over the last
decade, technology and research have shown continual progress with the enhancement and
increased use of dermal substitutes, multifaceted wound dressings, and life-saving tissue-
engineered techniques (Bioengineered skin). Patients who suffer extensive burns will now
benefit from this paradigm shift in burn care that will increase chances of survival with a

more functional and aesthetic outcome, and better quality of life.
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1.5 Milestones for Skin Tissue Engineering and Burns

The term “tissue engineering” (TE) has evolved over history, adopted in the mid-1980s

and coined in 1987 at a US National Science Foundation meeting ¥. Tissue engineering
assists with the regeneration and repair of tissues. The complex structures require a three-
dimensional scaffold that incorporate a patients own cells that can produce growth factors to
replicate new tissue growth for transplantation ©>. Research and animal studies have shown
promise for skin tissue engineering; however, the transition to clinical practice is lengthy,
marred by the complexity of financial and regulatory requirements. An overview of these
challenges is in the following review (1.7 Advances in skin bioengineering and challenges
of clinical translation). This section will elucidate the history behind skin tissue engineering
with skin research and its parallel associations with burns (Figure 1.7). The first initial
advancements occurred in the early 1950s with the successful separation of the epidermis
from the dermis ©® and then in the 1960s the in vitro culture of keratinocytes, but it wasn’t
until 1975, when the first serial cultivation of human epidermal keratinocytes was described
by Rheinwald and Green ©”. This method involved the co-culture of lethally-irradiated 3T3
mouse fibroblasts and was the symbiotic foundation for burns. Formative investigations
followed regarding colony formation, proliferation, differentiation and adhesion of
keratinocytes ©®. The first clinical use of cultured epithelial autografts for burns occurred in

1981 ©9 through to 1986 where it was used as an adjunct with donor skin @,
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During the history of burns, a number of events including the development of a dermal
substitute in 1981, known as Integra “Y, gave promise for extensive wound defects.
Following Integra, Bell and colleagues in 1983 “ produced an animal model of a “living
skin equivalent”, consisting of a dermal component with collagen and epidermis known

as Apligraf®. Comprising allogeneic fibroblasts and indicated for small ulcerated wounds,
Apligraf®became the first product regulated by FDA, although this was in the late 1990s.
A few years after Bell, in 1986, Herndon used donor allograft skin for full-thickness burns
as temporary biologic dressings enabling these deep wounds to be covered, reducing
mortality and morbidity “®. Another product to receive market authorisation by the FDA
was developed in 1988 on Green’s technology. Epicel® is a cell-based tissue-engineered
product now authorised for use in burns greater than 30% © 4. Although the use of cultured
epidermal autograft is limited. The following section, 1.6, provides a brief overview of
cultured epithelial autografts (CEAs) and their shortcomings. However, two milestone
events, (1) the co-dependence of keratinocytes on fibroblasts 7 and (2) the conclusion
donor keratinocytes do not survive long-term “®, helps to explain the failure rates of CEAs

or cell sprays.

The inherent nature of a large burn is the limited availability of donor site skin. Techniques
to maximise and expand the ratio of autologous skin graft such as Meek-Wall technique,
where small micrografts are expanded and mesh grafts are used to expediate wound
coverage for these large burns *®. Modifications occurred with the developed Meek (1950s)
and meshed (1960s) autograft techniques in the 1990s to advance patient outcomes, but the
known disadvantages of skin grafts were still confronting. To reduce the use of skin grafts,
Boyce and colleagues were one of the first skin engineering groups to produce a clinically
viable skin substitute (formally Cultured skin substitute with current reference to the model
as Engineered skin substitute, ESS). These showed comparable outcomes to meshed skin
autograft, and reduced donor skin requirements for extensive full-thickness wounds 5%

(Figure 1.8).
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Figure 1.8. Use of Engineered skin substitute 1989-2017. A-D represents clinical
observations of skin autograft (AG) and ESS application on the left shoulder and chest,
respectively. D, POD 62 depicts multiple applications of small ESS. ESS, engineered skin
substitute; POD, post-operative day. Adapted and reproduced from Boyce et al. 2017 &9,
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Since this milestone, the increasing interest in tissue engineering has progressed
exponentially including the beginning of tissue engineering societies ©>. Since the mid-
twenty-tens to current, a minority of groups worldwide have attempted clinical use of
modified designs of skin substitutes for wound loss conditions and, more recently major
burns ©63¥, Most utilising a special access scheme (country-specific) as none have
encountered clinical regulatory bodies or phase II trials at the commencement of this
candidature. The review explores these challenges for skin tissue bioengineering with
further introductive information for the types of skin substitutes, bioreactors, and scaffolds

detailed in the related manuscript introduction section.

1.6 The Biology of Bioengineered Skin Substitutes

To regenerate in vitro skin, primary cell isolation and expansion of each main cell type is
required from a small skin biopsy (Figure 1.9). With the correct techniques and methods

a ‘postage stamp’, 2cm? biopsy can be exponentially expanded to cover 1m? of a human
body in 3 weeks . The dynamic biological processes of skin are barriers to re-engineering
native skin and are challenges still to be met. Advances in the understanding of wound
healing and skin biology will eventually enable the incorporation of multiple cell types and

epidermal appendages.
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Figure 1.9. Haematoxylin and Eosin (H&E) stained section of human skin tissue. The
epidermis contains stratified squamous epithelial cells, these keratinocytes are shed from
the surface. The dermis divides into two layers, the papillary layer that interconnects with
the epidermal ridges and consists of the main fibroblast population with thin collagen fibres.
The deeper reticular layer has a thicker collagen network. Scale bar: 200pm.

The two essential cell types, keratinocytes and fibroblasts, are necessary to fabricate

a rudimentary skin substitute. These can generate epidermal and dermal components
including the crucial basement membrane. Skin cell culture is a multifaceted process, with
each cell type requiring specific media and culture conditions. Firstly, a biopsy is separated
using enzymes to cleave the two layers (Figure 1.10). Dispase separates at the basement
membrane (BM) and trypsin isolates the epidermal keratinocytes. Collagenase then digests
the dermis, isolating the fibroblasts for collagen production. These are mass expanded and

cultured in monolayer with the premise of formulating a skin construct.
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A 3D culture environment assists in replicating a skin analogue, with the incorporation of a
substrate/template or scaffold to provide the dermal matrix. Numerous fabrication steps are
involved to produce a tissue-engineered product (Figure 1.11) and are the foundations of
this thesis. The remaining introductive information is further explored within each related
paper/chapter and expands on the current available skin substitutes, bioreactor developments

for scale-up and further background into biopolymer dermal scaffolds.

Patient
CCS transplanted — Skin graft taken from
back to patient patient's healthy
skin

Novel Isolation of skin cells
Bioreactor Epidermal Keratinocytes &
14 days Dermal Fibroblasts

Fbs+ Ks + Polymer Foam =
Composite Cultured Skin
(CCS) in Cassette

Mass cell expansion in
large culture vessels

Figure 1.11. Skin Tissue Engineering fabrication approach — from biopsy to
transplantation.
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Skin tissue bioengineering is an emerging field that brings together interdisciplinary teams
to promote successful translation to clinical care. Extensive deep tissue injuries, such
as large burns and other major skin loss conditions, are medical indications where
bioengineered skin substitutes (that restore both dermal and epidermal tissues) are
being studied as alternatives. These may not only reduce mortality but also lessen
morbidity to improve quality of life and functional outcome compared with the current
standards of care. A common objective of dermal-epidermal therapies is to reduce the
time required to accomplish stable closure of wounds with minimal scar in patients
with insufficient donor sites for autologous split-thickness skin grafts. However, no
commercially-available product has yet fully satisfied this objective. Tissue engineered
skin may include cells, biopolymer scaffolds and drugs, and requires regulatory review
to demonstrate safety and efficacy. They must be scalable for manufacturing and
distribution. The advancement of technology and the introduction of bioreactors and
bio-printing for skin tissue engineering may facilitate clinical products’ availability. This
mini-review elucidates the reasons for the few available commercial skin substitutes.
In addition, it provides insights into the challenges faced by surgeons and scientists
to develop new therapies and deliver the results of translational research to improve
patient care.

Keywords: skin, bioengineering, burns, wound closure, skin substitutes, clinical translation, tissue engineering,
biopolymers

INTRODUCTION

The challenges of translational medicine are becoming more prevalent with developing new
technologies as novel therapies for personalised medicine. One therapy where translational research
is at the forefront is reducing the use of skin autografts for extensive full-thickness burns with
laboratory-generated skin (1-7). The split-thickness meshed and expanded skin autograft has been
the prevailing standard of care for burns surgeons for decades and remains the preferred method
of wound closure due to its relatively high efficacy of stable wound closure (3, 8, 9). However, if
the burn area massively exceeds the area of available donor site for skin autografts, the advantages
of autologous engineered skin substitutes is compelling. To regenerate a substitute of uninjured
human skin that definitively provides wound closure both anatomically and physiologically (6) is a
common challenge for tissue engineers, and may involve polymer chemists, cellular and molecular
biologists, surgeons, nurses, and therapists. A systematic review of clinical studies investigating
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Clinical Translation of Skin Substitutes

autologous bilayered skin substitutes as epithelial stem cell niches
after grafting, identified 16 potential studies and nine types of
autologous skin substitutes over a 25-year period (10). Currently,
only a small number of these are still available for therapeutic use,
with no ideal substitute in the market. The current models have
distinct attributes, for the majority, the scaffold type is a source
or derivation of collagen (biologic) with autologous fibroblasts
and keratinocytes. Another novel synthetic scaffold utilising
a polyurethane (PUR) has also been used to generate a skin
composite (composite cultured skin, CCS) and has reported its
use for the treatment of a 95% total body surface area burn patient
(11). However, these all remain deficient in pigmentation, hair,
and other dermal appendages. The authors draw on combined
experiences from taking the research bench to bedside. This
review will describe the distinct models of bilayered tissue
engineered products that have been used therapeutically, which
there are few, but all address the same clinical challenges.

The Need for an Alternative to Skin
Autografts for Extensive Full-Thickness

Burns

Burns are a global health concern, especially for low to middle-
income countries, accounting for over 95% of burn deaths (12).
Burn injuries of all depths make up only a small proportion
(1%) of trauma hospitalisations in Australia (13), but are one
of the most costly, due to long hospital and rehabilitation
stays (14, 15). In the United States, hospitalised burns cost
over $lbillion per year (16) and in high income countries
the mean cost per 1% TBSA is US$4159.00 (17). These costs
are significant, but the major indirect cost is the patients
lifelong scars and disfigurements. As the percentage of total
body surface area (TBSA) burn and burn depth increases,
the costs increase exponentially (14). Extensive, full-thickness
burn injuries (>50% TBSA) usually require intensive care,
multiple surgical procedures, physical and occupational therapy
and psycho-social interventions to recover. Patients with these
degrees of burn often die which obviates skin graft paucity
(18). However, advances in burn care have led to increased
survival rates due to early excision of eschar, temporary wound
closure, advanced nutritional support, infection prevention, and
improvements in critical care medicine (19-22). Although, burns
in the elderly and those with coincident trauma such as inhalation
injury, remain challenging.

In this patient population, temporary wound coverage
provides time for utilisation of donor sites from superficially
burned skin and re-harvesting to allow multiple procedures
of skin autografting (23). Maximising wound coverage with
available donor site involves thin, widely-meshed, or expanded
(Meek-Wall technique) (24) skin autografts, resulting in poor
functional and aesthetic outcomes. In addition, donor sites
generated by split-thickness skin graft harvesting are extremely
painful, may require opiate analgesia, limit mobilisation,
and discourage compliance with physical therapy (25). Skin
autografts, however, have properties that promote their
continued widespread use for the closure of large, deep skin

wounds (no rejection, vascular inosculation, high efficacy, long-
term stability), but their correlation with increased morbidity,
especially in the elderly, is a significant disadvantage, which
motivates the search for alternatives (26, 27).

An ideal skin substitute should adhere, vascularise,
and integrate quickly, contain both epidermal and dermal
components, provide permanent and definitive wound closure,
be autologous, resist infection, be easy to prepare, handle well,
easy to apply, cost-effective, and resist mechanical shear forces
(28). They should demonstrate high engraftment rates, restore
natural pigmentation, and provide all skin appendages and
sensory networks in uninjured skin. This list of qualities is
comprehensive, and to simultaneously replicate these features in
vivo requires complex engineering in the laboratory. Engineered
skin fabrication is a specialised professional field with many
aspects still to be elucidated and reduced to practise. A
standardised universal classification system for “skin substitutes”
was published by Davison-Kotler et al. in 2018 to encapsulate
all adaptations (research and clinical) using a factorial design
(29). Primary categories include acellular dermal substitutes,
temporary skin substitutes, and permanent skin substitutes,
further expanding into sub-categories (2). The many variations
have been tabulated in former reviews and will not be detailed
here (6, 7, 29-38). This review focuses on permanent, cellular,
and mainly autologous products with dermal and epidermal
components. It will explore a few commercially available
products and some clinically used in extensive wounds (Table 1).

Large, Excised Wounds —Temporising the

Wound Bed for Definitive Closure

The loss of the epidermis, and sufficient dermis to ensure loss
of all the epidermal adnexa, requires rapid wound closure. The
primary focus is on reducing inflammation and granulation,
preventing infection and limiting contraction. The associated
mortality and morbidity rates decrease with the successful
implementation of the above and achieved by staged closure
(69). Acellular dermal substitutes comprising a dermal and a
pseudo-epidermal component have been widely used to achieve
physiological closure. Their implementation has produced
a paradigm shift in burn care (21, 70, 71). The dermal
components may originate from decellularised human skin,
biological polymers, or synthetic polymers. Their function is to
temporarily close the excised wound to decrease fluid loss, allow
integration and controlled granulation tissue invasion inducing
a vascularised wound bed. Commercial examples include
Integra® Dermal Regeneration Template, Pelnac, Terudermis,
Hyalomatrix, and RenoSkin (69). These products and similar
ones have limitations, including a risk of transmissible disease,
loss from infection and high costs (5, 72). Despite regulatory
approval for specific medical indications, most dermal substitutes
have not achieved worldwide consensus as market leaders for
large, deep dermal wounds. However, establishing a neo-dermis
enhances structural stability and provides the time required for
definitive epithelial wound closure, whether by serial grafting or
by generating and applying autologous engineered skin.
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TABLE 1 | Examples of clinically-available or investigative skin substitutes [adapted from Vig et al. (7), Boyce et al. (31)].

Product-country of origin

Classification/components

Proposed clinical
indication

Product limitations

Dermal-epidermal
substitutes

TISSUEtech Autograft system

(Hylomatrix + Laserskin)—Italy

(39, 40)

Tissue-cultured skin autograft
(TCSA's)—Germany (41)
Engineered skin substitute
(ESS)—USA (42-50)

Composite cultured skin
(CCS)—Australia (51-57)

Self-assembled skin substitute

(SASSs)—Canada (58)
Autologous homologous skin

construct (AHSC)—USA (59-61)

MyDerm—Malaysia (62—-65)
StrataGraft™-USA (66, 67)

denovoSkin—Switzerland (68)

Cellular, autologous Ks, Fbs
with HA

Cellular, autologous Ks, Fbs
with Matriderm™

Cellular, autologous Ks, Fbs,
bovine collagen-GAG

Cellular, autologous Ks, Fbs,
synthetic polymer

Cellular, autologous Ks and
Fbs

Cellular, autologous skin
cells

Cellular, autologous Ks and
Fbs, Fibrin

Cellular, allogeneic Ks and
Fbs, non-bovine collagen

Cellular, autologous Ks and

Diabetic ulcers

Chronic ulcerations

Large burns and other skin
loss conditions

Full- thickness burns
Burns
Burns, acute trauma chronic

wounds

Burns, skin trauma and
chronic wounds

Burns and skin conditions

Burns

Small wounds, difficult to
use clinically

Small wounds

Xenogeneic scaffold, small
pieces, shrinkage of
product, cost

Scaffold porosity, complex
Labour intensive

Cell suspension/aggregate
Clinical efficiency

Allogeneic, temporary, size

Xenogeneic scaffold

Fbs, bovine collagen

HA, Hyaluronic acid; Ks, Keratinocytes, Fbs, Fibroblasts.

The NovoSorb™ Biodegradable Temporising Matrix (BTM)
is a synthetic scaffold that is currently in routine use for burns and
complex wound repair (73-79). It is a scaffold that temporises
the wound and biodegrades after integration and establishment
of dermal elements (80). Furthermore, it resists infection, can be
made in large sheets, is inexpensive to produce, easy to handle,
and provides integration time (76-82). With the optimisation of
a dermal replacement template and a major limitation addressed,
i.e., acquisition of time for cellular growth, the prospective next
step is the specification of a definitive wound closure alternative.

The Current State of Bioengineered

Dermal-Epidermal Substitutes

Bioengineered skin substitutes involving dermal and epidermal
components are the focus of this paper; however, epidermal
replacements (cellular) require brief reference to appreciate
the desirability of both components. A skin substitute is yet
to be achieved that replaces the anatomy and physiology
of uninjured skin or completely replaces all skin autograft
properties- implying why an epidermal replacement alone will
not replicate a meshed, or sheet, autograft. Cultured Epithelial
Autografts (CEAs) have been used since 1986 (83), and other
adaptations or iterations of keratinocyte suspensions [e.g., Epicel
(84, 85), Cell Spray, RECELL® (86), BioSeed (87), Laserskin (39,
40)] have evolved. These are clinical adjuncts to therapies with
traditional treatments of burn care to expedite reepithelialisation
rate. Clinically applicable for small wounds (88), ulcers (87, 89-
92), superficial burns (93) and skin graft donor sites; they have
not been universally accepted by burns surgeons independently
for deep large burns due to their limited expansion rate,
mechanical fragility on handling, tendency to blister in vivo and

vulnerability to shear after application (partly to deficiencies
in basement membrane formation) (94). In addition, they
are costly to produce, can take weeks to manufacture, and
are epidermal derived replacements (95-100). Incorporating
a substitute containing epidermal and dermal components is
a logical progression toward regenerating a tissue more like
uninjured skin (101).

A critical paracrine dialogue between fibroblasts and
keratinocytes is essential for basement membrane synthesis,
a beneficial feature for engineered skin substitutes (102-104).
The basement membrane protects against shear by establishing
a molecular bond that anchors the cellular epidermis to
the extracellular matrix of the dermis. The most analogous
to skin, and the most successful clinically to date, is an
Engineered Skin Substitute (ESS) developed in Cincinnati, Ohio
(105). Developed over the past 30 years, the ESS comprises
autologous keratinocytes and fibroblasts in a bovine collagen-
glycosaminoglycan (GAG) scaffold (42-50). The ESS model
was the first to demonstrate stable closure of full-thickness
burns by combination with Integra® Dermal Regeneration
Template (106). In 2017, a report was published of ESS’ clinical
results in 16 subjects treated from 2007 to 2010. For patients
with >50%, TBSA full-thickness burns, ESSs were able to
reduce the need for harvesting donor skin grafts and reduce
the mortality rate compared with data from similar patient
populations reported in the National Burn Repository of the
American Burn Association (107). The ESS results in a closed
wound that has structural and functional similarities to native
skin. However, this model also has limitations (lack of other cell
types and adnexal structures, contraction of the collagen scaffold
during ESS fabrication, relatively high cost and regulatory

Frontiers in Surgery | www.frontiersin.org

Publication

August 2021 | Volume 8 | Article 640879

27



Dearman et al.

Clinical Translation of Skin Substitutes

complexity); and is not commercially available. Pre-clinical
studies have recently demonstrated the successful incorporation
of melanocytes (108, 109), microvascular endothelial cells (110),
and hair follicles (111) into the ESS model.

Bovine collagen is also used in denovoSkin™ (Cutiss AG,
Zurich), which consists of a collagen hydrogel and human
dermal fibroblasts and keratinocytes. It has been classified as an
Advanced Therapy Medical Product (ATMP) and has received
FDA and EMA Orphan status to treat burns in the US and EU
(112, 113). It is currently undergoing clinical trial recruitment
for adult and children burns, with an estimated completion
date of 2023. However, the production of a dermal-epidermal
equivalent with xenogeneic (non-human)-derived biologicals,
such as bovine, rat, or porcine collagens or glycosaminoglycans
(42) raises the potential for immune recognition and rejection
and risk of prion transmission. A synthetic scaffold and
autologous cell approach may reduce these risks.

Several matrices using fibroblasts alone to provide the
biological extracellular matrix environment (114-117) have
shown the generated skin’s long-term stability in vitro
(118). Through the Special Access Program in Canada, a
Self-Assembled Skin Substitute (SASS) has shown clinical
effectiveness, reporting a case series of 14 severely burned
subjects (58). This substitute contains autologous fibroblasts and
keratinocytes, forming a human biopolymer fibroblast scaffold
with subsequent keratinocyte seeding. The constraining factor
for this type of substitute, like some others, is the production
time, with an average of 9 weeks from the initial biopsy (58).
In addition, the SASSs post-transplantation displayed visible
junctions between applications, re-iterating the need for a
sizeable sheet that can be generated and transplanted with
fewer anaesthetics.

Improved scalability has now been reported using a
biodegradable polyurethane (PUR) as the scaffold for a dermal-
epidermal alternative, known as a composite cultured skin
(CCS) (51-57). The attributes for an “ideal engineered skin,’
as mentioned previously (119), formulated the premise of
combining an engineered-epidermis to a modified BTM dermal
substitute. Compared to bovine collagen (a biologic), a synthetic
biodegradable PUR showed lower toxicity and cytotoxicity,
reduced immunogenic reaction, and minimal inflammatory
response (51, 52, 120). The BTM-CCS provided a two-stage
strategy, with the CCS as a definitive second stage wound closure
material. The application of NovoSorb™ BTM, a temporising
matrix, addresses one of the major limitations of available skin
substitutes [i.e., time required for autologous cell expansion 3—
5 weeks (38)]. The integration period enables the time required
for cell isolation, expansion and bilayered construction (up to
7-weeks if needed) (11, 69). The CCS is a 1 mm thick PUR
porous scaffold, populated with autologous fibroblasts in a fibrin
network and layered with autologous keratinocytes (53, 54).
Pre-clinical studies in a porcine model initially demonstrated
the efficacy of small CCS, and later large pieces, generated
in an automated bioreactor (54, 57). This custom-made novel
bioreactor device has taken this from research to clinic (11, 57).
The two-stage strategy of BTM-CCS has been used clinically
in a 95% TBSA burn injury (covering 40% TBSA of original

burn) (11). The patient not only survived but, at 1.5 years
post-injury, required minimal contracture release in areas where
autografts were applied and none to the CCS-applied areas. The
result for CCS was a smooth, supple aesthetic appearance with
varying pigmentation from primary epithelial engraftment. No
delineation between junctions of CCSs can be observed. ROM
and SOSS scores were comparable to sheet graft, but favourable
over 1:3 meshed STSG and Meek.

The subcutaneous layer (the deepest layer of skin) is absent
in many investigational and clinical substitutes. Polarity TE,
a US company, produces an Autologous Homologous Skin
Construct (AHSC). They claim that functional full-thickness
skin can be regenerated by obtaining a full-thickness biopsy
with immediate application (59). A retrospective, 15-patient
post-AHSC application review case series was reported (60)
for various wound types (burns, acute/traumatic injuries, and
chronic wounds). It differs from the conventional dermal-
epidermal substitute, in that it seems not to necessitate culture
and is returned to the patient within days. These wounds were
closed at 3 months post application; however, further studies are
required to investigate and substantiate the claims of efficacy,
especially in full-thickness, excised burns (61).

Several other dermal-epidermal constructs have been used
clinically or gone to clinical trial pending commercialisation
(Table 1). Some examples include, tissue cultured skin autograft
(TCSAs using Matriderm™, Germany) (41), TISSUEtech
Autograft system™ (using Hylomatrix, Anika Therapeutics
Inc., Bedford) (121), and others using Allodermis (122, 123),
Human plasma (124, 125), and Fibrin (MyDerm, Japan) (62-65).
Another bi-layered product recently receiving (2021) FDA
approval for adult deep partial-thickness burns is StrataGraft®
(Mallinckrodt, USA) (66, 67). Although it is not autologous,
this bilayered allogeneic product comprises murine collagen
and allogeneic fibroblasts and keratinocytes, this acts indirectly
on the autologous cells to assist with wound closure (66). This
type of treatment is limited for deep full-thickness burns as
it needs another source of autologous cells e.g., meshed graft
or other skin appendages, to close the wound. However, it
is readily available and “off-the-shelf” ready for immediate
use, whereas typical bilayered autologous substitutes can take
weeks to fabricate. As with any graft, there is potential for loss
if there is no neovascularization. The majority of clinically
available engineered skins are avascular; however, this is under
investigation by researchers (126). The loss of graft can be due
to an accumulation of blood (haematoma), fluid (seroma),
contamination, or mechanical shear. The different skin models
mentioned have varying pore sizes and can contribute to
the success of the engraftment. The density of the dermal
component (i.e., too small or large pores) can inhibit or
promote vascularisation (57, 127). Shear of a substitute graft
or blistering will also occur if there is loss or no basement
membrane and reiterates the importance of cell-cell contact of
the epidermal-dermal component in vitro culture. When this
loss occurs, the wound heals by secondary reepithelialisation and
healing is delayed. Although, a systematic review of bilayered
skin substitutes showed wound healing rates for leg ulcers
were comparable with the standard of care (RR 1.51, 95%
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FIGURE 1 | Challenges and considerations in bioengineering of bilayered skin substitutes. Adapted from Al-Himdani et al. (133).

1.22-1.88) (128). A widely meshed STSG used for extensive
wound coverage results in a weave-like pattern, producing a
poor aesthetic result. In contrast, autologous engineered skin
provides immediate coverage with a stratified epidermis that
suppresses granulation tissue and arrests the scarring process.
Producing a favourable smooth, pliable, even skin, with a
reduction in pain and itch (55, 68, 107). Another major strength
and benefit over skin autografts is the reduction of autologous
donor skin and its associated morbidities. The diverse bilayered
approaches mentioned all have their strengths and weaknesses,
and in review, the ideal model may likely be combinations
of biopolymer scaffolds and stem cells that can produce a
functional, clinically safe and effective alternative (129, 130). Any
of these tissue engineered products will face regulatory reviews
and reimbursement requirements.

Clinical Challenges for Skin Substitutes

As cell-based therapeutic inventions, these products require
approval by regulatory authorities to ensure high quality, safety
and proven efficacy (131) (Therapeutic Goods Administration,
TGA in Australia; Food and Drug Administration, FDA in
the United States; European Medicines Agency (EMA), in the
European Union, etc.). Several pre-clinical substitutes are being
used through Special Access Programs (SAP) in designated
countries. This scheme is a way of using non-licenced products
to treat life-threatening injuries where other methods are not
suitable, or non-existent. In the United States, the passage of the
21st Century Cures Act, in 2016 (31) and new agency programs

will facilitate the clinical use of novel products and devices to treat
patients at severe medical risk.

The generation of highly manipulated tissue-engineered
products follows the standards for current Good Manufacturing
Practices (cGMP) (132). They should ideally be free of any
xenogeneic product (131) and include mandatory testing for
microbiological assessment [sterility assurance level (SAL) of
107°] and transportation validation to ensure that product
integrity is maintained. Generating a clinically viable, and ethical,
product suitable for market is a lengthy and labour intensive
process, with high initial capital costs. These infrastructure
costs, process complexity, and stringent quality control result
in expensive products, making commercialisation less practical
(133, 134) and are translational challenges a therapeutic product
may encounter (Figure 1). The cost of such substitutes, however,
should not be assessed directly by the cost per unit of production
only (31, 135), but also indirectly by assessing overall hospital
cost reductions concerning length of stay, the number of
reconstructive surgeries post-major burn, patient outcome and
aesthetics. Although, an experienced highly trained medical
team, including specialised nurses and therapy protocols are
required during the intense early stages of treatment until they
become the prevailing standard of care.

The Future Opportunities of Skin
Substitutes

The generation of laboratory-generated “skin substitutes,’
irrespective of classification, have to date only partially
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addressed the requirements for achieving stable wound closure.
They currently produce inadequate pigmentation (hypo- or
hyperpigmentation), they lack vasculature, hair, glands, and
none have replicated the results of unmeshed autograft or
duplicated the anatomy and physiology of uninjured skin.
Due to cost, regulatory restraints, and the significant scientific
challenge to incorporate all skin features simultaneously (136-
139). Approaches to the refinement of fabrication systems for
skin substitutes will facilitate advanced models of engineered
skin to reach their markets with a consequent decrease in costs.
The requirement for scalability is a compelling demand for
large burn injuries and can be met by incorporating automated
bioreactors (57, 140). These may assist production and provide
complete automation and standardisation to improve product
quality. The robotic systems are engineering advances that will
move forward in parallel with medical advances. The 3D and 4D
bioprinting fields coupled with the latest compatible bioinks are
novel techniques that may rapidly advance the tissue engineering
field (141-145).

In time, these technologies and advances in tissue engineering
will at least reduce, and possibly replace, the need for skin
autografts and enable easier clinical translation of an acceptable
autologous engineered skin, suitable for patient use. The
significance of this is that patients with life-threatening burns will
no longer suffer the painful acute morbidity and later scarring
that donor sites generate. Time in ICU and total hospitalisation
will be reduced, the need for reconstructive surgery will decrease,
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1.8 Hypothesis and Aims

Optimisation of the composite cultured skin (CCS) will enable definitive wound closure,
consistently and reliably, after its engraftment in vivo in a large animal (porcine) wound
model allowing its subsequent evaluation in extensive, full-thickness burn management in

humans.

The overall aim of the project is to develop a sizable CCS that can be consistently produced
and reliably transplanted to patients with extensive burns. The aim of the project can be

further divided into:

* Develop and optimise 25cm x 25¢cm composite skins containing fibroblasts and
keratinocytes, using the biodegradable polyurethane foam as a scaffold within the

bioreactor system in vitro.

— Optimise cell expansion conditions for both cell types (fibroblasts and

keratinocytes) with cell characterisation.

— Conduct further tests of the foam scaffold with the optimised, smaller pore

configurations, using the plasma gel.

— Compare the polymer scaffold/plasma gel composition with a collagen-based

glycosamino-glycan (GAG) scaffold.

— Evaluate a hybrid composite, i.e., determine whether any advantages/disadvantages

are proffered by creating a combination polyurethane with collagen-GAG.

— Within the bioreactor cassette, design and develop an air-liquid interface system
which will support epidermal organisation into a stratified, squamous structure

anchored by a basement membrane to the dermal component within the foam.

— Refine the bioreactor system to initially support and maintain the CCS manually.
Subsequently to move to an automated system driven by a computer-based

software initialising program.

* Implant a 25cm x 25¢cm CCS into the porcine wound model, demonstrating successful

and uniform engraftment utilising the bioreactor device.

* Progress the bioreactor device to meet ISO/NATA/TGA standards in preparation for

manufacturing the CCS in an ISO 7 environment.

» To utilise the two-stage strategy to manufacture and transplant a CCS into a human

burn-injured patient who has received BTM as the first stage.
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2.1 Overview

The CCS has shown promise in a small 10cm x 10cm animal wound model; however, to
enable coverage of a large burn, a scaling process of the CCS wound be advantageous. For
this purpose, a bespoke bioreactor device that can support a 25cm x 25¢m piece of CCS
was designed and investigated. Six 24.5cm x 24.5cm CCS’s were produced in a two-array
system, utilising two shoes and six cassettes that were controlled automatically via the
bioreactor software for media replenishment and waste removal. Six large 24cm x 12cm
wounds were successfully created on the back of three pigs, with BTM integrating and
producing a viable wound bed for CCS transplantation. CCS culture conditions and seeding
densities have now been optimised. Four out of six wounds demonstrated engraftment and
‘take’ by day 53, producing a robust, stratified epithelium analogous to the control split-

thickness skin. The bioreactor sustained 24 days of daily operation for the two-array system.
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ORIGINAL ARTICLE

Scale-up of a Composite Cultured Skin Using a Novel
Bioreactor Device in a Porcine Wound Model

Bronwyn L. Dearman, BSc (Hons)* T and John E. Greenwood AM, BSc(Hons), MBChB, MD, DHIthSc,

FRCS(Eng), FRCS(Plast), FRACS!

Extensive deep-burn management with a two-stage strategy can reduce reliance on skin autografts; a biodegradable
polyurethane scaffold to actively temporize the wound and later an autologous composite cultured skin (CCS) for
definitive closure. The materials fulfilling each stage have undergone in vitro and in vivo pretesting in “small” large
animal wounds. For humans, producing multiple, large CCSs requires a specialized bioreactor. This article reports
a system used to close large porcine wounds. Three Large White pigs were used, each with two wounds (24.5 cm

x 12 cm) into which biodegradable dermal scaffolds were implanted. A sample from discarded tissue allowed
isolation/culture of autologous fibroblasts and keratinocytes. CCS production began by presoaking a 1-mm-thick
biodegradable polyurethane foam in autologous plasma. In the bioreactor cassette, fibroblasts were seeded into the
matrix with thrombin until established, followed by keratinocytes. The CCSs were applied onto integrated dermal
scaffolds on day 35, alongside a sheet skin graft (30% of one wound). Serial punch biopsies, trans-epidermal water
loss readings (TEWL), and wound measurements indicated epithelialization. During dermal scaffold integration,
negligible wound contraction was observed (average 4.5%). After CCS transplantation, the control skin grafts were
“taken” by day 11 when visible islands of epithelium were clinically observed on 2/3 CCSs. Closure was confirmed

histologically, with complete epithelialization by day 63 post-CCS transplantation (CCS TEWL ~ normal skin
average 11.9 g/m?h). Four of six wounds demonstrated closure with robust, stratified epithelium. Generating
large pieces of CCS capable of healing large wounds is thus possible using a specialized designed bioreactor.

Extensive deep burns result in large wounds that require de-
finitive closure. As burn size increases, the nonburned areas of
skin from which skin grafts might be harvested (donor sites)
decrease. Definitive wound closure, even with maneuvers
to maximize the utility of harvested skin (e.g., meshing,
Meek-Wall technique), is serial, thus delayed and leads to
suboptimal outcomes. A tissue engineered skin replacement,
containing both dermal and epidermal components created
by autologous cells, is one therapeutic approach. A two-stage
strategy using a novel polyurethane (PUR) polymer platform
was therefore designed, and subsequently developed, to assist
with the issues of closure and functional coverage. A body of
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work began in 2004 that describes the translational pathway
from laboratory to patient and our efforts to “retire the skin
graft.”!” Briefly, a PUR material was sourced as the scaf-
folding for the two materials used in each stage. The first stage
was designed as a biodegradable temporizing matrix (BTM),
now marketed as NovoSorb® BTM.!® This enables the
wound to be temporarily but physiologically “closed” during
its integration and then forms a uniform, well-vascularized
wound bed. Since the material does not spontancously de-
laminate, this provides the 4- to 5-week time period required
for the second stage (composite cultured skin or CCS) to
be produced. The first CCS was created using spun fibers of
the biodegradable PUR in 2007, to determine biocompati-
bility both in vitro and in vivo.!*” The fiber structure was
inherently unsuitable and following requests, the PUR was
produced as an open-cell foam. The CCS subsequently un-
derwent several iterations to overcome inherent issues with
the PUR scaffold. A plasma gel was employed to rectify both
buoyancy and the degree of cell loss from highly variable pore
sizes. Two phenomena were noted during in vivo testing:
CCS “take” where the polymer became integrated under
the neo-epidermis, and “non-take” where the PUR acted as
a delivery vehicle before being shed from the wound. Both
routes enabled wound closure.>?® Generating a PUR foam
with smaller pores was required to enable complete CCS en-
graftment, but attempted refinement by the manufacturer
was only partially successful. The next issue to be addressed
was how to generate large pieces of CCS as a meaningful re-
source for extensive wound conditions, such as burns.

The largest clinically available skin substitute was no bigger
than 10 cm x 10 cm. Clinically, the application of many small
pieces of engineered skin to cover large areas produces an
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outcome both dysaesthetic (a “quilt” appearance) and dys-
functional (due to multiple, scarred interpiece seams). Useful
skin substitute production requires each piece to be large
enough to be time efficient during application and scalable (so
that many large pieces can be produced simultaneously). This
requires a bespoke culture environment, a bioreactor capable
not only of reducing the need for manipulation by scientists
(thus reducing the chance of contamination and introducing
infection into the substitutes), but also of being computer
controlled to reduce the need for constant monitoring and
time-expensive human processes.”!?

A bioreactor is broadly defined as a vessel in which a biolog-
ical reaction or process occurs, particularly on a manufacturing
scale.!! Bioreactors exist for generation of other 3D engineered
tissues, such as cartilage, bone, vascular tissue, and nerve.!>"#
The requirements of a skin tissue bioreactor generally include a
support scaffold that relies on a nutrient supply via a perfusion
and waste removal system, in a controlled environment, au-
tomated by computer-based software program. Designs for a
skin tissue-expanding device have yielded only small machines
with limited capabilities.’>'7 Custom bioreactors have been
developed for organotypic skin grafts or skin equivalents,!3-20
cultured epithelial autografts,>!?? and the mass expansion
of keratinocytes, the Kerator.”?*?% However, commercially
available bioreactors capable of meeting 3D composite skin
scale-up requirements have not yet emerged.

A custom-designed prototype bioreactor was designed and
built to assist the upscaling of CCS production to produce
large 25 cm x 25 cm sheets. Several serial CAD designs were
produced, and their parameters were analyzed to arrive at the
final prototype that can produce (currently) up to 20 CCSs,
each 25 cm x 25 cm, with automated feeding and waste re-
moval, requiring manual handling only with the initial cell
seeding of each cell type. This manuscript reports the use of
scaled-up CCS in a porcine large wound model.

METHODS

The biodegradable PUR matrices for this study were manu-
factured by PolyNovo Biomaterials Pty. Ltd (Port Melbourne,
Victoria, Australia).? Sterile sheets of 40 cm x 20 cm
NovoSorb® BTM (sealed, 2 mm) and 25 cm x 25 cm CCS
matrices (unsealed, 1 mm PUR) were used.

The previously published porcine animal model was used
for this study.?>® Modifications to the protocol included
wound size creation (8 cm x 8 cm to 24.5 cm x 12 cm).
Surgical wounds were created (Figure 1A) to the level of the
panniculus adiposus so that no skin remnant remained (Figure
1D). Skin biopsies were harvested using a Watson Humby skin
graft knife (Figure 1B and C). NovoSorb® BTM was cut to
size and implanted into these wounds, held by surgical staples
(Figure 1E and F). The wounds were dressed with Acticoat®
(a nanocrystalline silver dressing; Smith & Nephew, Hull,
UK) held in place with Hypafix® adhesive tape (BSN Medical,
Hamburg, Germany), with adherence to the surrounding skin
facilitated by Tincture of Benzoin (Figure 1G). This reinforced
dressing was then padded by cotton wool combines also held
by Hypafix® and protected by a custom-made coat secured by
Velcro strips (Figure 1H). The dressings were changed twice
weekly until the CCSs were ready for transplantation. Due to
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the scale-up of CCS size, this required the design of a special-
ized culture vessel device, the bioreactor.

Novel Bioreactor Device

The Bioreactor prototype is housed within a large ULPA-
filtered CO, incubator (Esco, Singapore); there are two
towers, each consisting of a two-array system (“shoes”) which
can hold 5 cassettes each. The cassettes are 25 cm x 25 cm and
comprise a media inlet and waste outlet. A drive and spigot
assembly delivers the media to the cassettes and tips the array
for waste extraction into a designated waste container. The
cold media is stored in an in-built refrigerator prior to being
pumped into a media reservoir assembly within the incubator
to allow warming to occur before delivery to the cassettes.
The pump housing includes an electronic interface and power
supply to pump media both into and out of the reservoir
bags. All these processes are finely controlled by specialized
custom software. The Bioreactor and supporting equipment
are designed to fit within a 2m x 1m floor area (Figure 2).

EXPERIMENT

Experimental Design

Animals. All animal work was performed in an accredited large
animal facility following approval by the South Australian
Health and Medical Research Institute (SAHMRI) Animal
Ethics Committee (Approval Number: SAM282). Three
Large White XLandrace pigs weighing on average 30 kg were
obtained from Roseworthy piggery 1 week prior to the start
date to allow for acclimatization to their new environment.
One unit of blood (~400 ml) was collected from the jugular
vein of each pig prior to initial surgery to isolate plasma for the
generation of the CCSs.

Duny 0—Skin Harvest and BTM Implantation. On the day of sur-
gery, two sites were planned out, one on either side of the spine
of the animal (Figure 1). Two skin biopsies per pig, ~20 cm x
10 cm at 12 /1000s of an inch thick, were harvested as a source
for the isolation of autologous fibroblasts and keratinocytes.
NovoSorb® BTM were implanted and the wounds dressed ac-
cording to the method. At dressing change, the wounds and
surrounding areas were shaved, cleaned, and photographed.
Wound measurements were recorded each week.

Days 0 to 35—Cell Culture and CCS Generation. For the creation
of the CCS, the biopsies were processed on day 0>3 and the epi-
dermal keratinocytes and dermal fibroblast cells isolated for mass
cell expansion in culture. Fibroblasts were initially established
in Dulbecco’s modified Eagle’s Medium with 10% fetal bovine
serum (FBS) before being changed to 5% FBS for subsequent
passages. Keratinocytes were co-cultured using irradiated Swiss al-
bino mouse fibroblasts in a supplemented SEL-KGM-1% FBS.??
All cells were cultured in an incubator (Sanyo MCO0-20AIC,
Quantum Scientific) with 5% CO, at 37°C. When sufficient cell
numbers were achieved after expansion, they were frozen using a
control rate freezer (Planer Kryo 10 Freezer, Quantum Scientific),
pending the sequential seeding of the CCS PUR foams.

Two 25 cm x 25 cm CCSs were produced per pig, CCSa and
CCSb.2? PUR Foams were presoaked with autologous plasma in
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Figure 1. Wound creation and BTM implantation. (A) 24.5 cm x 12 cm wound areas marked out with a surgical marker pen and template, (B,
C) harvesting tissue for an autologous source of skin cells, (D) removal of the full-thickness skin to the panniculus adiposus layer, (E, F) implan-
tation of the BTM into the wound by cutting and affixing with surgical staples, (G) outer layers of wound dressings of combine and hypafix, (H)

custom-made pig jackets complete the dressing.

preparation for fibroblast inoculation with autologous thrombin
at 6 x 10*/cm? for CCSa for 17 days and 2.5 x 105/cm? for
CCSb for 7 days. Keratinocytes were then inoculated at 5 x 10°/
cm? and 1 x 10%/cm?, respectively, for another 7 days. The ker-
atinocyte co-culture period was identical for both CCSa and
CCSDb (7 days). After initial cell inoculations, media in the CCSs
were changed daily with the automated bioreactor. The media
used for co-culture was a modified SEL-KGM with 2% FBS.

Day 35—BTM Delamination and CCS Transplantation. The
BTM was delaminated on day 35 postimplantation (Figure
3A-C), exposing the vascularized wound bed. Precultured

CCSs were cut to size and affixed with surgical steel staples
(Figure 3D-G). An autologous split-thickness skin graft
(STSG) was taken from the shoulder area as a control site, cov-
ering approximately one third of one wound on each animal
(Figure 3H).

Wound Assessment and CCS Analysis. Dressings were changed
every Monday afternoon and Friday morning with punch
biopsies taken at clinically relevant time points; photos,
wound measurements, and evaporative water loss readings
(Vapometer, Delfin Technologies Ltd., Helsinki, Finland)
were recorded to indicate wound closure.
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8 a
7
sy
9
6 1/ CCS Cassette
2/ Five Cassette Shoe
3/ Shoe Tower
4/ Drive & Spigot Assembly
5/ The Incubator
Includes the Media Reservoir Assembly
6/ Media Storage Fridge
Includes the Media Bag Frame

7/ Pump Housing
Includes the Electronic Interface, Power Supply,
1/0 Panel.

8/ Software Control System
Includes the Computer, Control Card, Screen,
Keyboard, and custom software.

9/ Support Hardware

Includes Incubator Stand and the Control Bench.

Figure 2. In-house novel bioreactor design and setup. (A) CAD schematic of the prototype design resolved to fit 20 cassettes into an ESCO 240-1
incubator (shown here with its supporting equipment on a 2 m x 1 m floor area for scale), (B) actual tower holding 10 cassettes in two shoes, (C)

itemized descriptions for each part of the bioreactor.

Biopsies of the CCS were taken pre-application and stained
to view with fluorescence microscopy. A LIVE/DEAD® vi-
ability stain (L3224, Life Technologies) was used; green fluo-
rescent calcein-AM activity indicating live and red fluorescent
ethidium homodimer-1 indicating dead, or loss of plasma mem-
brane integrity. Collagen formation was assessed with the use
of dichlorotriazinyl aminofluorescein stain (D0531; Sigma—
Aldrich). Immunostaining was performed to affirm the pres-
ence of Cytokeratin (AE1/AE3 + 5D3, ab86734, Abcam), and
Collagen I (ab34710 and ab90395; Abcam), although success
was limited due to the unavailability of a wide range of reactive
pig antibodies. In brief, samples were fixed for 10 min in 4%
paraformaldehyde, washed, primary antibody applied for 1 hr at
room temperature, washed again, and corresponding secondary
antibody applied. Samples were then counterstained with either
propidium iodide (P4864; Sigma-Aldrich) or DAPI (P36935;
Life Technologies). A FluoroDish™ was used to aid viewing on
the Nikon confocal microscope.

Wound punch biopsies and large full-thickness excisional
samples were fixed in 10% neutral-buffered formalin,
dehydrated, and embedded in paraffin. Specimens were cut at
5-pm sections and stained with hematoxylin and eosin (H&E)
and Periodic acid—Schift (PAS) for structural integrity and
basement membrane identification.

Statistical Analysis

The statistical software used was SAS 9.4 (SAS Institute Inc.,
Cary, NC). A linear mixed-effects model was used to test for

the effect of flank treatment and then for the effect of flank
treatment across time. In the latter model, flank treatment and
the continuous term for time period were included in addition
to the interaction of time period and flank treatment group.
Adjusted models (controlling for pig weight, length, and
girth) were also employed. A compound symmetry covariance
matrix was used to account for repeated measurements over
time and a Variance Components covariance structure was
used to adjust for clustering on time (there are measurements
on two flanks for each time period). Assumptions of a linear
mixed-effects model were found to be upheld by inspection
of histograms and scatter plots of residuals, variance, and
predicted values. Treatment effects are described as mean
differences with 95% confidence intervals.

EXPERIMENTAL RESULTS

All pigs gained weight and were healthy for the entirety of the
experimental period. Pig 1 was euthanized on day 49 post-
CCS application due to <50% CCS engraftment.

BTM Observations

All BTMs showed complete integration and consolidation by
day 18. The wounds with BTM displayed negligible contrac-
tion (4.5%), prior to their delamination for CCS transplantation
(Figure 3). There was not a statistically significant association
between wound contraction for the flank treatments in either an
unadjusted model (P=.5602) or an adjusted model controlling
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Figure 3. BTM delamination and CCS transplantation. (A) On day 35, after BTM implantation when CCSs were ready to be transplanted, (B,
C) BTM delaminated to expose the well-vascularized wound bed which was prepared by light dermabrasion, (D-H) the CCS was cut to size and
affixed to the freshly prepared wound bed followed by an additional dressing layer, Mepitel™, which preceded the dressing regime. (H) A split-
thickness skin graft was taken from the shoulder area of each pig as a control site, covering approximately one third of one of the wounds.

for pig weight, length, and width (P = .5792), adjusting for
repeated measurements over time and clustering on time (two
flanks for each time period). Pig 1 clinically presented a superior
BTM with negligible seal delamination, whereas Pig 3’s BTMs
were traumatized, and presented with areas of superficial scar
secondary to traumatic early delamination, producing a subop-
timal wound bed for grafting.

CCS and Bioreactor

CCS Before Application (In Vitro) The CCS matrices were
presoaked with autologous pig plasma prior to fibroblast

inoculation. The 1-mm batches of PUR foam presented with
an “L-shaped” area that had significantly larger pores on two
edges of the 25 cm x 25 cm sheet. As only half of each CCS was
to be transplanted per pig, we could manipulate it so that only
a small proportion of the larger pore foam was applied onto a
wound, and its subsequent location was noted upon applica-
tion. Due to the extra-large pores (>1 mm) cell fall through
and growth on the bottom plate in the cassette was apparent;
however, fibroblasts were able to span the smaller pores to
produce confluent layers (Figure 4A and B). Immunostaining
confirmed the presence of collagen type 1 (Figure 4C).
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Keratinocytes seeded on the surface were apparent prior to
transplantation (Figure 4D and E, see Supplemental Video
File) and positively stained with pancytokeratin (AE1-AE3)
(Figure 4D, inset).

CCS After Application Between days 4 and 7 post-CCS trans-
plantation, the pigs inflicted varying degrees of trauma on
the CCSs, both during normal behavior and physical trauma
during induction of anesthesia for dressing changes. Two of

Journal of Burn Care & Research
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three pig skin grafts showed 100% take by day 11, with sub-
stantial skin graft loss (65.5%) in the third pig. Small islands
of epithelium were also observed clinically on day 11 in the
CCS conditions (Figure 5A and B). Split-thickness skin and
CCS engraftment were confirmed by punch biopsies and his-
tological analysis with H&E and PAS staining (Figure 5C-E).
CCS biopsies displayed superficial 1-mm PUR fragments with
developing interwoven epidermis with a small band of gran-
ulation tissue and residual 2-mm BTM in the lower portions

Figure 4. Representative staining of CCSs prior to application. (A) Live/dead stain (calcein—green, ethidium—red) showing fibroblasts (Fbs)
stained green, filling the polymer pores (PUR stained red), (B) fibroblasts stained with dichlorotriazinyl aminofluorescein depicting collagen
production, (C) Collagen type I staining red, and blue fibroblast nuclei stained with auto-fluorescent blue PUR foam structure, (D) confocal mi-
crograph, 3 x 3 tile showing a lawn of green cells prior to transplantation note the >1-mm open pore section where cells were unable to bridge,
(D-inset) AE1-AE3 green staining for keratin with blue DAPI-stained nuclei, (E) confocal micrograph video of CCS before application showing
z-stack of cellular morphology from keratinocytes to fibroblast layer. Scale bars = 100 pm (A), 50 pm (B, C, D-inset, E), and 500 pm (D).
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(Figure 5C). PAS staining, indicative of basement membrane,
was observed in Figure 5D from a section of CCS engraft-
ment. The skin graft showed normal epidermis (with contin-
uous and well-developed basement membrane) and dermis
(Figure 5E), showing perivascular lymphoplasmacytic and
cosinophil cuffing, with an edematous layer with active fi-
broplasia, merging into more mature collagenous connec-
tive tissue with compact collagen. The PUR foam material
from the BTM was present in the subcutis, surrounded by
multinucleate giant cells and epithelioid macrophages.

The majority of CCS healing and engraftment on pigs 2
and 3 occurred by day 53 post-CCS transplantation, when
they were sufficiently healed to no longer require dressings,
although these wounds were being moisturized and massaged
to aid with the tissue repair process and produce a soft and
supple scar from a week earlier. On day 63 post-CCS trans-
plantation, the evaporative water loss readings were compa-
rable to normal skin (average 11.9 g/m?h) and the healed
skin graft (average 11 g/m?h) with readings for sites a and b
averaging between 9.4 and 13.3 g/m?h, indicating definitive
wound closure.

Dearman et al 1205

Pig 1 achieved limited success due to major trauma on day 4
post-CCS application, causing an initial total CCS loss of 48%.
By day 32, only 7.5% of the original wound displayed central
re-epithelialization from CCS and, on day 49 (7 weeks post-
CCS application), this animal was euthanized. However, areas
of viable epithelium appeared both clinically and histologically
within the CCS PUR over residual NovoSorb® BTM in the
subcutis. This ranged from superficial thick viable epithelium
(early CCS take), adjacent thin epithelium (secondary edge
migration) to ulceration (no take) with deep inflammatory
infiltration.

At 32 days post-CCS application, pig 2 displayed 73%
wound closure for CCSa, and 85% for CCSb. The CCSb
wound area was completely healed by day 53 postapplication.
It was soft and supple to manipulate but had a central scar
band present due to some delayed healing (Figure 6A). The
sheet skin graft applied at the same time was clinically sim-
ilar to normal skin, bearing in mind the effect of the inte-
grated BTM deep to the graft. Figure 6B shows the area
at 4.5 months postapplication with minimal delineation
between the STSG site and CCS applied area. CCSa also

(A,B)P
D) H&E and Periodic acid-Schiff staining of punch biopsies from CCS engraftment day 11, and (E) H&E staining of split-thickness skin graft
punch biopsy, day 11.
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displayed a central scar band with visible edge scarring and
contraction. In pig 3 at day 32, CCSa and CCSb were 56%
and 55% healed, respectively. The remaining wounds healed
by secondary re-epithelialization by day 63.

The wound areas stabilized at day 66, (32 post-CCS trans-
plant), with an average of 18% contraction from the time of

Figure 6. Healed wound at day 63 and 137 post-CCS transplan-
tation. (A) Pig 2 CCSb wound size day 0, 281 cm? to day 63,
261 cm2 and (B) Pig 2 CCS at 137 days (4.5 months) post-transplant
maintaining wound size, shape, and no obvious hypertrophic scar-
ring. Note: pigs at this time point had been exposed to environmental
factors and elements.

Journal of Burn Care & Research
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delamination/CCS transplant (Figure 7). Pig 2 displayed
an increase in wound size from this time point to endpoint,
indicating the ability of a healed wound to expand with
pig growth.

There was no statistically significant difference between the
different areas, CCSa or CCSb (P > .01); however, aestheti-
cally the epithelium produced from CCSb was initially thicker,
more uniform, and at early time points covered a greater per-
centage of the wound. For CCSa wound, for every 1-day
increase in time, the mean percent wound change increases by
0.18% (estimate = 0.18, 95% confidence interval: 0.09, 0.27,
comparison P = .0002). For CCSb wounds, for every 1-day
increase in time, the mean percent wound change increases by
0.29% (estimate = 0.29, 95% confidence interval: 0.20, 0.39,
comparison P < .0001). However, there is not a statistically
significant difference between these slopes/associations (in-
teraction P = .0900). When controlled for pig weight, pig
length, and pig girth, these post hoc comparisons are no
longer significant (CCSa—P = .4298 and CCSb—P = .7509,
interaction P = .0915).

Pigs 2 and 3 were penned outdoors from day 63 post-CCS
application until euthanasia (25 weeks post-CCS applica-
tion). At 137 days (4.5 months) postapplication, histological
sections revealed the presence of BTM along the subcuta-
neous fat layer, with intermittent residual CCS PUR foam.
The epidermis showed acanthosis with prominent rete ridges
and prominent, laminated orthokeratotic hyperkeratosis.
There was a thick dermal layer of mature collagenous connec-
tive tissue with PUR material evident in the subcutis.

At day 177, the full-thickness excisional histology (Figure
8) was similar to day 137, with abundant collagen deposi-
tion and epidermal integrity. The PUR implanted material
was evident in the deeper dermis and was surrounded by
multinucleate giant cells and epithelioid macrophages indic-
ative of a granulomatous reaction (Figure 8C). This reaction
was also observed deep to the STSG (Figure 8F). The two
sites (CCS treated and control) presented similar histology,
although CCS resulted in a greater dermal thickness, this
outcome might be due to delayed re-epithelialization and
increased fibrosis, but the fact that the CCS is 1 mm thick
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Figure 7. Wound area over time (cm?), day 0 to 35 post-BTM implantation prior to CCS application and then day 35 until 2 months post-CCS
application.
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STSG - Day 177 Full thickness excisional biopsy

SH

Figure 8. Representative histology of full-thickness sections from day 177 post-CCS application and STSG. (A-C) A 4.2-cm section from CCS
healed wound with continual well-developed epidermis and residual PUR foam in the lower subcutis, 10.8-mm-overall-thick section, average 8.7-
mm epidermis to dermis, average epidermal thickness 221 pm and (D-F) similar histology observed in a 3.5-cm section from STSG healed wound,
with prominent rete ridges, 9.03 mm overall thickness, average 5.5-mm epidermis to dermis, and an average epidermal thickness 209 pm. Scale

bar = 5 mm (A and D), 250 pm (B and E), 1 mm (C and F).

and the STSG is 12,/1000 inch (0.305 mm) should also be
considered as a possible mechanism.

Bioreactor

The bioreactor was able to maintain 24 days of operation,
automatically supplying new nutrients and removing waste
from the cassettes daily. Upon decommissioning the equip-
ment, a few minor deficiencies were noted but ecasily recti-
fiable by machining the prototype parts to ensure rigidity
and demonstrating that long-term use is sustainable. Minor
software updates and changes are required that will refine the
success of the bioreactor and the consistent reliability of the
produced CCSs. Changes to the growth plate and an intro-
duction of a lifting mechanism for the CCS transplant are un-
derway and will further advance the bioreactor.

DISCUSSION AND CONCLUSIONS

Using a porcine large wound model, we demonstrated that
upscaling the CCS from 8 cm x 8 cm, to 25 cm x 25 cm,
is feasible by utilizing an in-house novel bioreactor device.
This facilitated automated daily media changes and waste con-
trol. A total of six cassettes were setup over two shoes for the
three pigs. Although CCS engraftment was variable over the
three pigs, initial island epithelialization from the CCS was
observed by day 11 with complete healing from secondary
re-epithelialization. Numerous factors contributed to the final
outcomes.

Early trauma to the wounds caused not only CCS loss but
also graft loss. This was potentially due to the generation of
the donor site for the STSG control area, as it is well reported
that a donor site can be more painful for the patient than the
actual wound site.?* To enable the use of a sheet graft for the
control site, a larger donor site was required. However, future
studies will investigate the possibility of a designated research
electric dermatome and porcine skin graft mesher to first en-
able smaller donor sites and second, it will align with that of
a clinical setting for extensive full-thickness wounds, where
1:3 meshed grafts are more widely used. A direct comparison
of a meshed 1:3 STSG to CCS may proffer similar healing
times. Other skin substitutes that have been used clinically
have also been meshed prior to application to expand the area
of coverage.?®

The range of PUR foam pore sizes/porosity is another
contributing factor to island epithelialization and incon-
sistency. Although fibroblasts prefer a pore range (between
38 and 150 pm),2%?” they can bridge much larger pores
since adjacent cells act as support structures.” However,
the CCS PUR matrices supplied contained pores > 1 mm,
which made it impossible for fibroblasts to traverse. Other
contributing factors that may produce a range of varia-
bility include a manual cell seeding technique, permitting
operator-dependent deficiencies.!'® Bio-printing and auto-
mated cell seeding devices may assist with homogenous cell
distribution, both improving the reproducibility and accu-
racy concerns.”®?? Smaller scale bioreactor devices have been
designed for other 3D tissues that can inoculate cells by
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dynamic methods,!?30-32 possible for single cell inoculations

but more complicated for the creation of layered multi-cell
structures.

A well-prepared wound bed is critical for full engraftment
whether it be a split-thickness skin graft or a substitute graft.
For a wound to heal it needs to be well vascularized, have
reduced bacterial load and organized granulation tissue.??
The NovoSorb® BTM is anecdotally one of the most robust
and forgiving dermal templates currently available3#37; how-
ever, the unpredictable behaviors of a 35-kg pig might be
overstretching its tolerance and is one drawback of using a
large animal model. The porcine study model may have sev-
eral disadvantages (size) but, as a close analog of human skin,
it is a model that has enabled our translational research to
move forward into clinic.

Tissue engineering is rapidly evolving, with the next gen-
eration of “skin substitute” requiring an interdisciplinary
approach to ensure a clinically suitable product. Large-scale
production of such materials not only needs to meet regula-
tory requirements but also proffers critical biological and engi-
neering challenges that need a thoughtful approach to ensure
an end product that is safe, of high quality, and efficacious.
The principal limiting factor in the widespread production
and use of any engineered tissue, not just skin, is production
cost, which includes not merely the initial raw materials, but
also cleanroom accessibility/fees, running expenditures, and
labor.38 If one or two of these can be reduced, then it might
enable the expedition of engineered tissues to market. In the
long term, a bioreactor will enable a reduction of costs by
reducing the manual handling required through automation;
however, scale-up and automation for standard cell culture
techniques is also required. This will ease the labor required
for the intensive expansion of cells and is another avenue
where specialized bioreactors may assist.>>3

There are a number of research tissue engineered skins and
in-house research bioreactors in the field that have shown po-
tential?®2%40 and is essential for extensive burns cases to con-
sider the capability of scale-up to manufacture a product for
clinical application.

In summary, the study suggests that the novel in-house
prototype bioreactor can support the generation and scale-up
of large CCSs, which can then provide a closure strategy for
large wounds. The study employed the two-stage strategy of
NovoSorb® BTM followed by CCS application. This has been
designed to offer patients with large burn injuries at least a
chance of survival with an acceptable outcome. The current
CCS represents the first steps to a more complete cultured
skin analog. Plans to include a micro-vasculature, pigmentary
capability and other desirable appendages (such as hair) have
been formulated, but having the capability to scale-up the
basic model will be a major advantage for further long-term
development, while saving lives in the short term.
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3.1 Overview

Pre-optimisation studies to refine the CCS process, culturing methods and bioreactor
improvements were in progress prior to the preparation of the second porcine study
scheduled to start in December 2018. However, due to unforeseen and extenuating
circumstances (95% Burn patient), these and the porcine trial were deferred to undertake
the first CCS trial in man. Although the approval of the human research ethics committee
had been granted (Appendix I), governance had not been successfully cleared prior to
December 2018 and this patient was treated via the Special Access Scheme (SAS) through
the Therapeutic Goods Administration (TGA). Overall, 26 pieces of CCS (16,250 cm?)
were generated to assist with closing a 95% wound. Along with the results from Chapter
2, the culturing methods and CCS fabrication methods employed for this patient have been
previously published -?. The results and information obtained from this first human trial
is a major step in developing a second paradigm shift in burn care, the first being BTM.
Although further optimisation to enable consistent ‘take’ is a necessity and is further

explored in Chapters 4-6.
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In 2004, in response to inadequacies in wound management techniques employed in the management of
massive burns and the consequent high mortality and morbidity, a two stage strategy was conceived to
reduce the traditional reliance on autograft, where donor sites were scarce, or absent. Over the next
14 years, two products were developed based in a novel, biodegradable polyurethane foam - a
Biodegradable Temporising Matrix (BTM) and an autologous, bilayer (dermis and epidermis)
Composite Cultured Skin (CCS). Following immediate burn escharectomy, the 1st stage of the strategy (ei-
ther at the same operation or a few days later) would involve BTM implantation into the resultant
wounds and harvesting of a small autograft for keratinocyte and fibroblast isolation for culture and
CCS production. The 2nd stage, five weeks later, would involve delamination of the BTM and the appli-
cation of the prepared CCS to the BTM ‘neo-dermis’. The two stages together designed to reduce the
requirement for autograft to the small piece harvested to provide the cells for CCS production. At the
end of 2018, an adult male with 95% TBSA burns (85% full-thickness) and significant smoke inhalation
was received and was the first to undergo the ‘two-stage strategy’. His treatment course and outcome

are described herein.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In 2004, the senior author (JG) postulated that in order to abol-
ish the requirement for the split skin graft in the repair of the post-
debridement wounds of patients after major burn injury, two
serially-applied materials would be necessary. This ‘two-stage
strategy’ suggested that definitive closure would be best achieved
by an autologous composite cultured skin (CCS), derived from a
small split skin graft biopsy where dermal and epidermal elements
could be individually cultured for expansion and then serially
seeded into a suitable ‘scaffold’. However, whilst keratinocytes
are happy to form confluent cellular layers under suitable culture
conditions (the epidermis, derived from ectoderm in the embryo,
is a completely cellular organ); a confluent layer of cultured fibrob-
lasts does not constitute a dermis. The dermis, derived from meso-
derm, is not a cellular, but a molecular structure. The function of
the dermal cell, the fibroblast, is to maintain this structure and
occasionally to repair it after injury. Rather than merely culturing
fibroblasts, these cells must be allowed to establish themselves
within a three-dimensional scaffold in which, with time and nur-
turing, they will lay down collagen and the other macromolecules
that characterise the dermal structure. Thus, the senior author

* Correspondence author: Adult Burn Service, Royal Adelaide Hospital, 1 Port
Road, Adelaide 5000, South Australia, Australia.
E-mail address: john.greenwood@sa.gov.au (J.E. Greenwood).

https://doi.org/10.1016/j.burnso.2020.06.003
2468-9122/© 2020 The Author(s). Published by Elsevier Ltd.

determined that the three-dimensional scaffold did not need to
be composed of biological materials, since its role was the tempo-
rary support of fibroblast proliferation and collagen deposition,
and sourced a biodegradable polyurethane from a CSIRO-spin out
company, PolyNovo Biomaterials in 2004.

The initial work on producing CCS demonstrated that the poly-
urethane was biocompatible, bio-tolerated and suitably biodegrad-
able (a property which could be tailored by altering aspects of the
chemistry) [1]. However, it became apparent that the time taken to
produce these early bi-layer ‘skin analogues’ (at least four weeks),
would require the development of a second material, a biodegrad-
able temporising matrix (BTM, now marketed as NovoSorb BTM™
by PolyNovo Biomaterials Pty Ltd, Port Melbourne, Victoria, Aus-
tralia). The function of NovoSorb BTM™ (idiosyncratically to be
applied first) would be to ‘physiologically’ close the wound by vir-
tue of a superficial pseudo-epidermal layer, and then have a dee-
per, biodegradable dermal layer integrate into the wound bed,
preventing wound contraction and improving the wound bed for
the subsequent receipt of CCS.

The development of the NovoSorb BTM™ has been the subject of
a series of articles and book chapters [1-20].

The background of the CCS has similarly received some mention
in the literature [1-3,6,8,13-15], but its progress was postponed by
several years because of some fundamental issues. One of these has
already been highlighted - the culture/preparation time of CCS,
which mandated the development of the NovoSorb BTM™, With

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the processes of CCS production fully developed and optimised,
this preparation time is now five weeks. Some issues were reme-
died more simply - for instance, the polymer scaffold was buoyant
in culture and necessitated the identification of a means of holding
it submerged in fibroblast media, and simultaneously negating the
tendency for seeded fibroblasts to be lost by ‘falling-through’ the
open-cell nature of the polyurethane foam. More difficult was
the problem of scale. This was solved with the bespoke design
and construction of a ‘bioreactor’ [14,15], which necessitated both
advanced engineering and computer software designer input.

Experimentation with autologous, bioreactor-yielded CCS in a
porcine large wound models demonstrated ‘proof of concept’ of
the two-stage strategy [21]. The results of these studies, together
with the published background work, led to the Human Research
Ethics Committee granting approval for a three patient pilot study
of CCS in the repair of post-debridement wounds in patients with
extensive, full thickness burn injuries. This was due to start recruit-
ment on 1st January 2019. However, these intentions were pre-
empted when, a month earlier, a desperate case was admitted to
the Royal Adelaide Hospital.

2. Case report
2.1. Admission and debridement surgeries

A 34-year old male sustained very significant burns during a
house fire at midnight in a small town 147Km north of Adelaide.
He was taken by ambulance to the local hospital and from there
was retrieved by air ambulance to the Royal Adelaide Hospital,
which houses the Adult Burn Service (the tertiary burn service
for South Australia, the Northern Territory, western New South
Wales and western Victoria). Passing rapidly through trauma

clearance, he arrived five hours post-injury in the burns operating
theatre (which had been pre-heated to 34 °C). His burns were for-
mally mapped at this stage (Fig. 1a). Bronchoscopy demonstrated
significant lower airway inhalation injury (Fig. 1b). Significant
haemochromogenuria was noted on arrival (Fig. 1c) although
within 3 h, the urine was clear (Fig. 2a-d) and was being produced
in good volume (>0.5 ml/Kg/hr). Due to the time delay between
burn and surgery, the burns were aggressively scrubbed clean with
betadine-impregnated brushes and full torso and four limb
escharotomies were performed (Fig. 3a-d), to facilitate anaesthesia
and reduce compartment pressures during the ongoing aggressive
fluid resuscitation. To further decontaminate his facial wounds, his
hair was shaved and his face and scalp washed. As soon as the
escharotomies were complete, the patient, lying on an Inditherm™
patient warming system (Inditherm PLC, Crawley, West Sussex,
UK) was covered with a 3 M Bair Hugger™ (3 M, St. Paul, Min-
nesota, USA) and sterile warmed blankets. Since we anticipated
performing tangential excision and expected blood loss, serial
exposure of limbs allowed sub-eschar tumescence of all limb and
anterior trunk tissues with 1:500,000 adrenaline and 0.05% bupiva-
caine by our standard technique [22]. Once we realised that the
patient had very little body fat and that the fat layer looked to be
compromised by the mechanism of injury, we performed fascial
excision of 63% total body surface area (TBSA) full thickness burns
using a Colorado Microdissection Needle™ (Stryker Corporation,
Kalamazoo, Michigan, USA) and cutting monopolar diathermy.
Once a limb eschar excision was complete, it was wrapped in Bio-
brane™ (Smith & Nephew Ltd., London, UK), held with staples,
overdressed with Acticoat™ (Smith & Nephew Ltd., London, UK)
and wrapped with a single crépe bandage. Biobrane is used in this
situation as a ‘passive’ temporiser, in the knowledge that once the
escharectomy is complete, the patient has already suffered
extreme physiological insults from injury and surgery and

Fig. 1. Burn assessment upon arrival. a. Burn depth and estimation recorded using the Lund and Browder diagram (full thickness areas cross-hatched, mid-dermal areas
hatched). b. Visualisation of the airway on bronchoscopy. c. Urine on arrival in theatre (5.05am).
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b. 5.18am

7.59am
R

Fig. 2. Serial photographs showing the effect of rapid and aggressive fluid resuscitation on urine haemochromogenuria. Clear urine was achieved within the first three hours
of the first operation. 2a. - d. indicate progression with time.

Fig. 3. a. & b. Escharotomies of lower limbs performed on admission in theatre while ongoing fluid resuscitation was performed. c. Chest escharotomy and d. arm
escharotomy.
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everyone involved in the surgery is exhausted after working for a
long period in a hot theatre. Prologing surgery and anaesthesia to
perform definitive closure (or in this case even ‘active’ temporisa-
tion with BTM) is not sensible. Biobrane is relatively inexpensive,
quick (dry packed, easy to apply with staples), hypothetically has
an evaporative water loss barrier function (thus abolishing a prime
physiological stimulus to wound recognition and continued
inflammation, facilitating physiological improvement) and doesn’t
affect the appearance of, or allow dessication of, the wound bed.
Acticoat is applied because it is also easy and quick to apply to
the whole body if necessary, profoundly antibacterial (Ag®) and
anti-inflammatory (Ag>*). The Biobrane also prevents the Acticoat
from staining the debrided wound bed with silver deposition or
pseudoeschar formation. These materials make the wound bed
easier to assess at the next operation, needing minimal refresh-
ment before BTM application. The next limb was then exposed
(Fig. 4a-d). The anterior trunk was then debrided to fascia from
the limit of lower limb debridement inferiorly, to the angle of the
mandible superiorly and to the mid-axial lines of the trunk and
proximal limit of the upper limb eschar excisions laterally. A full
platysmectomy was performed. These wounds were similarly pas-
sively temporised with Biobrane™, and overdressed with Acticoat™.
A split skin graft, 7.7 cm x 15 cm, was harvested from the shaved
scalp to provide the cellular components for CCS production and
completed the first operation. This size of split skin graft was taken
because we have calculated previously that 10 cm x 20 cm pro-
vides a sufficient number of dermal fibroblasts and epidermal ker-
atinocytes, after isolation and individual culture, to seed up to 40
pieces of CCS, 25 cm x 25 cm (2.5 m?) [15]. He was transferred
to the Intensive Care Unit (ICU). His initial surgery had lasted 10 h.

On the ICU, over the next 48 h, he received nebulised HEPNAC (a
solution of 10,000 IU of heparin with 3mls of 20% N-acetylcysteine
every four hours) via his endotracheal tube. By 48 h, he was

surprisingly well by all physiological parameters. However, due
to the normal hair flora, the fibroblast culture created from the
scalp biopsy became contaminated with Cutibacterium acne (con-
firmed by sterility results) and a second biopsy was required.

Two days following his admission, the patient returned to the
operating theatre. Placed in the prone position, the final 22% TBSA
deep burn eschar was excised from his posterior trunk and both
buttocks after sub-eschar tumescence. The eschar excision again
extended to fascia (Fig. 5a & b). Whilst in this position, and follow-
ing limited haemostasis (with only adrenaline-soaked gauze packs
and minimal bipolar diathermy), NovoSorb BTM™ was applied to
his entire posterior trunk and buttock wounds and affixed with
surgical staples (Fig. 5c). He was then transferred to a second oper-
ating table to place him in the supine position. The excised burn
wounds to all limbs and the anterior trunk and neck were
refreshed by scraping with a metal ruler and NovoSorb BTM™
was similarly applied. In areas like the neck, and axillae, the BTM
is applied in ‘tailored’ sections to exactly fit the contours of the
wounds with these areas in extension (and abduction in the case
of the axillae). These sections are then ‘quilted’ using staples to
maintain good apposition to the wound bed. By the end of the sec-
ond procedure, 85% TBSA full thickness burns had been excised and
NovoSorb BTM™ had been implanted into all of the resultant deep
wounds (Fig. 6).

On Day 6, during a general anaesthetic dressing change, an
8 cm x 11 cm split-skin graft was harvested for the isolation and
culture of fibroblasts for CCS generation from a small, unburned
area of his posterior right shoulder.

2.2. Airway recovery, extubation and the initiation of therapy

The patient continued to receive HEPNAC via the endotracheal
tube but, as his physiological status improved, his sedation was

Fig. 4. a. - d. Full fascial excision of the lower limb performed at first debridement using cutting diathermy.
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Fig. 5. a. Full-thickness burn on posterior trunk at the time of second procedure on Day 2, b. wound following burn excision, and c. freshly applied NovoSorb BTM™.

reduced. In addition, he required no vasopressor/inotrope adminis- Passive physiotherapy had been commenced on Day 5 post-burn
tration. By 8 days post-burn, he was conscious and thus extubated (Day 3 post-NovoSorb BTM™ application) and continued on the
(Fig. 7). The following day, he was transferred to the Burns Unit. Burns Unit, although this was progressively supplemented with

0

Fig. 6. At the end of the second procedure on Day 2, 85% TBSA full-thickness burns excised and NovoSorb BTM™ implanted into the resultant wounds.
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Fig. 7. The first ‘awake’ dressing change on Day 9 following extubation the day
before.

active exercises as the patient’s analgesic requirements reduced.
From Day 20 post-burn, the physiotherapists had him sitting on
the edge of his bed, on Day 25 he stood with assistance and on
Day 28, he walked with the aid of a frame in his room and then
a short distance down the corridor and back. This was video-
recorded when he repeated the feat 4 days later (Video 1).

2.3. BTM integration

The patient’s outer dressings, Acticoat™ held by Hypafix™ (3 M,
St. Paul, Minnesota, USA) on the trunk and by Hypafix™ and crépe
bandages on the limbs, were changed every three days. Whilst
intubated and on the ICU, these dressing changes were performed
under sedation. Once extubated, the first two dressing changes
were performed in the operating theatre to ensure a rapid and
painless procedure, but thereafter his dressing changes were
usually performed on the ward, unless another procedure
accompanied the dressing change (such as central line changes,
or aggressive passive major joint mobilisation by the therapists).
During each dressing change, the BTM was left open (aired) for
up to 1 h and washed with a chlorhexidine-impregnated sponge
before fresh Acticoat™ was re-applied. Almost all of the 85% TBSA
NovoSorb BTM™ integrated evenly and completely by Day 40
post-application (Day 42 post-burn) (Fig. 8). There were no infec-
tions in the BTM. The only disappointing areas were over the sub-
cutaneous borders of both tibiae (Fig. 9a). On Day 44 post
application, the non-integrated NovoSorb BTM™ seal and foam
overlying these bones was removed. The underlying periosteum
was found to be non-viable and was detached with a periosteal

Fig. 8. Integrated NovoSorb BTM™ on Day 40 with the characteristic ‘peach-
coloured’ appearance.

Video 1.
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Fig. 9. a. The majority of BTM lower leg integrated, except for the anterior border of the tibia (Day 46). b. Periosteum removed and cortical drill holes in tibia. c. Fresh BTM
applied and secured to surrounding tissue with staples. d. Following successful BTM integration ready for CCS application over the tibia on Day 123). This is surrounded by

previously applied and healed CCS.

elevator. Multiple holes were drilled into the tibial cortices with a
dental burr and fresh NovoSorb BTM™ was applied (Fig. 9b & c).
Tissue from the tibial medulla filled and integrated the new Novo-
Sorb BTM™ strips over the next 77 days, by which time the previ-
ously integrated NovoSorb BTM™ around them had undergone
delamination, CCS application and healing (Fig. 9d).

2.4. CCS production

In an ISO 7 Cleanroom environment, the split skin graft biopsies
had been enzymatically divided into dermis and epidermis, for
individual cell isolation and culture. The CCS polyurethane scaffold
(25 cm x 25 cm x 1 mm) was prepared with Fresh Frozen Plasma
(FFP) and seeded with the cultured fibroblasts. These were kept in
submerged culture until they were seen to fill the foam pores and
lay down collagen inside the ‘dermal’ foam component of the CCS
(1 mm thick, unsealed, biodegradable NovoSorb™ polyurethane
foam, Fig. 10a). At this time point, cultured keratinocytes were
seeded and the media changed to supplement both cells types.
The CCS was cultured for a total of 14 days (Fig. 10b). Unfortu-
nately, some components of the bioreactor were not available at
the time of patient admission requiring an enormous amount of
time, both day and night, to create the CCSs semi-manually. They
thus had to be created in ‘batches’, and the first batch (of 5 pieces
of CCS) was ready by Day 50 post-burn.

2.5. Non-CCS wound closure

Conservatively managed - Certain areas of this patient’s burn
injuries were deemed superficial enough, or critically important
enough, to heal spontaneously. These amounted to 7% TBSA and
included face, genitalia, both palms, right sole and the lower

portion of the ‘donor site’ on his posterior upper back. In retro-
spect, the left palm and the right sole would have benefitted from
sharp surgical debridement, but the desire/need to re-establish
glabrous skin with deep attachment to the palmar/plantar fascia
required a conservative approach.

Use of available skin graft - The extended anterior neck (2%
TBSA) and the posterior trunk and buttocks (15% TBSA) received
meshed split skin graft (1:1.5 on the neck on Day 41, and 1:3 on
the back/buttocks on Day 71) from serial harvest of the posterior
shoulder donor sites. The dorsum of both hands received sheet
autograft from the scalp, the right on Day 41 and the left on Day 57.

Additionally, on Day 113, small pieces of scalp graft were sub-
jected to Meek™ treatment (Humeca, Borne, Netherlands) at two
different ratios. The anterior trunk and the left circumferential
forearm received 1:4, whereas 1:9 was used on the left circumfer-
ential arm. The total area receiving Meek™ grafting was 13.5%
TBSA. Some residual wounds (dorsum right foot, posterior right
lower limb) totalling 2% TBSA, received meshed SSG to complete
his wound healing on Day 215.

2.6. CCS application and result

In total, 6 batches of CCS were produced and applied (although
batches 5 and 6 were merely used to ‘touch-up’ areas predomi-
nantly already healed by previous CCS application). The first batch
was applied on Day 50 following delamination of the NovoSorb
BTM™ over his anterior trunk, groins and bilateral anterior thighs.
These neo-dermal surfaces were refreshed by gentle dermabrasion.
The lateness of this application followed a delay in CCS production
resulting from Christmas Holiday closures of media suppliers and
the almost complete Australia-wide exhaustion of the supply of
cell factories for cell culture. Five pieces were applied, covering
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Fig. 10. Composite cultured skin (CCS) confocal micrographs before application showing a. Live/dead staining of the foam (red) filled pores with live fibroblasts (green) before
keratinocyte inoculation b. showing positive superficial cytokeratin staining and fibroblasts (nuclei blue) . (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

15% TBSA. The CCS foam with the cultured keratinocytes and
fibroblasts was carefully removed from the cassette onto square
sheets of Mepitel™ One (Mdlnlycke Health Care, Gothenburg, Swe-
den), which were then placed onto the prepared wound bed. The
Mepitel™ was fixed with staples to the wound (Fig. 11a & b) and
overdressed with Acticoat™. The first batch of CCS successfully
closed only 4% TBSA correlating closely with margins between
the pieces and indicating that, centrally, they were deficient. A sec-
ond 5-piece batch, covering 14% TBSA (circumferential left upper
limb, anterior shoulders and circumferential left thigh), was
applied on Day 57, successfully closing 7% TBSA. Disappointed with
a successful closure rate of only 18% (7 of 39% TBSA) for these two
initial batches, fundamental changes were introduced into the cul-
ture regimen.

Fig. 11. a. The bioreactor cassette with the CCS foam containing co-cultured cells
being gently prepared for application. b. The CCS applied with Mepitel One onto the
lower arm and stapled.

Batches 3 and 4 were applied on Day 78, covering 32% TBSA
(upper chest, circumferential right upper limb, circumferential
right lower limb, circumferential left leg, the dorsum of both feet
and an area on the left sole of foot). The introduced changes were
highly effective and the CCS healed 30% TBSA, with a 94% success
rate for this optimised CCS variant. In total, CCS effected complete
and robust healing of 42% TBSA. Progression of in vivo CCS integra-
tion was demonstrated by histological preparation on/staining of
punch biopsies on Day 21, and at 3 and 6 months (Fig. 12a-c).

3. Outcome

The patient was discharged 249 days post-injury (just over
35 weeks), delayed by the unavailability of a bed at the rehabilita-
tion hospital. Fig. 13a-c demonstrate wound closure of the chest,
right upper limb and both lower limbs with BTM and CCS alone.
The contrast between CCS and meek grafting at this stage was
obvious (Fig. 14). Non-compliance with hand splinting contributed
to the development of a significant intrinsic-minus deformity of his
left hand. He self-discharged from rehabilitation after 107 days
(9 days before the anniversary of his injury) to live with his 97-
year old Grandmother. He has since undergone some left hand
and left elbow release, but has not required any reconstructive sur-
gery to other major joints, including all areas treated with CCS. He
is walking independently and occasionally uses a walking stick. In
a recent 6-minute walk test, he recorded a distance of 245 m. For
long distances, he has an electric wheelchair.

Scar Outcomes (Fig. 15) were recorded at approximately 1-year
post CCS application (Table 1) by a Senior Physiotherapist. The
Patient and Observer Scar Assessment Scale v2.0 (POSAS) [23]
was used and has been recommended for use where only one mea-
sure of the scar is required and to gain the patient’s perspective of
their scar [24]. Patient scores for all types of wound closure indi-
cated a very good cosmetic outcome. This is despite the patient
being non-compliant with pressure garment therapy and only
minimally compliant with scar massage. No pain or itch was
reported at any of the assessed sites. Observer scores also indicated
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Soum 3 months soum Soum

Fig. 12. a. At 21 days Collagen I (red) and Cytokeratin (green) staining in vivo of CCS punch biopsies. This demonstrates the gradual disappearance of the polyurethane foam
(*), predominantly by simple hydrolysis (99%). b. At 3 months, and c. At 6 months. Final microscopic remnants of hard segment are phagocytosed by giant cells. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. a. Left lower leg at discharge (Day 249 post-admission), with wound closure obtained by BTM and CCS only. b. Anterior trunk and arms on the same day (dotted lines
enclose CCS areas) and c. Bilateral lower legs (172 days post-CCS application).
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Meek grafted

Fig. 14. Meek mesh-grafting pattern (165 days post-application) grafting versus
CCS on the left anterior trunk (200 days post-application).

J.E. Greenwood et al./Burns Open 4 (2020) 121-131

very good scar outcomes for all types of wound closure with a ten-
dency for CCS and sheet skin graft wounds having better outcomes.
These very good scar outcomes mirror those previously reported in
other NovoSorb BTM™ studies [9,10,16].

4. Patient consent statement

The patient described in this article has consented to the publi-
cation of his images and discussion of his case.

Declaration of Competing Interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Professor Greenwood developed Biodegradable Temporis-
ing Matrix (BTM) between 2004 and 2016 in collaboration with
PolyNovo Biomaterials Pty Ltd. He has no current affiliation with
PolyNovo Biomaterials Pty Ltd, and does not receive any fee for

Fig. 15. a & b One year post CCS (Day 405 post injury), showing good bilateral shoulder movement.

Table 1

POSAS Scores for CCS, sheet and meshed skin graft and Meek graft at 12 months post-healing.

Wound closure technique  Site Timeframe (months, days) POSAS observer POSAS observer overall POSAS patient POSAS patient overall
CCS L) abdo 12m14d 12 2 8 1
L) knee 12m7d 19 3 12 1
R) calf 11m17d 17 2 10 2
L) chest 11m17d 15 2 18 1
R) forearm 11m17d 16 2 8 1
R) arm 11m17d 11 2 8 1
SSG sheet R) hand dorsum 12m23d 17 2 8 2
MEEK 1:4 L) forearm 10m12d 24 3 10 2
secondary intention 11 m 17 d+ 25 3 14 2
SSG meshed 1:3 back 12 m 18 3 10 1
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consultation, presentation, travel or promotion. He retains a small
shareholding.
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CHAPTER 4:
Assessment of Skin Culturing Parameters for
Clinical Use
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4.1 Overview

As mentioned in the Chapter 3 overview, optimisation studies were in progress when a
95% burn patient presented. The following changes tested and described within were

not yet validated to the level of Good Manufacturing Practice and therefore could not be
implemented for the clinical use of that patient. The main aim of refining the culturing
techniques is to direct them towards animal origin free methods for clinical use. The current
procedures for fabrication of CCS and many skin substitute models use animal-derived
products for optimal proliferation and differentiation of skin cells. A clinical product that
will be translatable is one that can eliminate or reduce these components. Optimising the
primary culturing elements to remove animal-origin products endorsed an inquiry into
keratinocyte and fibroblast media and the use of lethally irradiated fibroblasts for co-culture
of keratinocytes. These parameters require assessment of cost, effectiveness, and product
availability before any modifications. The porcine skin culture model was also challenged
with these changes. The following chapter is divided into subsections for each parameter

tested with separate materials and methods followed by results and an inclusive discussion.

4.2 Comparison of Keratinocyte Media and Feeder Layer Removal

The use of serum-free media to eliminate the traditional use of foetal bovine serum (FBS)
and feeder layer cells for keratinocyte proliferation has been well established ©'-¢?, Based
on the original MCDB-153 serum-free medium, multiple defined formulations now exist
from commercial sources. Although, additional growth factors, hormone supplements (e.g.,
bovine pituitary extract (BPE)) or matrices that promote cell attachment are still required
for in vitro culture. One suggested prerequisite with serum-free media is the addition of

a collagen coating matrix before cell inoculation. For clinical purposes and testing, an
animal origin-free recombinant matrix was purchased from Cascade Biologics (Invitrogen,
Carlsbad, CA, USA) (R-011-K). The coating matrix comprises two components, a Dilution
Medium (DM) and a Coating Matrix (CM), added directly to each culture vessel. This
matrix is intended to be used in conjunction with serum-free keratinocyte media. EpiLife™
is a basal medium (M-EPI-500-CA) requiring supplemental additives, supplement S7
(S-017-5) (GIBCO, Thermo Fisher Scientific, Grand Island, NY, USA). This medium was
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chosen for comparison testing for its potential in clinical applications. However, at this
time point, the matrix and the medium are not intended for human therapeutic use. Another
serum-free keratinocyte media from GIBCO™ (Thermo Fisher Scientific, Grand Island,
NY, USA) is the Defined keratinocyte-serum free medium (dKGM) (1x) (10744-019) kit,
also requiring the use of a coating matrix kit for optimal cell growth. This formulation

is advantageous as it already has an FDA master file. The three media tested to support
keratinocyte cell growth include EpiLife™, dKGM and SEL-KGM (in-house prepared
media). The current SEL-KGM media and culture system is based on Rheinwald and
Green’s original advancements which necessitates co-culture with irradiated fibroblasts

as the feeder layer. The feeder layer is growth-arrested and secretes grow factors and
extracellular matrix proteins to support keratinocyte proliferation. Irradiated mouse 3T3
feeder cells were originally used to support keratinocyte culture ©¢7-%, but with the aim of
animal origin-free, it has been shown they can be replaced with screened human fibroblasts
donated from discarded surgical skin operations ©¢* 9. This method is well established
within the Skin Engineering Laboratory and has been used by other laboratories aiming for
animal component-free processes ¢®. The human feeder layer and SEL-KGM media will be

used in all experiments to compare alternative media types and conditions.

Another substitute to replace the feeder cell layer is a product from Corning®, PureCoat
ECM Mimetic cultureware (Corning, NY, USA). The Mimetic cultureware is coated with
synthetic animal-free peptides (collagen I) linked to a proprietary surface and has been
previously tested with keratinocyte culture ©7. It is a ready to use coated surface with no
special pre-handling requirements. However, at the time of investigation, large vessel sizes
were not available, and although they are now under development for scale-up, the cost may

be a limiting factor.

4.2.1 Materials and Methods

4.2.1.1 Buffers

All chemicals used were of analytical grade. For cell culture, all solutions and media were
sterile and stored according to manufacturers’ instructions. Buffers included phosphate

buffered saline (without calcium chloride and magnesium chloride) (DPBS) 1x sterile
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(Sigma-Aldrich, St. Louis, MO, USA - D8537-500mL), and Hanks’ balanced salt solution
(HBSS) (Sigma-Aldrich, H6648-500mL). These buffers were used as a base for wash
buffers with the addition of serum. For non-sterile analyses (e.g., immunofluorescence
staining), a 20x DPBS stock solution was diluted with MilliQ water to 1x. Other wash
buffers included PBS + 0.1% Tween 20 and PBS + 0.1% Triton X-100. Blocking buffer,
0.5% human serum albumin (HSA) and 2% FBS in 1x PBS. Washing buffer, HBSS + 5%
FBS.

4.2.1.2 Antibodies and staining reagents

Staining keratinocytes for intracellular proteins for flow cytometric analysis and
immunofluorescence, cytokeratins K14, K10, and negative controls were used (Appendix
IT -method and Appendix III- antibodies). Keratinocyte colonies were stained using
Rhodamine B and read on a microplate reader for fluorescence analysis. FACS fix (1x PBS,
1% formalin, 0.1m D-glucose, 0.02% sodium azide) and 4% formaldehyde (Invitrogen,

Thermo Fisher Scientific, FB002) were the fixatives used.

4.2.1.3 Media and associated subculture reagents

EpiLife™ Medium contains 60uM calcium (M-EPI-500-CA) and is combined with
Supplement S7 (S-017-5) from ThermoFisher Scientific. dKGM from GIBCO-Life
technologies consists of a basal medium (10785-012) and supplement (10784-015). SEL-
KGM is abbreviated for Skin Engineering Laboratory (SEL) keratinocyte growth medium
(KGM). This formulation is based on Green’s original medium ©7, see Table 4.1 for listed
SEL-KGM components. This contains Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12) with GlutaMAX (ThermoFisher, 10565041 or 195253), 1%
(v/v) serum, 0.5pug/mL hydrocortisone, 10ng/mL human recombinant epidermal growth
factor (hEGF), Spg/mL Insulin Actrapid (Novo Nordisk, AUST-R 16923), 10ng/mL cholera
toxin and 25ug/mL Adenine. All SEL-KGM supplements were purchased from Sigma-
Aldrich and prepared in house for sterility and batch testing. The serum used can be either
pooled AB+ve normal human serum or foetal bovine serum (FBS) (CellSera, NSW, AUS,
AU-FBS/PQG). Antibiotic antimycotic (AA) solution (Sigma-Aldrich, A5955-100ML) was

standardised at 1% (v/v) for all keratinocyte media.
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Table 4.1 SEL-KGM list of supplements.

SEL-KGM

Grand Island,

DMEM/F12 +
GlutaMAX™

FBS
Hydrocortisone

Human
recombinant
epidermal
growth factor
(hEGF)

Insulin Actrapid

Cholera toxin
Adenine

Antibiotic
antimycotic

1% (v/v)
0.5ug/mL

10ng/ mL

5ug/mL

10ng/mL
25ug/mL

1% (v/v)

1065-018

1608A
H0396

E9644

AUST-R

16923

C8052

A-2786

A5955-
100ML

GIBCO™,
Thermo Fisher
Sci-entific

CellSera
Sigma-Aldrich

Sigma-Aldrich

Novo Nordisk

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

NY, USA

NSW, AUS

St. Louis,
MO, USA

St. Louis,
MO, USA

Clayton,
North
Carolina,
USA

St. Louis,
MO, USA

St. Louis,
MO, USA

St. Louis,
MO, USA

For subculture of keratinocytes, Trypsin-EDTA 0.05% (1X) (GIBCO-ThermoFisher

Scientific, 25300) and Trypsin inhibitor from Glycine max (soybean) (SBTI) (Sigma-

Aldrich, T6522) prepared at 1x working solution of 1mg/mL were used along with two

rinsing media containing Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich,

D1145) 5% FBS and 2% FBS. Cell counting was performed using Trypan Blue solution

(Sigma-Aldrich, T8154).
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4.2.1.4 Cell culture and experimental design

The use of discarded skin samples and human cells was approved by the Royal Adelaide
Hospital ethics committee, HREC/18/CALHN/539 and R20180811 (Appendix I). Normal
human epidermal keratinocytes were isolated from donated skin samples and were pre-
cultured using the laboratories standard operating procedure for keratinocyte isolation and
culture (Appendix IV). The culture conditions for the human feeder layer are also described
within appendix IV. In brief, cells were grown in SEL-KGM with a layer of irradiated
human dermal fibroblasts (iHFbs) until 80-90% confluence and cryopreserved until
required. These experiments used three different biological cell lines for each experiment.
Before testing, each cell line was passaged once in the corresponding medium to prevent

a lag phase from transitioning media. Primary to passage two cells were used for testing.
Subculture was performed by removing the feeder layer with a co-trypsinisation method of
pre-warmed trypsin-EDTA 0.05% for two minutes followed by a PBS wash and a second
trypsin-EDTA incubation at 37°C for up to 20 minutes. Cells were then quenched with
soybean trypsin inhibitor and washed with DMEM 2% Serum and DMEM. Centrifuged at
220g for five minutes and cell suspensions were resuspended in the appropriate medium
for cell counting using trypan blue. Cells were plated according to experimental design
(see outline below). T75, T175 culture flasks or cell stackers were used for expansion

and cell counting analysis. T25 culture flasks (for flow cytometry), six and 24 well-plates
(for Rhodamine B), and 8-well plates (Ibidi GmbH) (for immunofluorescence). For
EpiLife™ and dKGM culture, the vessels were pre-coated with the coating matrix (as per
manufacturers instructions- Appendix V) prior to cell inoculation, and SEL-KGM vessels
were pre-inoculated with iHFbs. Media were exchanged every 2-3 days until experimental
end. Vessels were washed once with PBS and stained or used accordingly. The media testing
was co-aligned with the feeder removal testing, and therefore, the Mimetic cultureware was

tested in parallel.
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Experiment 1. Primary keratinocytes and coating substrates — 6-well plates and
Mimetic 6-well cultureware plates, three biological replicates of primary keratinocytes.
Media compared included (1) SEL-KGM + feeders, (2) EpiLife™ + CM, and (3) dKGM

+ CM. Plated at 20,000 hKs/cm?. Duplicate experiments were performed. Conditions were
assessed by Rhodamine B staining and cell morphology by phase-contrast microscopy.

The three media conditions and coating substrates were further tested in larger culture
vessels (T75/T175 flasks or cell factories) (excluding Mimetic cultureplates from
subsequent experiments). The fold-increase in cell number, population doubling time (hrs)
and day of harvest were assessed for each media type. Five biological replicates were tested

for establishing primary cells. Figures 4.1-4.3.

Experiment 2. Keratinocyte characterisation, (a) — T25 flasks, at 5,000 hKs/cm?
harvested on Day 6 for cell count comparison and flow cytometry staining for cytokeratin
10 and 14. Media conditions were (1) SEL-KGM + feeders, (2) EpiLife™ + CM, and

(3) dKGM + CM. 50,000 cells were removed for flow cytometry analysis using Becton
Dickinson FACSAria II. (b) — 8-well plates (Ibidi GmbH, Martinsried, Germany) at 10,000
hKs/cm? for media conditions as per 2a were evaluated for immunofluorescence staining

with cytokeratin 10 and 14 on Day 5. Figure 4.4.

Experiment 3. Keratinocyte expansion and subculture, — involved the use of two of the
media conditions (SEL-KGM and EpiLife™) and cells in larger culture vessels (T75/T175
flasks or cell factories). The fold-increase in cell number, population doubling time (hrs) and
day of harvest were assessed for each media type. Four biological replicates were tested for

passage one. Figure 4.5.
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Digital photographs — phase contrast images were photographed using a Olympus digital
camera with adapter (Olympus C5060-ADUS) to an inverted microscope (Olympus,
CK40 microscope). Images were taken to assess cellular morphology. Photos were taken
at multiple magnifications with a micrometre calibration optical glass slide to assist with

measurements using ImagelJ (https://imagej.nih.gov/ij/).

Cell counting — Cells were resuspended in the appropriate media, and a small sample,
20-40uL, was removed for counting. Generally, equal volumes of 0.4% trypan blue

solution (Sigma-Aldrich, T8154) were gently mixed. Cells were counted using a Neubauer
haemocytometer (Weber, UK) and recorded for calculating cell concentrations, viability, and

total cell numbers.

Statistical Analyses — Data analysis and charting was performed using GraphPad PRISM
version 8 for windows GraphPad Software, San Diego, California USA, www.graphpad.
com. Comparisons among multiple groups utilised one-way analysis of variance (ANOVA)
with further post-hoc analysis using the Tukey test. Comparisons between two groups
utilised paired t-tests. Data are presented with the mean variables and standard deviation.

Differences were considered statistically significant at *p < 0.05.
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4.2.2 Results

4.2.2.1 Cost analysis of keratinocyte medium

A cost analysis for modifying media was required for consideration to support a change.
The supplemented media cost per S00mL bottle are, SEL-KGM AU$59.75, EpiLife™
AU$375.00 and dKGM AU$257.00. The cost of SEL-KGM preparation is significantly
reduced with bulk production capabilities. The accompanying co-culture costs, i.e., coating
matrix, feeder cells, etc., are not built into these prices and warrant inclusion. The coating
matrix was costed at ~$0.11/cm?, iHFbs at 0.50/cm? and the Mimetic cultureware at $1.67/
cm’. Based on these costs, calculations to estimate the total keratinocyte media expense for
cell expansion per cm? of CCS are in Table 4.2.

Table 4.2 The estimated cost of media for the fabrication per cm? of CCS with the
different keratinocyte media and associated coating substrate. iHFbs — irradiated human
fibroblasts, CM — Coating matrix, CCS — Composite cultured skin. Note this is not an

estimated unit cost as it does not include reagents, consumables, facilities, labour, or quality
assurance (QA) testing costs.

SEL-KGM/iHFbs EpiLife™/CM dKGM/CM

$6.09 $7.66 $6.38

4.2.2.2 Keratinocyte primary culture with media + serum and coating substrates

The proliferative capacity of each medium condition was evaluated in parallel with a new
cultureware vessel. Results from three different primary cell lines showed the irradiated
human fibroblast feeders provided growth assistance with all three test media (Figure 4.1a),
unlike the collagen-coated matrix, which produced few dendritic cells in the SEL-KGM,
rounded non-attached cells in EpiLife™ and partial attachment in the dKGM. The Mimetic
coated plates with SEL-KGM showed attachment with large differentiated non-viable
keratinocytes, and small colonies were sporadic using EpiLife™ with many floating cells
by Day 8 of culture. The use of dKGM and mimetic growth plates showed larger cells

and elongated keratinocyte morphology, indicating a migratory phenotype with limited
proliferating capabilities. The phenotype of oversized flattened cells, enlarged cytoplasm

volume, and multinucleate cells indicated senescence in some cells.
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Keratinocytes grown in EpiLife™ and dKGM with a feeder layer also showed this
phenotype and a reduction of the typical characteristic cobblestone appearance not like that

observed in the keratinocytes grown in SEL-KGM + feeders (Figure 4.1B).

Expansion using larger vessels investigated primary culture for the three test media with the
corresponding feeder layer or coating matrix. The keratinocytes in dKGM presented with
many floating non-attached cells, and the cell morphology was large and flat. Preliminary
observations quickly eliminated the dKGM; although cells appeared to attach well within
the first days of culture, there was significant cell detachment and apparent loss approaching
sub-confluence. This reduction in cell growth correlated with cells counts. For example,
cells isolated per cm? for the dKGM condition were 11,428/cm?, EpiLife™ 63,809/cm?

and SEL-KGM 140,419/cm? (n=3) (Figure 4.2). From biopsy isolation to harvest, cells in
SEL-KGM (20,000 cells/cm?) were ready for harvest within 7 days with a higher cell yield
compared to media with coating matrix, 9 days (Figure 4.2). Primary keratinocytes grown
in SEL-KGM/feeders had a 0.7 + 0.2-log fold increase in cell growth compared to -0.3 +
0.7-fold change in EpiLife™/CM and -1.4 =+ 0.05-fold change for dKGM (Figure 4.3a).

On average human keratinocytes grown with SEL-KGM/feeders from primary isolation
took 7.9 days to harvest compared to 12.4 days for cells grown with EpiLife™/CM and

10 days for dKGM (Figure 4.3b). From these observations, a feeder layer for primary
keratinocyte cell culture was still optimal, and for further media testing on subcultured cells,

keratinocytes were established using SEL-KGM/feeders.
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Feeder Layer Coatln Matrlx : Mlmetlc Plate »

SEL-KGM

EpiLife

EpiLife SEL-KGM

dKGM

Figure 4.1 Testing of serum-free media and removal of the feeder layer. Panel A shows
6-well plates stained with Rhodamine B for keratinocyte culture (P0), Day 8, using three
types of media, SEL-KGM, EpiLife™ and dKGM, with the different methods of culturing
support, i.e., feeder layers (a, d, g), coating matrix (b, e, h), or Mimetic coated plates (c, f, 1).
Panel B shows representative phase-contrast micrograph images for the named conditions
on Day 8. The feeder layers display superior growth compared to either of the coated vessels
(Figure Bi). Three biological replicates were tested. Scale bar: 100pum.
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Day of

Condition Flask size Cells/cm? \AEL11114Y;
Harvest
SEL-KGM + 7 3 175 140, 419 98
Feeders
EPILIFE 9 3 175 63, 809 93
dKGM 9 3 1175 11,428 75

Figure 4.2 Representative phase-contrast images of primary keratinocytes grown
in A. SEL-KGM/Feeders, B. EpiLife™/CM, and C. dKGM/CM. (A-C) x4 (a-c) x10
magnification. Cells were inoculated at 20,000 cells/cm?. Harvesting was performed
on Days 7 and 9, respectively. Keratinocytes grown in dKGM were large and flat. Cell
detachment was represented in the isolated cells/cm? (11,428). CM, Collagen Matrix.

Scale bar: 100pm.
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Figure 4.3 Growth of human keratinocytes in SEL-KGM/feeders, EpiLife™/CM and
dKGM/CM. Primary cells were assessed for growth potential in different media. The
horizontal line in the middle of the box is the median value of the scores, with the mean
shown as ‘+’ and the lower and upper boundaries indicate the 25" and 75™ percentiles,
respectively. Whiskers extend to the minimum and maximum values. a. Log Fold-change
in cell number, b. Population doubling time in hours and c. Day of harvest shows the mean
SD represented as a column graph. One-way ANOVA with Tukey post-hoc comparison was
used to analyse among the groups. * Denotes statistical significance, **p <0.01, ****p <
0.0001, ns is not significant. CM, Collagen matrix.
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4.2.2.3 Keratinocyte subculture with media £ serum

Serum-free media and CM were further assessed with SEL-KGM subcultured cells

to reduce the use of animal-origin products. Further cell characterisation of cultured
keratinocytes by flow cytometry and immunofluorescence were performed for intracellular
expression of cytokeratins 14 (basal cell marker) and 10 (suprabasal cell marker). Viable
cells isolated per cm? were tabulated (Figure 4.4a) for each medium condition showing a
greater yield for cells grown in SEL-KGM. Keratinocyte morphology was assessed prior
to harvest and flow cytometry (Figure 4.4b-f). The presence of large flat cells was apparent
with both EpiLife™ and dKGM. SEL-KGM at Day 5 were confluent in areas with smaller
cuboidal shape cells with interspersed iHFbs. Gating and doublet discrimination was
performed for flow cytometry data to isolate the subset of cells positively stained for K14
or K10. All media conditions presented with a higher percentage of positive K14 basal
keratinocytes than K10. SEL-KGM had 43% positive for K14, 61.9% for EpiLife™ and
76.3% for dKGM. The percentage of K10 positive cells was low in SEL-KGM (0.9%), and
EpiLife™ (0.3%) with a slight increase observed in dKGM (2.3%). Immunofluorescence
confirmed this increase in K10 cells with positive staining in the dKGM culture compared
to the minimal staining in EpiLife™ and only background iHFbs staining with SEL-KGM

(Figure 4.4f). A degree of apoptotic debris/artifact was also noted within all samples.
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Figure 4.4 Keratinocyte characterisation of cells grown in SEL-KGM + feeders,
EpiLife™ + CM and dKGM + CM, row a. Cell counts of harvested keratinocytes prior
to analysis, row b. Cell morphology of cells and confluence achieved at Day 5, row ¢ and
e Flow cytometry labelling (highlighted yellow) of K14 (¢) and K10 (e), and row d and f
Immunofluorescence of cultured keratinocytes stained with the corresponding cytokeratins
(K14, K10- green, respectively). Blue (DAPI) staining for nuclei. Scale bar: 100um.
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Further evaluation between SEL-KGM/feeders and EpiLife™/CM showed significant
differences in the cell number between the two conditions (p < 0.001) (Figure 4.5). In
keratinocytes grown with SEL-KGM, cells displayed a 3.4 + 0.25-log fold change compared
to 2.3 + 0.56-log fold change for EpiLife™. However, there were no significant differences
in regard to the mean population doubling time (32.51 £ 6.6 vs 36.39 £ 12.9). Interestingly,
the keratinocytes in EpiLife™ were ready for harvest 1.5 days sooner than with SEL-KGM

(3.15+ 1.14 vs 4.69 £ 0.85 respectively).
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Figure 4.5 Growth of human keratinocytes subcultured with SEL-KGM/feeders, or
EpiLife™/CM. Passage one cells were assessed for growth potential in different media,
The horizontal line in the middle of the box is the median value of the scores, with the mean
shown as ‘+’, and the lower and upper boundaries indicate the 25™ and 75" percentiles,
respectively. With whiskers extending to the minimum and maximum values. a. Log Fold-
change in cell number, b. Population doubling time in hours and c. Day of harvest shows
the mean SD represented as a column graph. An unpaired t-test was used to compare the
two media conditions. * Denotes statistical significance, ****p < 0.0001 and ns is not
significant. CM, Collagen matrix.
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4.3 Optimisation of Fibroblast Media

Traditional fibroblast culture media contains 5-10% foetal bovine serum and is still
widely used today. To increase fibroblast cell yields and obtain animal component-free
requirements, a serum-free alternative, TheraPEAK™ Chemically defined fibroblast cell
growth medium (FGM-CD), was attempted to be sourced. Unfortunately, this product had
a 6-8 week wait period with the potential for discontinuation. Other options from Lifeline
cell technology, FibroLife Xeno-free complete cell culture medium, ATCC Fibroblast basal
medium (ATCC PCS-201-030), and a basal medium 106 (M-106-500) with low serum
growth supplement (LSGS) (S-003-K) from GIBCO Invitrogen was investigated. Due to
local accessibility issues of the TheraPEAK™ and ATCC, these were not pursued, and an
in-house fibroblast medium with low-serum was formulated (SEL-Fbs). This medium was
aligned with the testing of the standard DMEM-5% serum and the available Medium 106

with a low serum growth supplement (Thermo Fisher Scientific, Grand Island, NY, USA).

4.3.1 Materials and Methods

4.3.1.1 Fibroblast culture media

A standard fibroblast medium contains a basal medium supplemented with FBS. The current
SEL fibroblasts media contains, Dulbecco’s Modified Eagle Medium (DMEM) (1X) +
GlutaMAX high glucose pyruvate (Thermo Fisher Scientific, 10569 or 73898) supplemented
with 5% (v/v) FBS (CellSera, AU-FBS/PG) and 1% (v/v) Antibiotic solution (Sigma-
Aldrich, A5955-100ML). The newly formulated fibroblast medium (SEL-Fbs) contained 2%
(v/v) FBS, supplemented with 1pg/mL hydrocortisone, 50u g/mL Ascorbic acid 2-phosphate
(L-AA-2P) (Sigma-Aldrich, A8960), 5.4pg/mL Insulin Actrapid, 10ng/mL EGF, 3ng/mL
basic fibroblast growth factor (bFGF) (PeproTech, AF-100-18B-100). The basal medium
was either Medium 106 (M106-500) or DMEM (1X) + GlutaMAX high glucose pyruvate
(Thermo Fisher Scientific, 10569 or 73898). The third medium was a commercial Human
Fibroblast Expansion Basal Medium (Formerly “Medium 106”), supplemented with LSGS
kit (S-003-K). The kit components were 2% v/v FBS, 1pg/mL hydrocortisone, 10ng/mL
human epidermal growth factor, 3ng/mL basic fibroblast growth factor and 10pg/mL

heparin.

81



The gentamicin was substituted with 1% (v/v) Antibiotic solution (Sigma-Aldrich, A5955-
100ML) for consistency with the other fibroblast media. Table 4.3 summarises the above

listed fibroblast media and the different reagent composition.

Table 4.3 Overview of the fibroblast media compositions tested for each media type.

Fibroblast Media

Component DMEM SEL-Fbs SEL-Fbs Medium 106
+ 5% FBS (DMEM) (Medium 106) + LSGS
v x x

DMEM + v

GlutaMAX™

Medium 106 x x v v
FBS 5% (v/Iv) 2% (vIv) 2% (vIv) 2% (vIv)
Insulin Actrapid x v v x
Hydrocortisone x v v v
bFGF x v v v
hEGF x v v v
L-AA-2P x v v x
Heparin x x x v
Antibiotic 4 v v
antimycotic

4.3.1.2 Cell culture and experimental design

Normal human dermal fibroblasts were isolated from donated skin samples or current
laboratory cryopreserved stocks and pre-cultured using the laboratories standard operating
procedure for fibroblast culture (Appendix IV). The use of discarded skin samples and
human cells was approved by the Royal Adelaide Hospital ethics committee, HREC/18/
CALHN/539 and R20180811. In brief, cells were grown in the corresponding fibroblast
mediums (see section 4.3.1.1) until 90% confluence. The medium was exchanged every two
to three days. The fibroblast cultures were then passaged with 0.05% Trypsin - EDTA for
experimental use, cryopreservation or subculture. Phase contrast images were taken, and
cell counting was performed according to section 4.2.1.4. Initial experiments using freshly
isolated fibroblasts and a highly supplemented growth medium encouraged the growth and
proliferation of a second cell type. Therefore, fibroblasts were established with DMEM-5%

FBS for subsequent testing.
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Experiment 1a. A CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS)
(Promega, G3581) was performed using the three media conditions, SEL-Fbs, Medium

106 + LSGS and DMEM-5% FBS. 96-well plates with three biological replicates and
technical triplicates were set up. This assay was duplicated and discontinued for primary
cell investigations. Cell number and viability were determined and plated at 1x10* cells/cm?.
Cells were incubated and maintained at 37°C, 5% CO, in a humidified chamber and refeed
every two days. The MTS assay was performed on Day 7 of culture with 20uL of CellTiter
96® AQueous One Reagent added to 100uL of media per well. Plates were incubated for

2-3 hours, and absorbance was recorded at 490nm using a plate reader (FLUOstar OPTIMA
microplate reader, BMG Labtech). Triplicate control wells (media only - without cells) were
prepared for each media condition. The absorbance values from the media-only wells were

averaged and subtracted from the test values to obtain corrected absorbance.

Experiment 1b. This assay was performed as per 1a with additional changes. Passage one
human dermal fibroblast cells were tested with the three media conditions above, and a
different media, SEL-Fbs (DMEM), replaced the Medium 106 basal media with DMEM-
GlutaMAX. This assay was repeated three times, with three biological replicates and
technical triplicates. Subcultured cells were plated at 3100 cells/cm* and the assay was

performed on Day 4 of culture.

Experiment 2 — The phenotypic characteristics of fibroblasts were assessed and confirmed
with immunofluorescence staining for fibroblast marker (1B10, Abcam, ab11333) and
collagen I (Abcam, ab34710). Human fibroblasts were grown on 8-well chamber slides
(Ibidi GmbH, Martinsried, Germany, 80841) at 3,100 cells/cm? with the preferred medium
and standard culture conditions as described. A negative control (secondary antibody only)
was aligned with this testing. For antibodies and dilutions and a detailed protocol of IF, see

Appendix I and VI.

Experiment 3 — To compare expansion potential, experiments 1 and 2 determined the most
favourable medium condition to continue evaluation alongside the standard DMEM-5%.
Cells were subcultured and expanded between 3,100 - 4,000 cells/cm? until a condition
reached 80-90% confluence. Cell viability and cell number were determined to calculate the

fold-change in cell number, population doubling and day to harvest.
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Statistical analyses - Data analysis and charting were performed using GraphPad PRISM
version 8 for windows GraphPad Software, San Diego, California USA, www.graphpad.
com. Comparisons among multiple groups utilised repeated one-way analysis of variance
(ANOVA) or one-way factor ANOVA with further post-hoc analysis using Tukey’s multiple
comparisons test. Data are presented with the mean variables and standard deviation (SD).

Differences were considered statistically significant at *p < 0.05.

4.3.2 Results

4.3.2.1 Analysis of fibroblast medium and primary culture

The cost analysis of the fibroblast cell culture media to purchase and or produce per 500mL
identified the basal medium with FBS was AU$40.60, SEL-Fbs (106) - AU$218.60,
SEL-Fbs (DMEM) - AU$86.13 and supplemented Medium 106 - AU$364.00. Initial
experimentation with freshly isolated dermal fibroblasts and the highly supplemented

media with growth factors supported the growth of a second cell type. These cells were

flat, polygonal-shaped monolayer suggestive of endothelial-like cells. They were not all the
typical spindle-shaped fibroblastic morphology and appeared to dominate the culture (Figure
4.6). The results of the cell proliferation assay showed a significant increase (p < 0.0001) in
growth with the highly supplemented media when compared to the DMEM-5% FBS (Figure
4.7). Taken together, this indicated it was not a pure fibroblast population. Therefore,
primary fibroblasts were established in DMEM-5% FBS for further media comparisons on

subcultured cells.
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Medium 106 + LSGS DMEM 5% FBS

SEL-Fbs 2% FBS

Figure 4.6 Representative phase contrast images of freshly isolated human dermal
fibroblasts with different media conditions at low magnification x4 (A-C) and higher
magnification x10 (a-c). Aa, DMEM 5% FBS. Bb, Medium 106 + LSGS and Cc, SEL-
Fbs 2% FBS. Note the growth of a second cell type in the supplemented media conditions
b-c. DMEM- Dulbecco’s Modified Eagle Medium, FBS-foetal bovine serum, hFbs —
human dermal fibroblasts LSGS — low serum growth supplement, SEL — Skin Engineering
Laboratory. Scale bar: A-C 250pum, a-c 100um.
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Figure 4.7 Cell proliferation analysis by MTS assay for primary (a) and passaged (b)
fibroblasts. Fibroblast growth with DMEM-5% FBS, Medium 106 + LSGS and SEL-Fbs
(106 or DMEM). The horizontal line in the middle of the box is the median value of the
scores, with the mean shown as ‘+’ and the lower and upper boundaries indicate the 25%
and 75" percentiles, respectively. Whiskers extend to the minimum and maximum values.

Statistical analysis was performed by repeated measures one-way analysis of variance with

pairwise post hoc comparisons by Tukey test. * Denotes statistical significance, * p < 0.05,
¥ p <0.01, ***p <0.001 and ****p < 0.0001. ns is not significant.
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4.3.2.2 Fibroblast culture and cell characterisation

Subcultured fibroblasts were analysed with the MTS assay with a fourth comparison of
culture media. DMEM-GlutaMAX replaced Medium 106 as the basal media for SEL-Fbs.
These results showed a significant increase among the media conditions (Figure 4.7b).
SEL-Fbs (with either basal media) had superior proliferation to DMEM-5% FBS or Medium
106 + LSGS (p < 0.05). No significant differences were observed between SEL-Fbs basal
mediums (106 or DMEM) or DMEM-5% FBS and Medium 106 + LSGS. Indicating the

basal medium (Medium 106) can be successfully substituted for a traditional DMEM.

The growth potential of the fibroblast cultures with different media was then assessed

with larger vessels for culture. Comparing the SEL-Fbs and Medium 106-established cells
with slender, more defined nuclei and DMEM-5% FBS-established cells revealed a larger
and flatter morphology (Figure 4.8). Cell counts confirmed the difference in cell growth
during culture. The isolated cells numbers from figure 4.8a-d were 28,343 cm?, 42,857

cm?, 82,371 cm?, respectively. SEL-Fbs media promotes 66% more cells on day five post
isolation compared with traditional basal media-FBS and 46% more than Medium 106 in
this example. With SEL-Fbs supplemented media, the mean growth rate was significant 1.3
+ 0.13-log fold change compared to DMEM-5% FBS 0.8 + 0.2 and 1.0 + 0.08 for Medium
106 + LSGS, as shown in figure 4.9a. As an additional result of growth in DMEM-5%,
population doubling time increased on average every 48 hours for fibroblasts in comparison
with SEL-Fbs of 26 hours (Figure 4.9b). The days of harvest for any of the media conditions
were not significantly different (Figure 4.9c). The increased serum concentration in the

media also prolonged the trypsinisation up to 10 minutes.
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Medium 106 + LSGS DMEM 5% FBS

SEL-Fbs 2% FBS

Figure 4.8 Representative phase contrast images of subcultured human dermal
fibroblasts in different media conditions at low magnification x4 (A-C) and higher
magnification x10 (a-c) Day 5, inoculated at 4000 cells/cm?. Aa, DMEM 5% FBS. Bb,
Medium 106 + LSGS and Cc, SEL-Fbs 2% FBS. Note the morphology and cell confluence
changes of the supplemented media. DMEM- Dulbecco’s Modified Eagle Medium, FBS-
foetal bovine serum, Fbs — fibroblasts LSGS — low serum growth supplement, SEL. — Skin
Engineering Laboratory. Scale bar: A-C 250um, a-c 100pum.
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Figure 4.9 Growth of human dermal fibroblasts in DMEM-5% FBS, Medium 106 +
LSGS, SEL-Fbs (106) and SEL-Fbs (DMEM). Subcultured cells were assessed for growth
potential in different mediums. The horizontal line in the middle of the box is the median
values of the scores, with the mean shown as ‘+’ and the lower and upper boundaries
indicate the 25" and 75" percentiles, respectively. Whiskers extend to the minimum and
maximum values. a. Log Fold-change in cell number, b. Population doubling time in

hours and c¢. Day of harvest shows the mean SD represented as a column graph. One-way
ANOVA with Tukey post-hoc comparison was used to analyse among the groups. * Denotes
statistical significance, *p < 0.05, **p <0.01, and ****p <0.0001.

The anti-human collagen I antibody was used to identify collagen I in the cultured human
dermal fibroblasts cells grown with DMEM-5% and SEL-Fbs (Figure 4.10A). Specific
staining was localised to the cytoplasm of the cells. The fibroblasts grown in DMEM-5%
showed an increase in cytoplasmic staining due to increased cell size. In SEL-Fbs media, the
fibroblasts are much smaller, and when confluent, deposited fibres are heavily stained with
collagen (Figure 4.10 Ac). In addition to being positive for anti-fibroblast surface protein
antibody (1B10) (Figure 4.10 B). The perinuclear region of the 1B10 stained cells grown in
both media types displayed strong granular staining, with SEL-Fbs exhibiting an increased

staining intensity.

89
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Fibroblasts Control
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SEL-Fbs DMEM 5% FBS

SEL-Fbs

1B10- Negative
Fibroblasts Control

DMEM 5% FBS

SEL-Fbs

Figure 4.10 Immunofluorescence cytochemistry of human dermal fibroblasts cultured
with DMEM-5% FBS and SEL-Fbs (DMEM), A. Shows detection of collagen I (red)
with subconfluent cells (d, e, f) and near confluent cells (g, h, i) and B. 1B10 antigen-
positive fibroblasts (designated yellow). c, f, 1 Negative controls. Nuclei are visualised with
DAPI (blue). Scale bars: a, d, g 200um, and b, ¢, e, f, h, 1 100 pm.
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4.4 Porcine Cell Culture

4.4.1 Optimised Media Conditions Tested with Porcine Keratinocytes and Fibroblasts

Porcine keratinocytes were grown using the commercially available serum-free media
(EpiLife™) with collagen-coated vessels for passage one. Replication of the results was
carried out three times. Cell viability and number were significantly lower than those grown
previously using SEL-KGM + Feeders, with only a mean 0.4 £+ 0.1-log fold increase in
comparison to 1.08 + 0.1-log fold increase in SEL-KGM (Figure 4.11). The population
doubling was also significantly difterent (p < 0.05) with SEL-KGM + feeders doubling
40.9 £ 8.8 hrs compared to EpiLife™ at 68.6 + 23. As an example, on a particular harvest,
EpiLife™ only obtained 34,000 cells/cm? while SEL-KGM obtained 204,000 cells/cm?.
In the EpiLife™ medium, the morphological discrepancy was significantly different with
larger, flatter cells (Figure 4.12a). The highly supplemented fibroblast media (human-
derived) also produced atypical morphology (Figure 4.12c¢). In contrast to the normal bi-
polar spindle elongation (Figure 4.12d), the cells were more dendritic to spreading, with

a myofibroblastic type morphology. For future expansion, media that produced cells with

typical fibroblast morphology were used to fabricate the skin substitutes.
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Figure 4.11 Growth of porcine keratinocytes subcultured with SEL-KGM/feeders,

or EpiLife™/CM. The horizontal line in the middle of the box is the median value of the
scores, with the mean shown as ‘+’ and the lower and upper boundaries indicate the 25"

and 75™ percentiles, respectively. Whiskers extend to the minimum and maximum values. a.
Log Fold-change in cell number, b. Population doubling time in hours and c¢. Day of harvest
shows the mean SD represented as a column graph. Unpaired t-test was used to compare
between the two media conditions. Significance is indicated by * p < 0.05 and ***p < 0.001.
ns is not significant. CM, Collagen matrix.
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Figure 4.12 Porcine skin cell culture. Representative phase contrast images displaying
porcine keratinocytes inoculated at 19,654 cells/cm? on Day 2 grown in - a, EpiLife™/CM
and b, SEL-KGM/Feeders. ¢, displays porcine fibroblasts established in SEL-Fbs media on
Day 3 and d, pFbs in DMEM-5% FBS on Day 4 at 5000 cells/cm?. Scale bar: 200pum.
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4.5 Discussion

Currently, ancillary materials (media, supplements, growth factors) and methods used for
skin culture include human, - and animal-derived products and may be considered to present
risks. Foetal bovine serum, and porcine trypsin, are such examples that require assessment
and substitution ©> %6 The original method of keratinocyte culture involves a ‘feeder’
layer, and although human-derived fibroblast feeder layers can replace the traditional
methods of murine (mouse 3T3 fibroblast) feeders ¢, these similarly pose a risk of disease
transmission ?, The commercial availability of serum-free media for both keratinocytes
and fibroblasts is expanding. Bovine pituitary extract for keratinocyte culture was initially

a major substitute for serum-free, and although still available, there are now defined
formulations without BPE. This chapter has evaluated the availability and cost of serum-free
media and compared their growth potential to the standard low serum-co-cultured irradiated

fibroblast method for keratinocytes and a low-serum based medium for fibroblasts.

Purchasing the media pre-made or making the media in-house may be considered when the
scale-up of reagents is required. The cell number and turn-around time are critical when
fabricating large-scale engineered skin for a patient with extensive burns >50%. One 25cm
x 25cm piece would require 6 x 108 keratinocytes and 3 x 10® fibroblasts, times that by 25
to approximately cover a 95% TBSA burn patient, requires over 1.5 x 10'° keratinocytes
and 7.5 x 10° fibroblasts equates to a significant amount of growth media. Although it is not
the primary determinant, the cost is an important factor. Additionally, in-house preparations
must meet quality control measures that can be labour intensive and expensive. All ancillary
materials should be of Good Manufacturing Practice (GMP) quality. If prepared in-house,
they require sterility testing following British Pharmacopoeia guidelines 7V; they must be
stored under appropriate controlled conditions and expiry dates established with established
quarantine measures before releasing for use. Therefore, an accurate cost analysis must
consider these additional factors to ensure a comprehensive analysis when comparing the

overall costs.

Prior to accounting for the total number of cells required, the cost of fabricating the CCS
per cm? appeared similar for the different types of keratinocyte media. EpiLife™ requires

increased culture vessels/media to equate, thus directly raising the cost. In comparison,

94



SEL-KGM involves iHFbs, which require significant pre-work and culture prior to
expansion but can be scaled up to produce large batches for cryopreservation and later use.
Each medium protocol requires a growth assistant method with associated costs. Both the
EpiLife™ and the dKGM media suggest a collagen coated surface, which needs preparation
before use and is inconsistent for large vessel plating at the recommended volume ratios.
The concept of pre-coated vessels is optimal, with no pre-handling and are temperature
stable. Unfortunately, the Mimetic collagen-coated plates did not show optimal growth as
observed by Thompson et al., who confirmed similar keratinocyte growth potential and
morphology as the collagen I matrix, albeit those were neonatal cells ¢7. At the time of
testing, larger vessels were not readily available, and if scalable, the cost of mimetic vessels
may be excessive, even accounting for the additional manual handling requirements of both
the coating matrix and the feeder layer. However, alternative products that are ready to use

are necessary to achieve a streamlined animal origin-free process for the future.

The investigation and availability of serum-free media for keratinocyte growth have

long been established . This chapter aimed to identify media and reagents that reduce

or eliminate serum and feeder layers for keratinocyte growth, to decrease culturing time
proving highly beneficial for clinical applications. Commercially available serum-free
media, EpiLife™ and dKGM, were analysed alongside the SEL-KGM + feeders for
growth potential and cell characterisation. Primary isolated keratinocytes yielded the
highest proliferation grown in SEL-KGM + feeders. However, comparing serum-free
media (low calcium) with an irradiated feeder layer demonstrated potential, eliminating
any concern regarding serum. Although, previous studies have shown that the feeder cells
and subcultured keratinocytes are not sustained in subsequent culture unless there is an
increase in cell numbers » and was therefore not investigated further. The dKGM was
also disregarded early in the testing regime as it was substrate-dependent, unable to sustain
cultures at low inoculation densities (recommended between 13,333 - 40,000 cells/cm?),
and required 10-20 days to reach target cell numbers. One advantage is its availability as a
regulated and accepted medium, a factor lacking for many other media formulations. For
the reasons mentioned above, cells were maintained in SEL-KGM + feeders for primary

cultures.
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Continuing investigations for serum-free and feeder-free conditions, subcultured cells were
further tested with the media and coating surfaces. These results also suggested the optimal
conditions were SEL-KGM + feeders. However, the EpiLife™ serum-free, low calcium
regulated condition should not be dismissed for serial cultivation with further investigations
into a switch of calcium concentration (60uM to 0.2M), potentially optimising keratinocyte
phenotype by increasing cell-cell contacts . Cells in both media maintained in vivo
characteristics with positive identification of K14 basal marker for keratinocytes and low
levels of differentiation marker, K10. The percentage of K10 cells was increased with

keratinocytes grown in dKGM.

In conclusion, the optimal media condition for keratinocyte cell expansion cultures were
the SEL-KGM + feeder method. Previous reports also suggest this technique is optimal for
cellular growth 7¥ particularly due to the production of large cell numbers in a short turn-
around, a consideration for clinical application. On the other hand, serum and feeders are
still undefined growth stimulators, but the risks are not more than tissue or blood products.
Similarly, the media testing for porcine keratinocytes produced the same results. Even
though previous studies have successfully cultured porcine keratinocytes from piglets using
EpiLife™ media, these authors acknowledged the differences between piglet, adult porcine
and human keratinocytes . Comparatively, the generation time (hours) reached in the
study was 40.5 + 5.7, which was similar to the SEL-KGM in this study at 40.9 + 8.8, but not
the EpiLife™ at 68.6 + 23.3.

Typically, human dermal fibroblasts are expanded with a basal medium containing serum;
however, changes in morphology and diminished cell growth prompted further research
into the composition of the media. Sourcing commercially available serum-free options for
fibroblast growth were limited. Together with commercially available fibroblast media, an
in-house low serum fibroblast medium was formulated to assess growth. Human dermal
fibroblast cell proliferation was significantly increased with the in-house SEL-Fbs media.
The increase is reflected by the addition of exogenous agents that have the potential to
stimulate proliferation. Although this formulation is not serum-free, a low serum alternative

(2% v/v) could sustain growth and replace the currently used DMEM-5% FBS. A suggested
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alternative is supplementation with autologous serum at 2% v/v 9, which was previously
tested within this laboratory. However, the quantity needed for the total number of cells is
limiting.

This growth supplemented medium also promoted a second cell type, endothelial-like cells.
The tissue samples were from elective surgery operations where the use of a dermatome

or Watson skin graft knife was limited. Therefore, the skin was thicker with additional fat
tissue, and the possibility of isolating other contaminating cell types increased through
processing. It was concluded that freshly isolated fibroblasts would continue establishment
in basal media and serum (which do not support these other cell types). However, future
investigations of this media formulation may have endothelial cell isolation and growth
potential. The importance of isolating the correct fibroblast population from the dermis is
highlighted here. Previous work has shown that fibroblasts isolated from the lower reticular
dermis do not support basement membrane formation in generating skin substitutes 77.
Cells were positively characterised as fibroblasts with 1B10 fibroblast marker and collagen

I, indicating isolation and growth of functional fibroblasts.

In contrast, the porcine fibroblasts were unable to maintain typical morphology grown in
this medium. Further morphological and characterisation studies are necessary to investigate
porcine fibroblasts grown in this highly supplemented media. Other considerations include
exchanging the human-derived components for either bovine-derived or recombinant
growth factors. Although serum volumes were low for keratinocytes (1%) and fibroblasts
(2%), the risk of transmitting diseases or immune reactions to bovine proteins still exists
due to serum’s undefined nature and are still of concern for clinical applications. Autologous
and pooled donated AB serum are alternatives but limiting when large volumes are required
for fabrication of engineered skin for extensive burn injuries. Although both culturing
strategies have their limitations, when introducing new technologies for therapeutic use,
regulatory bodies and a biological framework are consulted and followed, ensuring the base
requirements and critical raw materials, along with a projected cost analysis, have rigorous

quality assurance before clinical application 7.
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CHAPTER 5:
Scaffold Optimisation for the in vitro Fabrication of
Skin Substitutes
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5.1 Overview

Chapter 4 defined the culturing parameters for cultivating keratinocytes and fibroblasts
required to fabricate skin substitutes and Chapter 3 described the first use of a polyurethane
based skin composite in a 95% burn patient. The production of CCSs for this patient
exhausted all PUR foam supplies, so a new supply of foams was sourced in preparation

for the next patient. This new batch underwent quality assurance testing to ensure CCS
repeatability before implementation, but unfortunately it was not equivalent due to excessive
porosity. Although there had been no procedural changes in batch production, and the
product was deemed within tolerance levels by the company. This meant several different
CCS production methods with the new batch were tested; all with unsatisfactory results.
There was substantial loss of fibroblasts, minimal retention of superficial keratinocytes,

and discontinuous viable epithelium. A redesign of the CCS method (layer-by layer
approach) was needed to reduce the inherent porosity issues. In addition, other potential
biomaterials were also considered to alleviate these concerns. A hybrid combination scaffold
was constructed using the polyurethane (PUR) foam and a collagen-glycosaminoglycan
(C-GAG). This chapter describes the in vitro establishment and refinement of these

protocols prior to the in vivo study in Chapter 6.

5.2 Materials and Methods
5.2.1 Preparation of Pooled Fresh Frozen Plasma (FFP)

Human Fresh Frozen Plasma (hFFP) was supplied from the Transfusion Department in

the Royal Adelaide Hospital, sourced from the Australian Red Cross Lifeblood. FFP was
obtained by apheresis, and rapidly frozen. As a universal donor compatible with all blood
types, AB +ve FFP were sourced (ARCL, AUS). A minimum of 4 bags of ~250mL each,
were pooled to reduce variability. FFP can be stored at minus 25°C or below for up to 36
months. The FFP was thawed at 37°C for a maximum of 30 minutes.

If a delay is unavoidable before filtering and use, it can be stored for up to 4 hours at 22 +
2°C or for 24 hours if stored at 4 + 2°C. Bags of FFP were pooled and filtered using Rapid-
flow 0.45pm filter units (Thermo Scientific Nalgene, USA) and Rapid-flow 0.2um filter
units (Thermo Scientific Nalgene, USA) prior to being aliquoted (100mL) and re-frozen

ready for use in CCS fabrication or thrombin preparation.
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5.2.2 Thrombin Preparation from hFFP

A method for preparing human thrombin from FFP is described here. Pre-filtered and
aliquoted FFP was thawed in the waterbath at 37°C for a maximum of 30 minutes. A dilute
acetic acid solution was prepared by adding 175mL of sterile water for injection, 35mL of
0.25% acetic acid (Baxter Healthcare) and 25mL of FFP to a 250mL tube (x4) (Corning,
New York, NY, USA). In order to allow precipitation to occur, the tubes were mixed well
and allowed to sit for at least 10 seconds. After centrifuging at 3200rpm for 5 minutes at
4°C using a low brake set at 2, the supernatant was removed to ensure no liquid remained.
During centrifugation, a bicarbonate buffer (100mL) was prepared. To 100mL of sodium
chloride (saline) (Baxter Healthcare), 0.5mL of 8.4% sodium bicarbonate (Pfizer Pty

Ltd) and SmL of 10% calcium chloride were added. The pellet was dissolved in 9mL of
bicarbonate buffer in the 250mL centrifuge tube and mixed by scraping the sides of the
tube using a 10mL syringe and cannula. Once into solution, this was transferred to two red
top blood tubes (2 per 25mL plasma) and collected in a 50mL centrifuge tube. Two 250mL
tubes were pooled, i.e., 18mL of the buffer. These tubes were then incubated at 37°C for up
to lhour or until coagulation. If there was no coagulum, the samples were then incubated
for further 15-30 minutes and regularly checked. A clotting test was performed once the
coagulum was observed. Thrombin solution was then collected and filtered (0.2pum), ready

for use or storage at -20°C.

5.2.3 Cell Culture — Keratinocytes/Fibroblasts

Cells were isolated from discarded skin tissue from elective surgery operations. The cell
culture methods were performed in a Class II biological safety cabinet (BSC) (Email

Air Handling, Clyde Apac, AES Environmental, Wacol, QLD) under aseptic conditions.
Keratinocytes and fibroblasts were isolated for expansion and maintained at 37°C, 5% CO,
in a humidified environment. For serial cultivation, keratinocytes were grown with SEL-
KGM + feeders and fibroblasts with SEL-Fbs (Chapter 4). Cells for future applications
were cryopreserved. The use of discarded skin samples and human cells was approved

by the Royal Adelaide Hospital Research Ethics Committee (HREC/18/CALHN/539 and
R20180811) (Appendix I).
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5.2.4 Skin Substitute Maturation Medium

A specialised formulation based on the University of Cincinnati Dermatology Medium 1
(UCDM1) was used 7. This medium has been referred to as MM - Maturation Medium

for this study, see Table 5.1 for components. It consisted of Dulbecco’s Modified Eagle’s
Medium/F12 GlutaMAX (Gibco, Grand Island, NY, USA), supplemented with 0.3% foetal
bovine serum (CellSera, Invitrogen), ImM strontium chloride, 1% v/v insulin-transferrin-
selenium (ITS), 9.4pg/mL linoleic acid (LA), 0.1mM ascorbic acid-2-phosphate (L-AA-2P),
20-pM tri-iodothyronine, 0.5pg/mL hydrocortisone, 1% v/v AA (Sigma-Aldrich, St. Louis,
MO, USA), Ing/mL basic fibroblast growth factor (bFGF), and 5ng/mL keratinocyte growth
factor (KGF) (LONZA/PeproTech, VIC, AUS).

Table 5.1 Maturation media supplement components and concentrations

Maturation Media (MM)

DMEM/ET2 + 1:1 1065018 Thermo Fisher GandIsiand

GlutaMAX™ : Scientific NY, USA

FBS 0.3% (v/v) 1608A CellSera NSW, AUS

Basic fibroblast

growth factor 1ng/mL '16‘;; 10 86 IISCe)Nrg%ch VIC, AUS

(bFGF) =

Keratinocyte

growth factor 5ng/mL AF_110(§)_1 <

(KGF)

Hydrocortisone 0.5ug/mL H0396

Insulin

transferrin- 1% (v/v) 13146

selenium (ITS)

Linoleic acid

(LA) 9-4Hg/ml- 9930 Gigma-Aldrich St Louis,
— 9 MO, USA

Ascorbic acid-

2 -phosphate 0.1mM A8960

(L-AA-2P)

tri-iodothyronine 20-pM T5516

Strontium

chloride (SrCI2) U 25552

Antibiotic o A5955-

antimycotic 1% () 100ML
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5.2.5 Air-Liquid Interface (ALI) Platform

Stainless steel lifting frames were manufactured to ensure sufficient numbers for in vitro and
in vivo use. Thirty frames from 316-grade stainless steel, 3mm height, 9.5cm x 9.5cm with
bevelled corners, and 50% punched open holes were produced. These were inspected for

levelness, washed and sterilised, and the approximated media-level was determined for ALI.

To maintain an air-liquid interface, a cotton wicking sheet was cut to size and sterilised

(Whatman filter paper, USA) with a piece of translucent non-absorbent polyethylene netting
(N-Terface®, Richardson, TX). The cotton and frames were then submerged and soaked with
media to allow complete absorption. Before transferring the skin substitute (SS), these levels

were maintained below ALI and re-established post-transfer.

5.2.6 PUR Foam Preparation

The scaffold material used for the CCS fabrication was a 1-mm thick PUR (NovoSorb®)
foam. This new batch consisted of an increased number of irregular pore sizes >1mm.

The incorporation of the plasma gel, previously used in Chapter 2 and 3 and published in
Dearman et al 2013, 2014 -2, was insufficient to produce a well-developed epithelium. In
an attempt to decrease this porosity, other gelation methods were tested. A layer-by-layer
technique (LBL) of plasma-thrombin-plasma was employed to retain sufficient fibroblast
cells to form a supportive network for keratinocyte stratification and epidermal layer
formation. The layer-by-layer approach followed the same three day incubation in plasma
and then thrombin, in addition a supplementary layer of plasma was further added to fill in
the larger open pores. Following the LBL technique the fibroblast cells were inoculated in

media (see 5.2.9).
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5.2.7 C-GAG Preparation

The fabrication method for the collagen engineered skin was based on a previously
described protocol Boyce et al. 1988 ®%. This protocol previously utilised a polyvinyl
alcohol (PVA) product — Merocel (Medtronic-Xomed, USA) to aid with the cell inoculation
by capillary action onto the C-GAG dermal template. This product required numerous
washes to reduce cell cytotoxicity and overnight incubation for rehydration. Discontinuation
of the Merocel product by the company required a new material to be sourced and

tested. Ramer Ltd and Carwild Corp were two companies contacted that produce PVA
foams with similar properties to Merocel. The foams required cytotoxicity testing before
implementation into the skin substitute fabrication method. Initial bench testing and
comparisons to Merocel (texture, absorption properties) eliminated the Carwild foams. PVA
is known to be cytotoxic to cells (as is untreated Merocel), and elution and cytotoxicity tests

were mandatory prior to method incorporation ¢V,

5.2.7.1 Cytotoxicity testing and preparation of RAMER inoculation platform

Large sheets of Ramer PVA foam, FS grade, were supplied. It was essential to pre-wet the
non-sterile foam before cutting out circular discs to fit in the 150mm Petri dishes. Following
this, the discs were packed and sterilised with ethylene oxide. For this assay, human dermal
fibroblasts were used. T75 flasks were established until 85-90% confluence in DMEM-5%
FBS. This elution procedure tests the leachable chemicals extracted from the material. Three
pre-wash conditions were evaluated (Table 5.2) in triplicates with an untreated Ramer foam.
The washing regime included a one-hour incubation at 37°C with Hanks Balanced Salt
Solution (HBSS) + 1% Human Serum Albumin (HSA), followed by 1-3, 10-minute washes
with 50mL HBSS + 1% HSA. Discs were then incubated at 37°C, 5% CO, in a humidified
atmosphere for 24 hours in Maturation Medium. The foam was well-drained with each
wash, and at the end of the incubation period, the media was extracted and inoculated onto
the established monolayer fibroblast cell line for incubation and reactivity evaluation at

24 and 48 hours. Controls included a negative control (treated with 1% SDS), and HDPE
plastic — media only and positive (no treatment). Microscopic observations were recorded

after 24- and 48-hour incubation periods for cytotoxic effects.
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Morphological changes and biological reactivity are described and graded on a scale (0-4)
as per Table.5.3. Test samples graded as a “3” or “4” are considered toxic and “0-2” non-

toxic @,

Table 5.2 Detailed description of conditions with various washes. All cut discs were
designated a number and weighed for volume calculation. Note: the absorption + media O/N
refers to the raw material. O/N, overnight.

e e
Foam #
1 5.78
HBSS+1%HSA 1HR + 1 wash 50mL + MEDIA O/N 2 5.50
3 5.48
5 6.69
HBSS+1%HSA 1HR + 2 wash 50mL + MEDIA O/N 7 6.16
9 6.42
4 6.72
8 6.90
6 7.24

Absorption + MEDIA O/N 10 4.32

HBSS+1%HSA 1HR + 3 wash 50mL + MEDIA O/N

Table 5.3 Description of the morphological changes and biological reactivity and grade
(0-4) for the elution testing @V,

m Reactivity | Conditions of all Cultures

0 None Discrete intracytoplasmic granules; no cell lysis

Less than or equal to 20% of the cell are round,
1 Slight loosely attached, and without intracytoplasmic
granules; occasional lysed cells are present

Greater than 20% to less than or equal to 50% of
the cells are round and devoid of intracytoplasmic

2 Mild . :
granules; no extensive cell lysis and empty areas
between cells
Greater than 50% to less than 70% of the cell layers
3 Moderate .
contain rounded cells or are lysed
4 Severe Nearly complete destruction of the cell layers
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5.2.7.2 C-GAG hydration

The C-GAG was cut to the desired size prior to hydration or manipulation. To a 150mm
dish, a piece of sterile N-Terface® (9.5 x 9.5cm) was aseptically transferred, and the C-GAG
was placed on top. To the petri dish, SOmL of 70% sterile isopropanol was dispensed and
briefly soaked and aspirated. The piece of C-GAG was measured with a sterile surgical
ruler, and width and height recorded to determine contraction during the hydration
preparation. The C-GAG was then washed with S0mL of HBSS for 10 minutes at room
temperature (RT). This wash step was repeated another 3x for 15 minutes with incubation.
The final HBSS rinse was aspirated and replaced with SOmL of MM at RT in the BSC for
20 minutes. The media was aspirated and then incubated for 20 minutes at 37°C in 50mL of

media ready for use. The C-GAG was measured at all critical steps.

5.2.8 HYBRID Preparation

The fabrication of the hybrid (PUR/C-GAG) scaffold was performed in collaboration with
Boyce and colleagues in Cincinnati, USA. The PUR was wet with 50% isopropanol for
30-60 seconds and was exchanged with 0.5M acetic acid (HAc) x2. A 1:2 dilution (50%
v/v) of liquid C-GAG:0.5M HAc replaced the HAc. The residual air bubbles were extracted
from the PUR foam and incubated overnight at 4°C. After incubation, a 1:1 C-GAG
homogenate was incubated for 5-10 minutes with repeated expression of air from the foam.
The PUR/C-GAG were then transferred to a casting frame and filled with C-GAG to freeze
and lyophilise overnight. Samples were supplied pre-packed and gamma sterilised. Standard
methods of thermal hydration were attempted (125°C), which demonstrated melting of

the PUR structure unable to withstand the high temperature. The cross-linking step of
thermal hydration was replaced by direct chemical cross-linking in 30mM 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) as per Powell and Boyce ¢2.

5.2.8.1 Hybrid scaffold — cross-linking

The cross-linking method was based on the protocol previously described ®». Hybrid
scaffolds were pre-cut to the required size prior to cross-linking and placed in a 150mm
dish. Solutions were then prepared for use; a 95% ethanol solution, a 50mM MES Hydrate

solution in 40% ethanol (pH 5.5) and a 30mM EDC/NHS. The resultant solution was then
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sterile filtered (0.2um) prior to use. First, the hybrid scaffold was briefly wet with 95%
ethanol and aspirated. The cross-linking solution was added at ImL/cm? to ensure the hybrid
was submerged and all surfaces were in contact with this solution. Dishes were placed

in 37°C incubator, 5% CO, for 6 hours. After cross-linking was complete, the scaffold

was rinsed five times with appropriate buffer (HBSS or PBS) at ImL/cm? for 10 minutes

per rinse. A final two rinses were performed using Maturation Media, at ImL/cm? for 10

minutes per rinse and then incubated until ready for cellular inoculation.

5.2.9 Skin Substitute Fabrication — Cell Inoculation

The inoculation platform was required for fibroblast and keratinocyte cell inoculation onto
the C-GAG template and for the Hybrid template it was only necessary for the keratinocyte
inoculation. Pre-prepared PVA foams (section 5.2.7.1) were used to aid cell inoculation of
the C-GAG (Fbs and Ks) and the Hybrid (Ks). All scaffolds were transferred to a separate
dish for cell inoculation. The Fbs target density was 5x10° cells/cm? to inoculate at 3x10°
Fbs/mL in MM. The inoculated suspension was added at 0.167mL/cm?. Half the cell
suspension was added and then rotated 90°C for the remainder of the suspension. Cell
volume was left to soak in before transferring to a new dish with a lifting frame (section
5.2.5). For the hybrid scaffold, the PVA foam was not necessary for the inoculation of
fibroblasts, and only half the volume was necessary for cell inoculation. Media were
exchanged daily for two days prior to keratinocyte inoculation. The keratinocyte target
density was 1.0x10° cells/cm?, resuspending at 1.2x107 keratinocytes/mL in MM. The cells
were resuspended at 0.083mL/cm?. All the cell inocula were applied in a single application.
They remained in the BSC for 10 minutes after seeding or until full absorption and then
were gently transferred to the lifting frame. MM was added to the ALI and incubated at
37°C, 5% CO, for the desired culture period, i.e., 14-days of co-culture. The PUR foams
did not utilise the PVA foam for cell inoculation and were fabricated with the LBL method
as described in 5.2.6. Fibroblasts were inoculated at 0.039mL/cm? and keratinocytes at
0.031mL/cm?. The seeding and experimental duration were the same for the C-GAG

and hybrid. The medium was exchanged daily, and all SSs were measured with digital
photographs and biopsies at regular intervals (Days 7, 10, 12 and 14) for histological

analysis and immunohistochemical staining (Appendix III, VI and VII).
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5.3 Results

5.3.1 Cytotoxicity Testing of New PVA Ramer Foam for Cell Inoculation

The negative control displayed complete cytotoxic effects with rounding of cells and a

score of 4. The positive control maintained healthy cell morphology and normal appearance
throughout the test duration, score of 0. Table 5.4 displays the test conditions scores,

with the raw Ramer foam (no pre-wash) being moderately cytotoxic to the cells, causing
rounding, detachment, and inhibition of growth, scoring a 3-4 moderate to severe reactivity
grade for the elution test. Initial soaking to cut the Ramer foam to size and rinsing 4x in a
media solution proved to have no toxic outcomes to the cells tested, with a reactivity scoring
of 0 and within acceptable parameters (Figure 5.1). Test conditions were valid, and although
1-2 pre-washes were considered non-toxic, there appeared to be less growth at 24 hrs.

Therefore, 3x washes was the regime chosen.

Table 5.4 Graded results for the wash conditions of Ramer foam and controls.

HBSS + 1%HSA + 1 wash + MEDIA O/N 1 Slight
HBSS + 1%HSA + 2 wash + MEDIA O/N 1 Slight
HBSS + 1%HSA + 3 wash + MEDIA O/N 0 None
Absorption + MEDIA O/N 3 Moderate
Negative control (1% SDS treatment) 4 Severe
Positive control (no treatment) 0 None
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24-hours 48-hours

Negative Control
(1% SDS treatment)

Positive control

(no treatment)

Ox wash

1x wash

2x wash

3x wash

Figure 5.1 Representative phase-contrast images displaying cell cytotoxicity of Ramer
foam with controls at 24 and 48 hours (Aa-Ff). Raw Ramer foam (i.e., no wash) displayed
rounding cells with dark nuclei and cell loss with detachment. One to two washes showed
slight reactivity, and three had no reactivity. Scale bar: 100pm.
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5.3.2 Fabrication of Skin Substitutes Utilising PUR, C-GAG and a Hybrid Scaffold

5.3.2.1 Scaffold structure

Figure 5.2 shows the variability of NovoSorb® PUR foam from different batches. Notably
larger pores >1.5mm were evident in the second batch received (Figure 5.2b). After the

in vivo study, optimisation refined the pore consistency with a batch selection process
(Figure 5.2 c-d). Although the PUR is infiltrated with plasma and thrombin to form a fibrin
network of smaller pores, large pores >1mm are not filled to the surface and do not sustain
the adjacent pores’ level. The major differences noted between the biopolymers were the
thickness; the C-GAG ranged from 240-300pm, the PUR 750-950um and PUR/C-GAG
919um -1019um (Figure 5.3). Additionally, hybrid porosity varied by the degree of C-GAG

infiltration with non-uniform collagen distribution and cross-linking regions.

Figure 5.2 NovoSorb PUR Foam showing the variability within batch production, a.
Imm Original batch-A b. 1mm batch-B with unsatisfactory pores > 1mm c. Optimised Imm
batch-C and d. 0.8mm batch-d. Note this is an unsealed PUR foam. Scale bar: 2mm.
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Figure 5.3 Shows representative histological H&E stained sections of the biopolymers
with no cells. A-C horizontal cut sections, and a-c vertical cut sections. A, a. C-GAG, B,b.
PUR/C-GAG crosslinked, C,c. PUR. # denotes PUR and * shows edge detachment of the
fibrin network from the PUR with paraffin-embedded cut sections. Scale bar: 500pm

5.3.2.2 In vitro skin substitutes

The skin substitutes were fabricated at an air-liquid interface, scaffolds were inoculated with
fibroblasts for three days, followed by the application of keratinocytes and co-cultured for
14 days. Histological staining shows epidermal stratification similar to native tissue for all
SS conditions (Figure 5.4). Collagen production was confirmed with Masson’s Trichrome
staining. The PUR-fibrin filled fibroblast scaffold displayed keratinocytes lining the sides

of polymer foam within this structure. Although the hybrid epidermis was not as thick, it
was supported by a dermal structure populated with fibroblasts actively producing collagen.
The C-GAG scaffold supported a thick, well-developed epidermis with collagen-producing

fibroblasts. All engineered substitutes lacked the rete ridges present in native human skin.
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HYBRID-SS

Normal
Human skin

Figure 5.4 Haematoxylin & Eosin (H&E) and Masson’s Trichrome (MT) staining of
human fabricated skin substitutes (SS) with the different biopolymer scaffolds, a-b.
PUR-SS, c-d. C-GAG-SS, e-f. Hybrid-SS and g-h. Native human skin control. * Denotes
PUR with infiltration. Scale bar: a, c, e, g 500um and b, d, f, h 100pm.
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Further, immunofluorescence analysis was performed to identify normal skin keratins and
basement membrane markers (Figure 5.5). The epidermal layers showed transitioning
positivity for cytokeratin 14 compared to normal skin’s confined positive basal layer.
However, staining of cytokeratin 10 revealed the basal layer (only blue DAPI-positive
nuclei) was not positive for the differentiating marker K10 compared with the other
layers (Figure 5.5). Laminin confirmed basement membrane formation, and Ki67 positive

proliferating cells were within the SS.

Similarly, the porcine skin substitutes employed the same technique devised for the in vitro
human substitutes. As shown in Figure 5.6, histological staining of the substitutes have well-
developed stratified epidermal layers and a thick stratum corneum layer. The basal layer
shows typical columnar epithelium adjacent to a layer of collagen producing fibroblasts
(Figure 6 column 2). Immunohistochemistry stain for Ki67 proliferative cells showed a
normal distribution within the basal layer as per native skin, with no hyperproliferation

observed.
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PUR-SS

C-GAG SS

HYBRID-SS

Normal
Human skin

Figure 5.5 Skin substitutes (SS) — human-derived with different biopolymer scaffolds, Row 1. PUR-SS, Row 2. C-GAG-SS, Row 3. Hybrid-SS
and Row 4. Native human skin control. Column a cytokeratin 14 (green), column b cytokeratin 10 (depicted orange), Column ¢ laminin (green) and
column d Ki67 (brown DAB). Blue (DAPI) counterstained nuclei. Scale bar: 100um except for c, g, k, o S0pm.
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PUR-SS

C-GAG SS

HYBRID-SS

Normal
Porcine skin

Figure 5.6 Porcine
fabricated skin
substitutes with PUR,
C-GAG, and Hybrid
scaffolds. Normal
porcine skin is shown as
a control. Representative
images for H&E stained
sections, column a.
Masson’s Trichrome
(MT) stained sections,
column b and Ki67
immunohistochemistry,
column c. SS — Skin
substitute. Scale bar:
100um, except a, d, g, j
500pm.
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5.4 Discussion

This chapter established fabrication methods for bioengineered skin substitutes for human
and porcine models. The skin substitutes were constructed with blended scaffold materials
with good biocompatibility and morphologically similar structures. All scaffolds were
populated with dermal fibroblasts and endogenous collagen, enabling the development of
stratified epidermal layers. The porcine epidermis appeared thicker in all groups compared
to the human model. As noted in Chapter 4, porcine keratinocytes established using the
feeder layer technique and Green’s medium exhibit exceptionally high proliferation,
fabrication of future grafts may consider an inoculation decrease from the 1x10%cm?
keratinocytes. Whereas the fibroblast cell inoculation numbers were increased for the
porcine fibroblasts, as they are a more difficult population to establish. Previous studies
have observed a 28-day growth period for porcine skin fibroblasts grown in a DMEM 15%
FBS @, and others have noted typical fibroblast morphology (spindle elongation) beyond
passage two fibroblasts ®¥. It is worth noting that these cells were also grown on a collagen

coating and with high concentrations of foetal bovine serum @4,

The blending of natural and synthetic polymers achieves both the physical and chemical
characteristics of a dermal scaffold. The combinational 3D scaffolds, PUR/plasma and
PUR/C-GAG, provided physical support for the growth of fibroblasts and extracellular
matrix proteins. These results are similar to other mixed dermal scaffolds that have shown
increased biocompatibility and mechanical properties ®>-*, In an attempt to generate bi-
layered substitutes, the previously mentioned studies used corresponding pure synthetic
polymers as controls which showed decreased cellular affinity and limited morphogenesis,
while collagen only hydrogels have shown increased contraction. However, the hybrid
approach increases the degree of complexity, and a stand-alone scaffold is desirable. Unlike
most synthetic polymers, the biocompatibility of polyurethane has been shown to support
cell growth of fibroblasts and keratinocytes ®-%. Its flexible biodegradability and modifiable

properties make it an attractive biomedical alternative.
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The first step in constructing a skin substitute akin to human skin involves the isolation

and rapid growth of these cells in monolayer in vitro to enable re-population into a chosen
scaffold. Having sufficient fibroblasts to support the development of the epidermal layer
within the skin substitute is crucial to tissue organisation ©**. In addition, providing an
interface between the medium and air stimulates stratification and cornification of the
epidermal layers ©». The human PUR-SS was found to have keratinocyte infiltration within
the fibroblast dermal scaffold. Cells descended the edge of the polymer pores during transfer
post-inoculation to ALI when the pores of the scaffold are stretched. This infiltration leads
to epidermal disorganisation and possible cyst formation, which would not produce an

epithelium ideal for transplantation.

An engineered skin analogue has yet to replace the anatomy and physiology of skin
autografts, much less native skin. However, to promote stable engraftment and skin
functionality, the expression of epidermal and dermal markers are fundamental. The
presence of basal keratinocytes expressing keratin 14 was evident in all groups of the skin
substitutes, although to some extent, this was observed in the suprabasal layer suggesting
hyperproliferation that returns to normal with engraftment over time ®% %, The keratin 10
marker indicated normal differentiation of the suprabasal stratum spinosum and stratum
granulosum in the skin substitutes, as shown in Figure 5.5. While the skin substitutes clearly
show prominent stratum corneum on histological sections, a positive marker for terminal
differentiation would have confirmed the complete keratinisation process. Anti-filaggrin
antibodies that have been used in previous studies were found to be non-reactive on porcine

skin ©7,

In vitro epidermal maturation, as described above, and the establishment of barrier function
are important features for a bioengineered construct. The interaction between keratinocytes
and fibroblasts is fundamental for in vivo wound healing and an essential interface to
establish prior to transplant. The formation of the connecting basement membrane was
confirmed by immunohistochemistry staining for laminin. This protein was expressed
along the junction between the epidermis and dermis, indicating partial barrier function ©.
Additional laminin staining was observed in the dermal portion of the collagen-based skin

substitutes. In line with these findings, Mahjour et al. also found positive laminin infiltrate in

116



the lower portion of the dermal domain in the cultured skin substitutes suggesting secretion
of laminin into this space prior to DEJ establishment ©°. Native human skin also showed

positive laminin staining related to the microvascular membranes in the dermal region.

Normal skin anatomy has a microstructure affiliation of rete ridges that increase the surface
area and physical attributes of the DEJ, providing niches for keratinocyte stem cells %
These structures were not present in the current skin substitute fabrications. While this

lack of formation is inherent with in vitro engineered constructs %1% recent studies have
attempted laser micropatterning of dermal templates to mimic rete ridges with varied results.
Shen et al. infiltrated a micropatterned template with fibroblasts and keratinocytes with no
basement membrane evident %Y, In contrast, Blackstone et al. used fractional CO, laser
ablation in an established engineered skin model with successful BM formation pre- and
post-transplantation °. The same group applied cultured epithelial autograft (CEA) to
electrospun laser micropatterned dermal templates with narrow and deep invaginations

in immunodeficient mice, resulting in rete ridge formation 2-weeks post grafting when

compared to a flat DEJ template (%%

Immunohistochemical staining with proliferation marker Ki67 showed the in vitro

skin substitutes had a similar distribution pattern to native skin. These Ki67-positive
keratinocytes resided in the basal epidermal layer with no distribution throughout the upper
layers or evidence for keratinocyte hyperproliferation or neoplastic transformation. The next
phase consisted of evaluating the histogenesis of these skin substitutes based on the results
obtained from the in vitro studies. The following chapter explores how the three scaffolds

engraft in a porcine model of excisional wounds.
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6.1 Overview

The COVID-19 pandemic resulted in a significant delay to the in vivo study. From the in
vitro studies performed in Chapter 5, this study investigated the novel hybrid (PUR/C-GAG)
formulation with the layer-by-layer PUR composite cultured skin and a well-established
collagen-glycosaminoglycan (C-GAG) skin substitute model. The three test conditions

were compared to a meshed skin autograft in a porcine wound model. The results have

been reported in a manuscript submitted to Wound Repair and Regeneration presented as a

revised draft version, for full size images of the paper figures refer to Appendix X.
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Abstract

This study compared three acellular scaffolds as templates for the fabrication of skin
substitutes. A collagen-glycosaminoglycan (C-GAG), a biodegradable polyurethane foam

(PUR) and a hybrid combination (PUR/C-GAG) were investigated.

Scaffolds were prepared for cell inoculation. Fibroblasts and keratinocytes were serially
inoculated onto the scaffolds and co-cultured for 14 days before transplantation. Three pigs
each received four full-thickness 8cm x 8cm surgical wounds, into which a biodegradable
temporising matrix (BTM) was implanted. Surface seals were removed after integration (28
days), and three laboratory-generated skin analogues and a control split-thickness skin graft
(STSG) were applied for 16 weeks. Punch biopsies confirmed engraftment and re-

epithelialisation. Biophysical wound parameters were also measured and analysed.

All wounds showed greater than 80% epithelialisation by day 14 post-transplantation. The
control STSG displayed 44% contraction over the 16 weeks, and the test scaffolds, C-GAG
64%, Hybrid 66.7% and PUR 67.8%. Immunohistochemistry confirmed positive epidermal
keratins and basement membrane components (Integrin alpha-6, collagens IV and VII).
Collagen deposition and fibre organisation indicated the degree of fibrosis and scar produced

for each graft.

All scaffold substitutes re-epithelialised by four weeks. The percentage of original wound area
for the Hybrid and PUR was significantly different than the STSG and C-GAG, indicating the
importance of scaffold retainment within the first three months post-transplant. The PUR/C-
GAG scaffolds reduced the polymer pore size, assisting cell retention and reducing the
contraction of in vitro collagen. Further investigation is required to ensure reproducibility and

scale-up feasibility.
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1 Introduction

In the last decade, transformative technologies have emerged and expanded the interest in
tissue engineered skin substitutes. However, a cost-effective, clinically available, dermal-
epidermal tissue-engineered skin substitute still remains elusive due to the complexity, high
cost and time-consuming nature of production (1). Several limitations exist with the current
dermal scaffold models used to generate engineered skin substitutes. Most experience since
1975 has been with utilising animal-derived collagens and combinations such as
collagen/glycosaminoglycan (C-GAG) (2-4). Since the dermis lost to burn injury is composed
of these biopolymers, replacement with like as a scaffold for autologous cellular delivery seems
intuitive, although xenogeneic collagens are costly and have potential immunogenicity and
concerns of disease transmission. Despite clinical success (5), these scaffolds and subsequent
grafts have been shown to contract to 50% of their original area in vitro, and have the potential
to alter mechanical properties (6). Recently, experience with synthetic polymers as scaffolds
has been published, demonstrating successful incorporation into a skin substitute model (7),
even indicating apparent advantages over collagen-based scaffolds (8), albeit with limitations.
There are few substitutes that constitute only a scaffold without additional materials. Some
synthetic polymers' degradation products and residual additives are cytotoxic or fail to degrade
completely (9). Polyethylene glycol, polyurethanes (PUR), polyvinyl alcohol (PVA),
polylactic acid (PLA), polycaprolactone (PCL) (10, 11), polyvinylpyrrolidone (PVP) (12),
poly(lactide-co-glycolide) (PLGA) (13) and polystyrene (14) have all received attention.
Whether consisting of electrospun or woven fibres or having a foam structure, the pores are
not uniform and have a broad range of sizes and an unpredictable proportion of open or closed
cells. Pore size variability, mainly if they are large, decreases the mechanical stability of the
overall structure and cell retention (15), although diameters of greater than 500um might aid

rapid vascularisation (16). If the pores are too small, they inhibit cellular ingrowth and collagen
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deposition. Some iterations of tissue scaffolds use a combination of biological and synthetic
polymers to generate an extracellular matrix that mimics the dermal fibrous structure by
increasing cellular recognition and tissue compatibility. These have included fibrin hydrogels,
gelatin, sodium alginate, hyaluronic acid (HA), amniotic membrane, and silk (17) (8) (18-24).
These can assist with porosity whilst providing a microenvironment that supports epidermal

integrity.

The potential of a PUR generated composite cultured skin (CCS) in a porcine wound model in
small and large wounds has been demonstrated (7, 25, 26). However, PUR batch consistency
has plagued production with an unacceptable proportion of pores exceeding Imm diameter.
The CCS consists of a PUR foam scaffold soaked in fresh frozen plasma and human thrombin
to produce a fibrin network, reducing the polymer pore sizes. This gelation reduces fibroblast
loss and increases keratinocyte retention on an external surface during and after inoculation.
Although this method has shown clinical success with previous PUR foam iterations, the
additives inherently introduce variability and batch to batch inconsistency. A ready-to-use, off-
the-shelf product is desirable. Since collagen-GAG has an experimental and clinical history, it
was postulated that a PUR/C-GAG hybrid might provide advantages from both materials -
simultaneously filling the oversized pores of the PUR foam with C-GAG to afford greater
cellular retention post-inoculation and promotion of epidermal morphogenesis. The PUR
scaffold provides additional structural support to reduce C-GAG contraction. This report
describes a comparison among these three scaffolds against each other and a skin-graft control
to generate a bi-layered skin substitute for extensive full-thickness burns. The investigators
believe this is the first hybrid scaffold composed of PUR foam and collagen-GAG scaffold that

has been evaluated in a large animal model.
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2 Materials and Methods

2.1 Scaffolds

The biodegradable polyurethane (PUR) NovoSorb® foam is Imm thick for CCS production.
PUR scaffolds for both in vitro and in vivo experiments were cut to size from sterile 24.5cm x
24.5cm £ 0.3cm sheets. The collagen-glycosaminoglycan (C-GAG) scaffolds were bovine
dermal collagen and chondroitin-6-sulfate from shark cartilage and fabricated as per Boyce et
al. 1988 (kindly provided from the Boyce Lab, Cincinnati). These were dry-packed, sterile
~8cm x 8cm pieces. The hybrid (PUR/C-GAG) was formulated using 1mm PUR sheets and
liquid C-GAG. The C-GAG permeated the PUR overnight and was then processed as per Boyce
et al. 1988 (3). The cross-linking step of thermal hydration was replaced by direct chemical
cross-linking in 30mM 1-Ethyl-3- (3- dimethylaminopropyl) carbodiimide hydrochloride

(EDC) as per Powell and Boyce (27). All scaffolds were sterilised by gamma-irradiation.

2.2  Animal Model

Three large white x Landrace pigs were used, average weight 27kg upon BTM implantation.
Approval was granted by the South Australian Health and Medical Research Institute
(SAHMRI) Animal Ethics Committee (Approval number SAM282v4). Due to the use of
bovine collagen from the USA, additional approval from the Australian Government
Department of Agriculture, Water and the Environment (DAWE) was necessary for the in vivo
use of a restricted imported biological material (Approval #2019/081). All animals were
humanely treated and were acclimatised for 11 days. Four days prior to surgery, one unit of
blood (~400mL) was collected from each pig by jugular venipuncture to isolate autologous
porcine fresh frozen plasma (pFFP) for PUR substitute fabrication. On the day of surgery,
general anaesthesia was induced with intramuscular Ketamine-Xylazine (Ketamine 10mg/kg,

Xylazine 2mg/kg) 30 minutes before intubation with IM Noroclav (amoxicillin/clavulanic acid
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- 1ml/20kg) administered once anaesthetised. Post-operative pain was managed with ImL of
Buprenorphine Hydrochloride (324p1g) administered subcutaneously on anaesthetic recovery

and for the next three days with a single 2pg/kg/hr Fentanyl patch.

2.3 Wound Administration (BTM implantation)

The wounds were generated, prepared, and dressed according to our previous studies (7, 25-
26). In brief, four full-thickness 8cm x 8cm surgical wounds were created to the level of the
panniculus adiposus. The excised skin provided the source of autologous cells for individual
substitute fabrication. NovoSorb™ Biodegradable Temporising Matrix (BTM) was cut to size
and implanted, affixed with staples and allowed to integrate for 28 days. The wounds were

monitored, measured, photographed and re-dressed twice weekly.

2.4 Fabrication of Skin Substitutes

On the day of BTM implantation, the four pieces of excised skin per pig were processed for
autologous cell isolation. On average, this totalled 195¢m? per pig. Porcine fibroblasts (pFbs)
and porcine keratinocytes (pKs) were cultured as per Dearman et al. 2013, 2014, 2021 (7, 25,
26). Cells were expanded and then cryopreserved (Coolcell, Corning, Australia) until required
for pending skin substitute setup. Duplicate substitutes were established for each pig, except
C-GAG (where triplicates were required). Three days prior to pFbs inoculation, PUR foams
were soaked in autologous pFFP. One day prior, the C-GAGs underwent pre-washing along
with hybrid cross-linking. A double-layering method (LBL) of plasma/thrombin was used for
the PUR. pFbs were inoculated on day 0 at 7.5x10°/cm? and pKs three days later at 1x10%/cm?.
All substitutes were cultured at an air-liquid interface, and media were exchanged daily as
previously described (28). The skin substitutes were incubated at 37°C, 5% CO,, saturated
humidity for 14 days until their application 28 days after the implanted BTMs. To prepare the

sites for graft transplantation, BTM seals were delaminated and lightly dermabraded to
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generate punctate bleeding. The skin substitutes were then cut to size and applied with a piece
of Mepitel-one cut 1cm larger than the graft to aid transfer to the wound site.

Split-thickness skin graft (STSG), meshed 1:3, were used as controls to replicate a typical mesh
size employed for extensive burns. A Zimmer® Electric Dermatome (kindly loaned by Zimmer
Pty Ltd), set at 0.012inches, enabled a clean ~5¢cm x 9cm graft from the top right shoulder area.

This graft was meshed, applied to wounds and secured with staples.

2.5 Qualitative Wound Analysis

Wounds were maintained and dressed as previously described (7). The DermalLab Combo
(Cortex, Hadsund, Denmark) readings were performed at weeks 2, 4, 8, 12 and 16. Three-mm
punch biopsies were collected and fixed in 10% neutral buffered formalin for paraffin
embedding. Fresh frozen samples were placed in cryoprotectant OCT™ embedding medium
(ProSciTech, QLD, Australia) in plastic moulds, frozen in isopentane cooled to freezing point,
and stored at -80°C. The wound area and biopsy locations was traced onto sterile acetate sheets
for map tracing. ImageJ analysis of wound area was performed by taking two ruler
measurements top and bottom of the wound, averaging them, scale set and area determined.
Epithelialisation and engraftment were defined by a visible epidermal matte layer on the wound
surface. The percentage of re-epithelialisation and original wound area were determined over

time.

2.5.1 Histological Evaluations

Post fixation, paraffin-embedded biopsies were processed for routine histology, cut at 5-7um,
and stained with haematoxylin and eosin (H&E). Three biopsies were taken for each condition
at each timepoint for histological analysis. Immunohistochemical (IHC) staining on paraffin
and frozen sections confirmed the epidermal and dermal anatomy. Frozen sections were air-
dried at room temperature for lhour before a 10minute acetone fixation step followed by
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standard immunofluorescence. Paraffin sections were processed using a Mouse and Rabbit
specific HRP/DAB THC micro polymer detection kit (ab236466, Abcam) or a streptavidin-
biotinylated immunoperoxidase technique (29). For immunofluorescence, primary and
secondary antibodies are detailed in supplementary data tables. Images were captured with an
Olympus FV3000 confocal microscope and scanned with a Zeiss Axio Scan.Z1 slide scanner
(Carl Zeiss, Germany). Control tissues were normal human skin from donors undergoing
elective surgery procedures, or normal porcine skin from healthy, species matched pigs.
Picrosirius red (PSR) stain (ab150681, Abcam) was used to determine and visualise collagen
deposition, fibre orientation and organisation. Samples were taken on days 10, 21, 56 and 112
for each condition. Representative slides were imaged using polarising light microscopy (Zeiss,
Axio Scan.Z1 slide scanner, Germany) to detect birefringence. Collagen Type 1 (thick fibres)
stains yellow/orange birefringence, and Collagen III (thin fibres) stain green birefringence.
Microvascular density (MVD) was assessed for endothelial cell marker CD31, positive
neovessels were stained with 3,3’-diaminobenzidine (DAB), and Ki67 was used as a cellular

marker to assess Ki67+ expression and proliferation.

2.6 Ordinal and Quantitative Wound Assessment

2.6.1 Observer Scar Assessment Scale (OSAS)

The POSAS (30) observer scale was modified as a scar assessment tool for the final study time
point. This scale measures the overall vascularity, pigmentation, thickness, relief, pliability,
and site surface area. These were scored on a scale ranging from 1 ('like normal skin') to 10
(‘'very different from normal skin'), with an overall observer opinion. The total score was

calculated for each condition. Ratings from animal subjects could not be recorded.
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2.6.2 DermalLab

The Transepidermal Water Loss (TEWL) probe is an open chamber method based on Nilsson's
Vapor Pressure gradient (Cortex, Dermalab). Light to moderate pressure was applied against
the skin. In addition to measuring TEWL, the other Dermalab probes evaluated skin elasticity,
skin colour and skin thickness. Measurements were performed in triplicate, except for the skin
elasticity probe (single sample), as this requires a 45-minute rest period between each
measurement cycle. Environmental temperature and humidity were recorded for all
measurements. Viscoelasticity (VE - MPa), Melanin Index (MI) and Erythema Index (EI) were
parameters chosen for evaluation. The DermaLab calculates the VE by combining the elasticity
modulus and the retraction phase. The same investigator performed all the measurements at all

timepoints.

2.7 Statistical Analyses

Wound area percentage over time was assessed using linear mixed-effects modelling, with
fixed effects for test conditions (STSG, C-GAG, PUR, PUR/C-GAQG), time in days and the
reciprocal of time in days. Two-way interactions between condition and time and the reciprocal
of time were included to enable the effect of time on wound area to vary according to condition.
A random effect for each animal was specified to account for repeated measurements made on
the same pigs. Mean wound percentage for each condition at selected time points were
estimated post-hoc, and pairwise comparisons of wound area percentage between and among
conditions were conducted at 14, 28 and 112 days. The Bonferroni adjustment for multiple
comparisons was applied, a p-value of < 0.05 was considered statistically significant. The
charts displayed show the observed values with mean and standard deviation for each outcome.
In addition, a Friedman test was conducted on three pigs to examine the effect of condition on

OSAS score. Each pig was subjected to each of five conditions. Pairwise comparisons of
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interest were assessed using Wilcoxon matched-pairs signed-rank tests, adjusted for multiple
comparisons using the Bonferroni correction. All analyses were performed using Stata v15

(College Station, TX, USA).

3 Results

3.1 Invitro Observations of Skin Substitutes

Prior to the commencement of the in vivo study, PUR, C-GAG and hybrid models showed
histological evidence of an organised epidermal-dermal composite suitable for transplant
(Supplementary Figure S1). In vitro contraction of C-GAG scaffolds showed a mean
percentage decrease of 55% from dry state to cellular inoculation (n =9). The hybrid (PUR/C-
GAG) and PUR scaffold resulted in no contraction. A decrease of cross-linked C-GAG in
hybrid scaffolds was observed in histological sections, causing non-homogenous epidermal

integrity.

3.2  Macroscopic Observations

The BTM integrated into wounds with minimal delamination of the surface seals and only
contracted 3.6% of the original wound area until transplantation. Biopsies post-delamination
and pre-dermabrasion showed well-integrated polymer adjacent to the subcutaneous fat with a

small granulation layer supra.

The C-GAG grafts were fragile and thin to manipulate, requiring multiple staples to piece
together and achieve wound area coverage. The hybrid graft was the easiest to cut, handle, and
apply, followed closely by the PUR scaffold graft. There was no evidence of gross infection in
any conditions with minimal scratching observed; all pigs were healthy for the entirety of the
study, and upon complete healing, all wounds remained closed for the observation period.

Representative images of wounds and conditions from selected time points post-transplantation

10
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at days 0, 14, 28, 56 and 112 (2, 4, 8, 16 weeks) are shown in Figure 1 columns a-d. The final

percentage of wound contraction from original is tabled in Figure 1e for each condition.

The 1:3 meshed STSG engrafted by day 14 with 100% wound re-epithelialisation. The PUR
substitute displayed a dry superficial crust-like appearance over a large percentage of the
wound, and with gentle removal, the wound was fully re-epithelialised below with a developed
epidermal barrier. Hybrid grafts showed initial engraftment with small areas of PUR scaffold
extrusion two weeks post-transplant with secondary re-epithelialisation assisting complete
closure. The C-GAG substitutes displayed interstitial healing. A small area of graft detachment

and loss was observed, and a serous collection was extracted to enable reattachment.

The percentage of wound area from the original showed significant differences (p < 0.05) for
all skin substitute conditions compared with the STSG for all time points measured. No
differences (p > 0.05) were observed among the three test conditions by study end (Figure 2a).
On day 28 post-transplant, the percentage of original wound area was estimated to be 22.2%
smaller for the C-GAG relative to STSG (95% CI: 15.2 to 29.2). PUR/C-GAG was 26% (95%
CI: 19.2 to 33.2) smaller, and PUR was 28% (95% CI: 21.9 to 35.9) smaller. From day 28
onwards, the wounds were considered 'closed' and stabilised to day 112 with no significant

change for any condition.

Epithelialisation was measured from day 14 until completely healed (Figure 2b). The wound
area and degree of contraction observed within the first 14 to 28 days relate to the percentage
of epithelialisation and wound stabilisation. Within the test conditions, C-GAG and PUR/C-
GAG substitutes showed on average the greatest percentage of epithelialisation at day 14 (87%
and 88%, respectively). In reviewing conditions separately, two out of the three wounds for the
polymer-based scaffolds were >90% healed at day 14. By day 112, most wound edges were

indistinct and fused with the normal edge tissue.

11
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An experienced burn surgeon performed the POSAS scoring system to assess the wound
appearance by ordinal scoring. Due to a single reading and low numbers, results showed that
the overall effect of condition on OSAS score was not significant (Q (4) = 7.45, p = 0.113).
Table 1 shows the mean observer score outcomes. The STSG displayed the meshed graft
pattern and contraction in all four corners with the beginning of a stellate appearance and a
contour defect. The skin graft had a matte appearance and was more mature as it lacked
colouration (pale) and had returned to uninjured skin colour. Although it was thinner, with less
relief and supple, it had contracted in the head to tail perspective and expanded in the
spine/flank with pig growth. The C-GAG substitute contracted quite markedly compared with
the skin graft, and the majority was flush with the surface of the surrounding wound with small,
raised contours and relatively pliable residual scar. They appeared redder, and the colour
centrally indicated a wound not as mature, with capillary blanching and a shiny appearance.
The PUR/C-GAG had a more matte appearance, less contraction and reduced scar thickness.
There were minimal contour defects, and two out of the three displayed near full maturity with
the least vascular pattern of pigmentation. The PUR wounds were flush with minimal contour
defects; however, they were the most contracted with central bands of thickened scar and shiny

mid-pink pigmentation.

3.3 DermaLab Results

The non-invasive multi-parameter skin analysis system, the DermalLab Combo, was used to
relate the subjective observations noted above and provided more objective observations
(Figure 3). At day 17, statistically significant differences in transepidermal water loss were
found between the control STSG and all test conditions, the STSG did not differ from normal
skin, (mean differences: STSG vs C-GAG 15.54g/m?/h (95% CI: 1.94 to 29.15), STSG vs

PUR/C-GAG 39.56g/m%h (95% CI: 25.95 to 53.16) and STSG vs PUR 29.11g/m%h (95% CI:
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15.50 to 42.72), respectively). However, the PUR site showed no difference from the C-GAG
and PUR/C-GAG. All test conditions displayed higher values than normal skin at this early
time point. With complete healing from day 28, all wound TEWL readings showed no changes
among the groups for the study duration (Figure 3a). Additionally, the evaporative water loss
decreased over time (day 17 to 112) for all skin substitute conditions (p < 0.05). The STSG
showed no change over time as the site was re-epithelialised by day 14, with complete barrier
function. For wound pigmentation (Figure 3b), melanin and erythema values differed
significantly from normal skin and STSG to all test conditions on days 17, 28 and 56 for
melanin and days 17 and 28 for erythema. By day 84, only the PUR containing scaffolds mean
values (PUR, 30.57 +2.03 and PUR/C-GAG, 33.8 £ 6.13) differed with a higher melanin index
than normal skin (23.68 + 1.87). There were significant differences from day 17 to day 112 for
each graft condition (p < 0.05), representing a shift over time from dark to light (i.e., higher to
lower MI). No differences were noted among the three test conditions for any time points for
Melanin or Erythema Indices (Figure 3b and c). However, the Erythema Index (i.e.,
redness/vascularity) of the PUR containing skin substitutes remained higher compared to the
other conditions from day 17 (PUR/C-GAG 9.99 + 2.85 and PUR 7.64 + 2.4) through to day
84 for the PUR (PUR 4.22 +2.42), by endpoint at day 112, no differences were observed among

all conditions.. The EI for all conditions decreased over time similarly to intact normal skin.

Measuring Young's Modulus on days 17, 28, 56, 84 and 112 confirmed wound parameters, i.e.,
viscoelastic stretch under load, visco-elastic recovery after release of load and unrecovered
deformation normalised by day 56 (Figure 3d). The PUR/C-GAG and PUR were the only
conditions that differed from normal skin and STSG at d17, VE 51.61 (95% CI: 29.57 to 73.66)
and 29.67 (95% CI: 3.1 to 51.72) respectively. Subsequent time points did not display this
difference with STSG. Interestingly, all scaffolds showed an increase in VE readings on day

28. From this point, all test conditions displayed decreasing values, indicating some
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improvement of skin pliability over time. The ultrasound probe used to measure skin
thicknesses only showed differences compared to normal skin and not within test conditions (p

> (0.05) (data not shown).

3.4 Microscopic Evaluations

Biopsies post-delamination confirmed BTM integration (n = 12). The 2mm inserted BTM after
28 days of integration with seal delamination decreased in thickness on average by half
(964.5um = 207.3). The BTM polymer layer resides below the surface of the skin at the
interface between the connective tissue and the subcutaneous fat, with 21.5% remaining of the

original polymer at 4.5 months post-implantation.

3.4.1 Evaluation of Histochemical Staining

The structure of the wounds was evaluated by stained sections using Haematoxylin and Eosin
(H&E). In Figure 4, row 1, representative images show normal epidermal morphology at day
112 post-transplant. Extrusion of the PUR was evident microscopically at day 10. An initial
thick double epidermal layering effect with central PUR was evident within the PUR and
PUR/C-GAG wounds at day 10, accentuating a very thick hyperproliferative epidermis. By
day 112, the stratified epidermal layers for all test conditions appeared similar to STSG (Figure
4). All wounds presented with typical epidermal morphology, well-defined rete ridges,

columnar basal cells and keratin layers by day 112.

The hyperproliferative epidermal phenotype observed at day ten was resolved by day 112,
displaying a regular expression of Ki67 within the basal keratinocytes (Figure 4, row 2.
Revascularisation of the tissue was confirmed by staining with CD31 endothelial cell marker
(Figure 4, row 3). Blood vessel density increased at the early stages of healing for all test

conditions compared with normal skin.
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The initial granulation layer was highly cellular, populated with numerous vessels and
inflammatory cells. The dermal structure was then assessed for collagen deposition and
morphology using picrosirius red stain (Figure 4, row 4). Type I collagen predominates in all
sections (red/yellow staining), shown as thick, dense bundles in the control tissues (Figure 4,
row 4). At early time points for the test conditions, the collagen fibres were thin with minimal
collagen deposition (i.e., reduced red). The C-GAG presented thin, compact/dense bundles
compared to the PUR and hybrid, which contained a less dense, looser, randomly organised
fibre orientation. The three test scaffolds illustrated black areas within the tissue, consistent
with a lower density of collagen fibres (Figure 4, row 4 c-¢) compared with either the control
STSG or normal porcine skin (Figure 4, row 4a-b) at day 112. The degree of collagen
deposition increased over time for all wound conditions, with fibroblasts actively depositing
and producing new collagen. All comprised qualitatively less collagen than normal skin, donor
site and STSG control site.

At day 112 post-transplant epidermal structural integrity was confirmed by staining for keratin
marker, cytokeratin 14 (K14), this showed K14 positive cells for all test and control conditions
within the basal layers (Figure 5, row 1). Basement membrane markers indicated epidermal-
dermal structure integrity with positive staining for collagen IV, collagen VII and integrin a6

(CD49f1) (Figure 5, row 2-4).

4 Discussion

The hybrid scaffold was successfully fabricated to fill the pores of the PUR with collagen-
GAG. It provided and facilitated a surface that promoted morphogenesis of the cells into a
dermal-epidermal skin substitute, with good in vitro and handling properties. Data presented
in this study demonstrates all three test scaffolds, and subsequent skin substitutes allowed for
tissue integration and enabled stable wound closure. This study, in addition, confirms the

advantages and disadvantages of these materials. The split-thickness skin autograft is
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considered the prevailing standard of care for wound coverage in extensive full-thickness
injuries. The meshed 1:3 skin autograft was a control condition and resulted in a superior
outcome over the test skin substitutes regarding wound size and resemblance to intact, normal
skin. However, the limitations of this treatment option is its paucity and aesthetics
(characteristic mesh interstices and concave appearance) (31), not unlike those observed in this

study.

The second-largest wound (C-GAG) and the largest of the three test conditions re-epithelialised
early, with an apparent thicker dermis but a loose, 'wrinkling' appearance by study end. The
inherent contraction of the C-GAG template during skin substitute fabrication increased the
quantities required, potentially increasing handling and future set up costs for clinical use (32).
In an attempt to reduce contraction a previous study by Powell and Boyce demonstrated a
combination C-GAG with a PCL component improving its mechanical properties (33). The
PUR/C-GAG hybrid also reduced in vitro contraction with superior thickness and handling
properties. Conversely, the in vivo PUR loss and extrusion reduced mechanical support and
resulted in smaller wounds with increased contraction. This PUR 'crusting' phenomenon has
been reported previously (25). The hybrid inconsistencies noted with the C-GAG fabrication
and cross-linking produced non-contiguous epithelium in vitro attributing to areas showing

delayed post-polymer 'spitting'.

The patient observer scar assessment scale (POSAS) is becoming the accepted measure of scar
quality (34). Using this method enabled valuable subjective observations of the wounds, and
for future studies, increased observer scores may allow for data correlation with the DermaLab,
enabling multiple assessments and conclusions of the wound/scar (35, 36). TEWL confirmed
wound closure and barrier function which could be associated with the percentage of re-
epithelialisation and closure rates. The TEWL values stabilised to normal skin values from day

31 to day 112, demonstrating continual epidermal barrier function with the outermost layer,
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the stratum corneum (37). Immunohistochemical staining confirmed that the major constituents
of the basement membrane which are fundamental in attaching the epidermal cells to the
underlying extracellular matrix are present. All conditions demonstrated, collagen IV (BM
stability), collagen VII (BM anchoring fibrils), and CD49f (binding of integrin a-6 to BM),
markers essential to maintain basement membrane formation-function and skin homeostasis

(38).

The skin's viscoelasticity is mainly determined by the ECM and the presence of collagen and
elastin fibres, enabling the skin to return to its prior shape after stretch. An increase in
viscoelasticity values- high MPa was initially observed for all grafts at early time points (day
17-28), presenting a stiffer, less pliable graft. The increase in PUR and PUR/C-GAG elasticity
values may be related to the proportion of collagen III at this early time point. In common with
a previous study (39), a peak in collagen type III alpha chain (COL3A1) expression was
observed at 28 days in a hypertrophic scar porcine wound model for >1.9mm deep dermatome
injuries (39), suggesting PUR containing substitutes initiated a similar healing process. Once
in the remodeling phase, the VE values decreased over time, improving the pliability of the
skin. Although they never achieved intact skin values, they also did not differ from STSG by
study end. This has previously been noted when autograft and bilayered skin substitutes were
evaluated in 14 burned patients (40). Furthermore, Boyce and colleagues reported the scar
pliability of skin substitutes (collagen-based) were similar to autograft one year after treatment
in burn patients (41). In this study the C-GAG presented increased collagen content organised
into thinner, more compact fibres with an apparent thicker dermis, suggesting the C-GAG

grafts matured earlier (8) with similar viscoelastic properties to skin autograft.

Since the skin of dominant white pigs lack melanocytes (42) the pigmentation observed in the
porcine wounds reflect the degree of inflammation and erythema of a skin injury. Therefore,

the elevated melanin index and vascularity values at early time points were consistent with
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neovascularisation and the proliferation phase of wound healing (43), restoring to baseline with
graft stabilisation by study end for all except the PUR grafts. All biomaterial implants are
considered foreign bodies. The minimal change in erythema in the PUR grafts from transplant
to the study end, suggests the wound remained (red) in an active inflammatory state from a
retention of polymer (foreign body), thus prolonging maturation (43). The expression of
CD31+ vessels confirmed an ingrowth of vascular supply with an increase in MVD during the
early inflammatory and proliferative phases for all wounds. An increase in matrix deposition
with a decrease in vascularisation at day 112 suggests regulation of angiogenesis in the
remodeling phase. It has been previously reported that engineered skins in vitro have a
hyperproliferative phenotype and, within weeks, is normalised after grafting (17, 44). The
present study also showed this characteristic, normalising to control STSG levels by study end

with no detrimental effect on engraftment and no overexpression of Ki67.

Several limitations of this study are noteworthy; the Dermalab-ultrasound provided some
difficulties. The probe has a limiting penetration capacity of 3.4mm, and considering post
histological sections showed greater than this, Young's Modulus elasticity values may have
been affected (36). Using the mean of repeated measurements to interpret the DermalLab results
correctly is highly recommended where feasible (45). The requirement of a time delay between
each repetition, the curvature of the animal and wound shape and size, only enabled the
collection of one measurement with the elasticity probe. The use of the Dermal.ab has shown
potential for its use in large animal cutaneous wound healing models providing a non-invasive,
standardised technique for multiple wound parameters and, with repetition, is a promising all-
in-one instrument. Another study constraint includes sample size. Porcine wound studies are
limited to the number of wounds per pig, handling capacity and cost (46, 47). Histological
variability can be produced upon processing, staining and analysing sections and the

heterogeneity within the field of graft upon sampling is a consideration.
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Overall, based on these data, the three biopolymer scaffolds used to fabricate engineered skins
produced a permanent skin replacement, promoting wound closure with epithelialisation and
vascularisation with similar biophysical properties to the skin autograft. Therefore, taking into
consideration their disadvantages and advantages, any one of these formulations would reduce
the requirement for skin autografts, and the plausibility of laboratory-based skin as a
replacement is feasible (5, 48). A trending effect was observed in this preliminary study, with
prospective studies being required to decrease conditions to allow greater sample sizes in order
to provide stronger statistical analysis and conclusions. However, the PUR/C-GAG hybrid has
shown potential as a suitable biomaterial scaffold for fabricating skin substitutes, resolving the
inherent concerns with collagen (i.e. contraction) and PURs (i.e. porosity). This material would
significantly impact extensive burns and other acute and chronic wounds that would benefit
therapeutically to reduce donor site harvesting, numbers of skin autografting procedures, and

long-term morbidity from scars.
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6 Footnotes and Abbreviations

BM Basement membrane

BTM Biodegradable temporising matrix
CCS Composite cultured skin

C-GAG Collagen- glycosaminoglycan scaffolds
DAB 3,3’-diaminobenzidine
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DAWE Australian Government Department of Agriculture, Water and the Environment
EI Erythema index

H&E Haematoxylin and eosin

HRP Horseradish peroxidase

IHC Immunohistochemistry

LBL Layer by layer

MI Melanin index

MVD Microvessel density

OCT Optimal cutting temperature embedding medium
pFbs Porcine fibroblasts

pFFP Porcine fresh frozen plasma

pKs Porcine keratinocytes

PSR Picrosirius red stain

PCL polycaprolactone

PLA polylactic acid

PLGA poly(lactide-co-glycolide)

PUR Polyurethane

PVA polyvinyl alcohol

PVP polyvinylpyrrolidone

SAHMRI South Australian Health and Medical Research Institute
STSG Split-thickness skin graft

TEWL Transepidermal water loss

VE Viscoelasticity
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8 Tables

Table 1. Showing the OSAS mean total score results for normal skin and all test
conditions. No significant differences were observed within the test conditions. SD, standard
deviation. N, number. Pairwise comparisons were assessed using Wilcoxon matched-pairs

signed-rank tests.

" Gonition | 0 | e | 50| wedon _

3 23.3 8.0 24

C-GAG 3 25.0 2.7 26
HYBRID 3 22.3 12.1 18
STSG 3 19.3 4.2 18

Figure Captions

Figure 1. Representative macroscopic images showing the progression of graft and skin
substitute integration during weeks 0 — 16 post-transplant for each treatment condition.
Meshed STSG (1:3) exhibited 44.2% contraction (column a), followed by the C-GAG
substitute (63.1% column b), PUR/C-GAG 66.7% (column d) and the PUR substitute was on
average the most contracted condition with 67.9% (column c). E, Percentage of contraction
from day 0 after transplantation to day 112 endpoint.

Figure 2. Wound percentage of original area and re-epithelialisation of the four test
conditions over time shows the observed values and mean with standard deviation. (a) At
14 days post-transplant >80% of all wounds were re-epithelialised and by 28 days complete
closure was obtained by secondary re-epithelialisation. At 28 days (dotted line) to 112 days,
wound areas stabilised, and significant differences (**p < 0.05) were noted for all three skin
substitutes compared to the STSG site at day 112, however there were no differences within

each skin substitute condition (*p > 0.05). (b) Mean percentage of re-epithelialisation of test
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conditions over time until complete healing. No significant differences were found among the
graft types after 14 days post-transplant (p > 0.05). Three biological replicates (n=3) for each
condition were analysed using a linear mixed effects model with Bonferroni correction.
Figure 3. Results from the DermaL.ab with each biophysical wound assessment parameter
graphed for all treatment conditions over time post-transplant. (a) Transepidermal water
loss- TEWL (g/m?/h), (b) Melanin Index (MI), (¢) Erythema Index (EI), and (d) Viscoelasticity
(VE). The observed values represent the means and standard deviations at respective time
points. The mean differences were compared among conditions and over time. *p < 0.05 for
comparisons among PUR/C-GAG, PUR, and C-GAG **p < 0.05 Normal skin compared to all
conditions including STSG. ***p < 0.05 for comparisons of PUR/C-GAG, and normal skin,
STSG, C-GAG. ****p <0.05 PUR and normal skin. *p < 0.05 Normal skin, STSG and both
PUR-containing conditions. *p < 0.05 Normal skin, STSG and all test conditions. #p < 0.05
for comparisons among all test conditions at the indicated time points from day 17 to day 112.
Three biological replicates (n=3) for each condition were analysed using a linear mixed effects
model with Bonferroni correction.

Figure 4. Representative histological images on day 112 post-transplantation.
Haematoxylin and Eosin (H&E) row 1, Ki67- proliferative marker row 2, CD31- endothelial
cell marker row 3 and Picrosirius red (PSR) stain row 4 for normal porcine skin (column a),
and the four test conditions, skin graft (STSG-column b), C-GAG (column c), PUR (column
d) and hybrid PUR/C-GAG (column e). The collagen structure was visualised using PSR under
polarised light. Scale bar: 200pum row 1, 50pm row 2, 100um row 3 and 4.

Figure 5. Representative immunohistological images of normal porcine skin and test
conditions at 112 days post-transplantation showing epidermal and basement membrane
confirmation. Cytokeratin 14 row 1, Collagen IV row 2, Collagen VII row 3 and Integrin a6

(CD49f) row 4. Column a represents porcine normal skin, column b STSG, column ¢ C-GAG,
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column d PUR and column e PUR/C-GAG. Red staining for wide spectrum cytokeratin, Green

staining depicts relevant maker, DAPI nuclei stain. Scale bar: 5S0pm.
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Figure 1. Representative macroscopic images showing the progression of graft and skin substitute
integration during weeks 0 - 16 post-transplant for each treatment condition. Meshed STSG (1:3) exhibited
39 44.2% contraction (column a), followed by the C-GAG substitute (63.1% column b), PUR/C-GAG 66.7%
40 (column d) and the PUR substitute was on average the most contracted condition with 67.9% (column c). E,
41 Percentage of contraction from day O after transplantation to day 112 endpoint.
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Figure 2. Wound percentage of original area and re-epithelialisation of the four test conditions over time
shows the observed values and mean with standard deviation. (a) At 14 days post-transplant >80% of all
wounds were re-epithelialised and by 28 days complete closure was obtained by secondary re-
epithelialisation. At 28 days (dotted line) to 112 days, wound areas stabilised, and significant differences
(**p < 0.05) were noted for all three skin substitutes compared to the STSG site at day 112, however there
were no differences within each skin substitute condition (*p > 0.05). (b) Mean percentage of re-
epithelialisation of test conditions over time until complete healing. No significant differences were found
among the graft types after 14 days post-transplant (p > 0.05). Three biological replicates (n=3) for each
condition were analysed using a linear mixed effects model with Bonferroni correction.
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28 Figure 3. Results from the Dermalab with each biophysical wound assessment parameter graphed for all
29 treatment conditions over time post-transplant. (a) Transepidermal water loss- TEWL (g/m2/h), (b) Melanin
Index (MI), (c) Erythema Index (EI), and (d) Viscoelasticity (VE). The observed values represent the means
and standard deviations at respective time points. The mean differences were compared among conditions
31 and over time. *p < 0.05 for comparisons among PUR/C-GAG, PUR, and C-GAG **p < 0.05 Normal skin
32 compared to all conditions including STSG. ***p < 0.05 for comparisons of PUR/C-GAG, and normal skin,
33 STSG, C-GAG. ****p <0.05 PUR and normal skin. ~p < 0.05 Normal skin, STSG and both PUR-containing
34 conditions. ~”p < 0.05 Normal skin, STSG and all test conditions. #p < 0.05 for comparisons among all
35 test conditions at the indicated time points from day 17 to day 112. Three biological replicates (n=3) for
each condition were analysed using a linear mixed effects model with Bonferroni correction.
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Figure 4. Representative histological images on day 112 post-transplantation. Haematoxylin and Eosin (H&E)
row 1, Ki67- proliferative marker row 2, CD31- endothelial cell marker row 3 and Picrosirius red (PSR) stain
row 4 for normal porcine skin (column a), and the four test conditions, skin graft (STSG-column b), C-GAG
(column c), PUR (column d) and hybrid PUR/C-GAG (column e). The collagen structure was visualised using

PSR under polarised light. Scale bar: 200pm row 1, 50um row 2, 100pm row 3 and 4.
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Figure 5. Representative immunohistological images of normal porcine skin and test conditions at 112 days
post-transplantation showing epidermal and basement membrane confirmation. Cytokeratin 14 row 1,
28 Collagen 1V row 2, Collagen VII row 3 and Integrin a6 (CD49f) row 4. Column a represents porcine normal
29 skin, column b STSG, column ¢ C-GAG, column d PUR and column e PUR/C-GAG. Red staining for wide

30 spectrum cytokeratin, Green staining depicts relevant maker, DAPI nuclei stain. Scale bar: 50um.
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1 Supplementary Data — Dearman et al

Supplementary S1. Representative histology images of skin substitutes using different
scaffolds in a porcine in vitro model. a. Hybrid - PUR/C-GAG, b. PUR and c. C-GAG
substitute. Scale bar: 250um.

Supplementary S2 Table 2. Primary antibodies listed for staining techniques.

Abbreviations used, DAB - diaminobenzidine,

Immunofluorescence, P - Paraffin section.

FF - Fresh Frozen section,

IF -

Antibc'dy NamE/ catalogue ’ “ CIone/DiIu“on

Collagen IV (MA5-13437) Mouse monoclonal Invitrogen IF - FF 1:50
Clv22
COL7A1 (MA5-13432) Mouse monoclonal Invitrogen IF - FF 1:100
LH7.2
CD49f (Integrin alpha-6) Rat monoclonal Invitrogen IF - FF 1:100
(MA5-16884) NKI-GoH3
Anti-wide spectrum Cytokeratin Rabbit polyclonal Abcam IF- FF 1:500
(ab9377)
Anti-cytokeratin 14 (MA1-06323) Mouse monoclonal Invitrogen IF - FF 1:500
RCK107
Anti-CD31 (ab28364) Rabbit polyclonal Abcam DAB Kit - P 1:50
Recombinant Anti-KI67 (ab16667) Rabbit monoclonal Abcam DAB - P 1:250
SP6
1
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Supplementary S3 Table 3. a. Secondary antibodies listed for staining techniques and b.
methods. AF- Alexa Fluor.

a  Antibody Name/ Catalogue # m AF/Dilution

Goat-anti-Rabbit IgG (ab150086) Goat polyclonal Abcam piFSS;;
Goat-anti-Rabbit IgG (ab150079) ezl e AF 647

1:500
Goat-anti-Mouse IgG (ab150113) Goat polyclonal Abcam AF 488

1:500
Goat-anti-rat IgG2a(NB7124) Goat polyclonal Novus Biologicals iF_:cI)BC
Goat-anti-rat IgG (ab150157) Goat polyclonal Abcam AiF.540808
[BBIOAt?gES?d 2 SR e Horse polyclonal Vector Laboratories Laei
Biotinylated horse anti-rabbit IgG Horse polvclonal Vector Laboratories 1:250
(BA-1100) —

b Staining Methods Catalogue # m

Mouse and Rabbit specific HRP/DAB Detection IHC

micropolymer Kit ab236466 Abcam

ThermoFisher-

Streptavidin-biotinylated immunoperoxidase technique 21127 T
Cell nuclei — Fluoroshield with DAPI F6057-20ml Sigma
Picrosirius red stain kit ab150681 Abcam

2
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6.2 Supplementary Figures (unpublished)

The original data from the microscopic evaluations of the BTM are shown in an additional
figure (Figure S4) below. This shows triplicate measurements to obtain the mean residual
BTM polymer layer with digital photographs and H&E stained sections from biopsies
before and after dermabrasion. In addition, the hyperproliferative state of the epidermis at

early biopsy timepoints is shown in Figure S5 for all test conditions.

Pre-dermabrasion Post-dermabrasion

C.
Pig - site

1-1

Supplementary S4. Shows a representative wound bed (1) with corresponding
histology (2) prior to CCS transplant. (a), Displays the residual BTM post seal removal
and pre-dermabrasion and (b.) shows the residual BTM post-dermabrasion before CCS
transplant c. Tables the measurement data in trip-licate per wound (n =12) of BTM thickness
from histological sections at Day 0 pre-CCS transplant and Day 112 study endpoint. CCS-
Composite cultured skin, BTM- biodegradable temporising matrix. Scale bar 200pum.
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Supplementary SS. Haematoxylin
and Eosin stained sections from
biopsies of treatment conditions

on Day 10 post-transplantation. (a)
C-GAG skin substitute (b) Hybrid skin
substitute and (c) PUR skin substitute.
Note the thickened epidermis at this
early timepoint. Scale bar 200pm.
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CHAPTER 7:
Validation of Automated Bioreactor in a Cleanroom
Environment
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7.1 Overview

Chapter two describes the use of a novel bioreactor for the generation of large composite
cultured skins (25c¢cm x 25c¢m). This study investigated the 1mm PUR material in a
submerged culture system using the automated bioreactor. Further optimisation, described
in Chapters 4, 5, and 6, has elucidated essential modifications to be incorporated to both
the culturing parameters and bioreactor device to support the morphogenesis of a composite
skin. These changes included lifting the large pieces to an air-liquid interface (ALI) and cell
transfer and inoculation methods. In addition, the second in vivo porcine study (Chapter 6)
revealed a PUR scaffold less than 1mm in thickness would be advantageous for complete
engraftment. Therefore, a 0.8mm thick foam with refined consistency and pores < 2mm
was formulated for testing with the bioreactor. The primary aim of this study incorporated
all the CCS optimisation changes to test with the automated bioreactor device in an ISO 7
environment to produce large pieces of CCS for the purposes of manufacture and clinical

use.

7.2 Bioreactor System and Design

7.2.1 Bioreactor preparations

New incubators were sourced with a greater internal volume to accommodate the bioreactor
fixtures. The Heracell™ CO, incubator (250i) features complete contamination control with
a steri-cycle system containing an in-chamber HEPA air filtration system. The HEPA filter
provides quality-controlled conditions (Class 100). With a polished stainless-steel interior,
sturdy reinforced stainless-steel shelving, and the use of cell factories, the Heracell can
support six 10-layer factories for cell expansion. The footprint is 2.1m x 1m. Bespoke
software directs computer-controlled pumps for media fill and waste management (Figure
7.1). The initial bioreactor layout (used in Chapter 2) consisted of a spigot system with
6.4mm internal diameter (ID) tubing, which produced intermittent, unsteady flow. The
spigot was thus re-designed to fit 4.8mm ID tubing and tested for flow rate and consistency.

Input and output flow were measured with different media volumes at various flow rates.
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SIDE VIEW

DOOR VIEW

Figure 7.1 Bioreactor footprint a. 2.1m x 1m overview layout, b. Side and door views of
the internal workings of the bioreactor, showing the media input from the refrigerator bag to
the incubator bag (yellow and green tubing) and the feed hose from the incubator bag to the

spigot (blue and red tubing).

Click to go back to Table of Contents
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Figure 7.2 displays the tubing framework for two bioreactor incubators. The feed hose
travels from the warmed media bag within the incubator, via a dedicated media pump, to
the spigot head enabling warm media to be exchanged in the cassettes. Another hose, the
reservoir hose, is attached to the male outlet of the incubator media bag. It passes through
a second pump to the refrigerator media bag. Fresh media can then be replenished and
warmed in the incubator media bag. Two waste hoses (one for each 5-array assembly)
extract waste media via a smaller pump system into an external waste vessel. An additional
waste hose is connected to a purge bag within the incubator via the smaller pump system to
extract purged media externally. The tubing system is replicated for the second incubator.
All tubes were measured to the required length, cut, and autoclaved in preparation for

assembly.

TOP INCUBATOR

FEED hose
WASTE Shoe 2 hose

_—~WASTE Shoe 1 hose
RESERVOIR hose

WASTE Purge bag

BOTTOM INCUBATOR
FEED hose
WASTE Shoe 2 hose

"\~ WASTE Shoe 1 hose
RESERVOIR hose

WASTE Purge bag

Figure 7.2 Tubing overview a. Schematic detailing the tubing length and workings within
the incubator and processing pump systems. The waste tubing and collection mechanism

is shown to the left of the computer system (small grey tubing) with the media bag
(refrigerator) below, b. shows the tubing run from the refrigerator bag (yellow/green) to the
incubator bag and the feed hose from the incubator bag to the spigot head (red/blue).
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The manifold incorporated a new design feature to decrease the flow rate and media
build-up in the bottom of the manifold during cassette tipping (media exchange). Cassette
tipping allows spent media to be transferred into the waste vessel. Build-up of media in the
manifold can result in leaking from the manifold-cassette junction. A food-grade grease was
sourced and applied to seal this junction after being pre-packaged and gamma sterilised. The
grease was applied with a sterile cotton tip to the outlets of the cassette and manifold during

assembly.

New cassettes were produced overseas with the current bioreactor tooling. They required
washing, assembly, and gamma sterilisation before use. A rigorous washing procedure was
developed and implemented for all cassettes and accessories to decrease the bioburden from
manufacture. They were air-dried within a biological safety cabinet, assembled, and double
bagged in preparation for sterilisation. All parts were labelled and catalogued. To achieve
ALI within the cassettes, a lifting frame was required. Four prototype designs were tested,

varying in thickness and material type (plastic vs stainless steel).

7.3 Methodology

7.3.1 CCS Fabrication and Bioreactor Operation

7.3.1.1 Cell expansion

Cell expansion methods are described in earlier chapters and appendices. In brief,
keratinocytes were co-cultured with iHFbs in SEL-KGM, and human matched dermal
fibroblasts were expanded in SEL-Fbs and cryopreserved. In total, 3.032x10° keratinocytes
and 1.74x10° fibroblasts were established at passage two in preparation for CCS/bioreactor
testing. The pre-cultured cells were tested for microbiological contamination before use

within the cleanrooms.

7.3.1.2 CCS fabrication and culture

Three large 25cm x 25¢cm CCS replicates (designated for bioreactor) and matched small 8cm
x 8cm controls (designated for standard incubator) were established and cultured for 14 days
at ALL The CCS layer-by-layer method was employed. hFFP and in-house thrombin were

prepared prior to use as described in Chapter 5 (sections 5.2.1 and 5.2.2).
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In brief, hFFP was pooled and pre-filtered before the PUR was ‘wet’ and soaked for three
days in large dishes. It was then transferred to cassettes for fibroblast inoculation. On Day

3, fibroblasts were thawed and inoculated at 5x10°cells/cm? and established for three days at
ALI before keratinocyte addition at 1x10° cells/cm?. Maturation media (detailed in Chapter
5) was exchanged daily with microbiological testing of pooled, spent culture media. Pooled
media was purged on Days 3, 7, 10, 12 and 14. Endotoxin samples were collected on Days 3

and 14 for testing on Day 14, and pH levels were also monitored at these time points.

7.3.1.3 Histological analysis

Multi-quadrant biopsies of CCS samples were taken on Day 14. These were cut and divided
for fixation in 10% buffered formalin, SEM/TEM fixative, and snap-frozen in isopentane.
SEM and TEM samples were processed as per Appendix VIII. Paraffin-embedded sections
were processed for routine histology and cut at 5-7um for haematoxylin and eosin (H&E),
Periodic acid-Schiff (PAS) or Masson’s Trichrome staining. Frozen sections were cut

and air-dried at room temperature for 1 hour before a 10-minute acetone fixation step,
followed by standard immunofluorescence. Paraffin sections were de-waxed using xylene
and rehydrated through alcohols. Sections were then processed using a streptavidin-
biotinylated immunoperoxidase technique (Appendix VII). Heat-induced antigen retrieval
was performed using citrate buffer (pH 6). For immunofluorescence, matched secondary
antibodies were Alexa fluor 488 (ab150113 or ab150157), Alexa fluor 647 (ab150079)

or 555 (ab150086) purchased from Abcam. FITC goat-anti-rat (NB7124) was purchased
from Novus Biologicals. The antibodies and detection methods used are detailed in
supplementary data tables (Appendix III). In brief, anti-wide pan-cytokeratin (ab9377)
and anti-cytokeratin (K14 MA1-06323/K10 ab9025) were used for positive keratin
identification. Basement membrane structure and markers for Collagen IV (MA5-13437),
Collagen VII (MA5-13432), Laminin (ab11575), Integrin alpha-6 (MA5-16884), and Ki67
(ab16667) proliferation marker were used. AE1/AES3 pan keratin (ab86734) was co-stained
with Collagen I (ab233080). Images were captured with an Olympus FV3000 confocal
microscope and scanned with a Zeiss Axio Scan Z1 slide scanner (Carl Zeiss, Germany).
Control tissues were normal human skin from donors undergoing elective surgery

procedures.
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7.4 Results

7.4.1 Bioreactor Performance Prior to Cleanroom Testing

Consistent flow is integral to establishing precise media liquid levels within the cassette.
The substitution of the 6.4mm ID tube for a smaller 4.8mm ID tube and re-design of the
spigot outlet enabled a reduction in flow from 110mL/min to 100mL/min with a steady
stream. Flow from the spigot was accurate with no intermittent stopping. Repeated testing
resulted in a mean 34% tolerance level from the software input and output volumes ranging

between 100-200mL.

Test prototype parts were manufactured from acrylic plastic to attain an ALI within the
25cm x 25cm cassette. These featured perforations (50% open area) and were desirable as
a single-use disposable plate. The resultant plastic sheets exhibited a degree of distortion
due to the mechanically formed perforations causing material stretching. Therefore, a 25cm
x 25cm stainless steel lifting frame with >50% open area perforations was designed and
manufactured (Figure 7.3b). The 0.9mm thick sheet was chosen for stability and made
from SS grade 316, enabling repetitive autoclaving and high corrosion resistance. To assist
with the prototype testing, and achieve an accurate 3mm lifting height, multiple stainless
steel 316 spacers were used. The addition of the SS lifting frame presented several issues
within the cassette. With the 7-degree tip for media extraction, a volume remained within
the cassette trapped by a meniscus against the cassette lid (Figure 7.3¢). A sealing tab on the
cassette lid was removed, and a rocking regime for the tipping process was incorporated to

mix any remaining media with fresh.
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Figure 7.3 Bioreactor cassette arrangement a. Shows a tower setup with ten cassettes,
five in each array. The mechanical driver assembly for spigot control and media exchange
and waste tipping, b. Displays the internal cassette with the stainless-steel lifting frame to
achieve an air-liquid interface and c. demonstrates the residual liquid build-up from the
incorporation of the frame.

7.4.2 Bioreactor Performance During Cleanroom Testing

Technical issues were encountered when moving the bioreactor equipment into the
cleanroom, delaying the initial setup of the pump and computer systems. After removing
equipment from the cleanroom and reinstallation, the issue was determined to be loose

internal wires within the computer/hard drive caused by physically moving the system.

For media set-up and fill, 200mL was primed and purged from the tubing to ensure new
media was available for each exchange. With the first media change (post keratinocyte
inoculation), a small volume (estimated 50mL) had leaked from the cassettes and pooled in
the bottom of the shoe. The leak appeared to be coming from the cassette lid and wicking
down the sides. Media underneath the purge bag at the bottom of the tower was also evident.
Careful assessment of the mechanical process for the automated media changes determined
the spigot tubing knocked the purge bag vent out of alignment, causing the spigot to

misalign with the purge inlet.
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A fabricated stainless-steel lifting frame created the air-liquid interface for the CCS. There
were no air bubbles visible beneath these lifting grids. However, media frothing from the
spigot outlet was visible from occasional trapped air within the pump lines. This may have
been due to the unclamping and re-clamping of the pump lines post media change which
was required for initial start-up, and would not occur if the system was operational for the
entirety of the campaign. Another concern was the tubing being compressed, inhibiting

the flow of media. Fortunately, this was captured before media change with no deleterious
effects. The mixing and rocking of the media in the cassettes set at 11°C tilt functioned
sufficiently to mix the residual media with fresh. It also assisted with the removal of any air

bubbles trapped underneath the grids during the tipping process.

Media changes were straightforward (~1hour per day), and if not for the small manual
handling of the control CCSs, the media changes would have mainly been observational
with minimal to no physical manipulation by personnel required. On the other hand, the cell
inoculation days were lengthy and required a minimum of two personnel with an intense
procedural regime. A temperature data logger was affixed to the side of the bag within the
incubator to assess the time taken for the cold media to warm to 37°C. The results showed
it took ~10 hours from the flow-in of the ~800mL refrigerated media to reach the 37°C

internal incubator temperature suitable for media change.
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7.4.3 CCS Evaluation
7.4.3.1 Microbiological, endotoxin and pH testing

Microbes were not detected in the extracted spent media in any collection bags for any time
points (Appendix IX). Environmental sampling performed throughout the campaign showed
no positive results in the critical processing areas (Appendix IX). The anterooms (Area 7A-
2) did have a positive count (1 colony-forming unit (CFU)) towards the end of the period

on Day 9 (21-169-08836), identified as Staph spp (1 CFU) and Day 10 (21-170-09229)
identified as a gram +ve rod. The first anteroom (Area 7-2) on the last day of processing

(on exit), d14 (21-174-16329), also showed a positive with 1 CFU, identified as a gram-
positive rod. The first anteroom has an acceptance criterion of 200 CFUs, and the second
has 10 CFUs and is therefore within the acceptable parameters. The organisms noted are of

environmental nature. A quarterly clean and shutdown post-campaign was scheduled.

Endotoxin testing was performed on spent media from each CCS culture on Day 14, with
archive samples stored for Day 3. All tests were completed and passed, indicating the
validity of the result. High endotoxin levels were detected in all CCSs compared to the
freshly prepared maturation media, and control CCS values were half the bioreactor CCSs

(Table 7.1).

Table 7.1 Endotoxin results of spent culture media for all test conditions and control
maturation media at Day 14 endpoint.

Maturation media (unused) <0.25 EU/mL PASS
Control-CCS 0.643 EU/mL PASS
Bioreactor-CCS 1.27 EU/mL PASS

The pH of the spent culture media was tested on Days 3 and 14 for each test condition,
showing no deviations from the freshly prepared maturation media (Table 7.2) and, on

average, there was no significant shift in pH from Day 3 to Day 14.
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Table 7.2 pH readings of spent media from the control and bioreactor CCS and unused
maturation medium (MM) on Days 3 and 14.

m Control-CCS Bioreactor-CCS m
7.4 74 7.6

Day 3
Day 14 7.7 7.5 7.3

7.4.3.2 Histological analysis

Biopsies from day three of fibroblasts only, i.e., prior to keratinocyte inoculation, showed
a layer of fibroblast cells superficial to the hFFP-impregnated PUR foam. However,
histological sections and H&E staining at Day 14 endpoint revealed fibroblast deposition
and integration within the PUR pores. This effect enabled keratinocytes to fall through the
sides of the pores upon cell inoculation. Only small sections, i.e., <50% of the total surface
area of the bioreactor CCSs, showed structural morphology and integrity. These areas had
promoted morphogenesis of a stratified epithelium with dermal elements in vitro in both
the control CCSs and bioreactor CCSs (Figure 7.4). In addition, Ki67, a cell proliferation
marker showed clear positive staining of DAB-brown stain in the nuclei of the basal cells
in the epidermis of the test conditions, indicating the proliferative capacity of the CCS to

produce a stratified squamous epithelium.

7.4.3.3 Immunohistochemical staining

The CCSs were positive for wide-spectrum epidermal cytokeratin and specific keratins, K14
and K10 (Figure 7.5a-b). However, there was weak expression of cytokeratin 10. Basement
membrane (BM) markers identified laminin, collagen IV, collagen VII and integrin 06
(CD49f1) (Figure 7.5 c-f). Collagen VII was only dominant with an established epidermal-
dermal, cell-cell interaction of fibroblasts and keratinocytes. Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM) were performed to identify
the presence of hemidesmosomes and the CCSs basement membrane integrity with dermal
collagen deposition (Figure 7.6). However, the BM was intermittent and difficult to assess
due to the inconsistency of the epidermal/dermal structure. Figure 7.7 additionally depicts
the cell fall through and discontinuity with heterogeneous deposition of cells throughout the

bioreactor CCSs, particularly noted with pores > 500um.
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Figure 7.4 Representative histology images of normal human skin and Day 14 of CCS show epidermal-dermal morphology similar to
normal human skin. H&E-stained sections in column a. of normal human skin first row, small control CCS second row, a CCS established
in the bioreactor third row. PAS staining identified basement membrane (column b.) with MT (column c.), also identifying positive collagen
deposition (blue staining). Immunohistochemical staining for cytokeratin (green) showed stratified epidermal layers and collagen I (red)
staining in the dermal scaffold. Blue (DAPI) counterstained for nuclei, and solid blue is the PUR scaffold (column d.). Proliferating cells
were positively identified with DAB (brown) and the Ki67 proliferation marker (column e.). H&E — Haematoxylin and eosin stain, PAS —
Periodic acid-Schiff, MT- Masson’s trichrome, CCS — Composite cultured skin, PUR- Polyurethane. Scale bar: 50um.
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Figure 7.5 Representative immunohistological images for control normal human skin sections, small control CCS and bioreactor generated
CCS on Day 14 of co-culture. The majority of cells were positive for cytokeratin 14 staining (green) in column a. and minimal cytokeratin 10
(column b. — designated orange). Basement membrane structure was confirmed by staining for multiple BM markers, collagen IV (column c. -
green), collagen VII (column d. - green), Laminin (column e. - brown), and Integrin a6 (CD49f- green) in column f. These were co-stained with
pan-cytokeratin (red) for epidermal integrity. BM — basement membrane. Note: columns = Ca-f and rows = R1-3. Scale bar for CcR1-3, CdR1-3 and
CfR1&3 1s 20pm and CaR1-3, CbR1-3, CeR1-3 and CfR2 is 50pm.
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Figure 7.6 Representative SEM and TEM images from a CCS, a. Shows an SEM image
with fibrous collagen network and fibroblasts within the PUR scaffold with superficial
epidermal structure and a keratinising detached squamous epithelium, b. Epidermal layers
with interconnecting keratinocyte cell structure, c. Magnified image showing deposited
collagen with striated fibres running parallel directions (Cp) and dots, transverse (Ct). E -
epithelial cell, H — hemidesmosome, BL- basal lamina. Scale bar for a is 100pm, b is 6um
and c is 600nm.
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Figure 7.7 Variability of the bioreactor CCS displaying the (a) cell infiltration and (b)
heterogeneous strucutre with pores larger than 500pm. Scale bar 500pum.
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7.5 Discussion

Compared to small 8cm x 8cm CCSs, the automated bioreactor was not able to produce a
consistent 24.5cm x 24.5cm CCS. However, areas that showed promise had viable thick,
stratified epidermis with basement membrane, collagen deposition and proliferating cells
(Figure 7.4-6). The cell fall-through still appears to be an issue where the PUR surface
segments meet the superficial side of the skin, enabling cells to infiltrate the edges and grow
within the middle of the CCS. This effect is due to the manipulation, and transfer of the

large plasma filled PUR scaffold for cell inoculation, causing the material to stretch.

A complete cassette change at the time of cell inoculation would overcome the wicking and
leakage of media from the cassettes. Although this change slightly increases the costs, the
cassettes made and purchased in bulk would outweigh this and be insignificant in the overall
costs. The high endotoxin levels may be attributed to the components used in the culturing
system, i.e., the stainless-steel grid, the wicking agent, and the transfer sheet. These
components are considerably larger in the bioreactor CCS cultures and could explain the
higher endotoxin levels detected. Although these items were autoclaved-sterilised, testing
endotoxin levels prior to use would give baseline levels. pH levels remained stable, with no

indication of bacteria (acidic shift), and sufficient media performance.

The nutritional requirements for a scaled bioengineered skin substitute are critical (1%,

The increased cell density within these substrates leads to a depletion of nutrients and
accumulation of growth inhibitory metabolites . An unbalanced medium environment can
have deleterious cytotoxic effects on graft morphogenesis (1% 199, Additionally, overfeeding
can also create an unsuitable medium environment for the growth of cells. Standard

media exchange methods for monolayer cultures and tissue-engineered constructs are via

a static batch-feed technique at set time points. There is evidence that static cultures and
even rotating vessel bioreactors do not adequately nourish the centre of tissue-engineered
constructs 9, Therefore, investigations with flow-perfusion culture have improved the
transfer of required nutrients and provided mechanical stimulation to tissue-engineered
constructs (19119 However, these are flow-rate dependent, and for engineered skin
constructs, a relatively low flow is generally employed to ensure sufficient oxygen exchange

and air-liquid interface requirements are maintained 'V,
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The majority of bioengineered tissues and bioreactors are small compared to 25 cm x
25cm, with no reference to further testing of spent media over the course of the perfusion
culture. Analysing the media should be extended to determine when stability, growth,

and productivity are optimal. These will improve consistency and reduce batch-to-batch
variability while potentially reducing media costs and should be considered for future
testing. The ability of automation and independent control within the bioreactor enables a
fed-batch approach with timed media exchange at any time of day and a mixing mechanism

designed to suit the required feeding strategy for optimal yield.

Scale-up of the CCS and use of the bioreactor are feasible within a cleanroom environment.
The bioreactor’s workflow and design as single-use equipment were completed and
achieved success for up to 14 days of use. The current methods used for cell inoculation
days was extensive for two personnel, although with technological advances, approaches
of bio-printing and/or automated seeding devices are areas for further investigation that
will increase reproducibility. In addition, automated closed systems for cell expansion
(for example, Quantum cell expansion system, Terumo BCT) reduce labour-intensive
culture requirements, albeit initially prohibitive cost. The process for media exchange was
straightforward, with future automation protocols requiring even less manual handling.
Environmental, microbiological, and other media parameters were all within acceptable
criteria, demonstrating that the scale-up procedure and bioreactor can produce results that

meet a quality management and control system that complies with cGMP guidelines.

The CCS generated from the bioreactor apparatus within a cleanroom environment was
comparable to the control CCSs in small sections, and although inhomogeneous distribution,
further refinement of the foam porosity is predicted to produce reliably consistent CCSs.
The scale-up process proved challenging when manipulating large pieces for cell
inoculation. A factory-made moving device/tool may assist and reduce the stretching and
pulling of the scaffold during this step. This validation study has confirmed the presence

of essential skin substitute components, i.e., proliferating basal keratinocytes, collagen-
producing fibroblasts with intermittent anchoring basement membrane structure positive for

essential basal lamina elements such as collagen 1V, collagen VII, and integrin a6.
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The basement membrane staining of collagen VII was patchy due to a non-uniform
fibroblast population and sparse matrix deposition. This lack of uniformity prevented the
paracrine keratinocyte-fibroblast interactions essential for basement membrane structure and

fibril formation 12,

The automated bioreactor has the potential to produce large-capacity skin substitutes for
patients requiring extensive wound coverage. The preceding chapters demonstrate that a
highly manipulated autologous therapy with a point-of-care approach results in expensive
production costs. Nonetheless, automating these therapies improves batch-to-batch
reproducibility and reduces overall costs by decreasing the labour-intensive requirements,

and length of stay in the intensive care unit by the accomplishment of earlier wound closure.
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8.1 Overview

Translation of research from ‘bench to bedside’ demonstrates a significant achievement

for this candidature. More gratifying is long-term follow-up, enabling assessment of the
patient’s outcome over subsequent years. Traditionally, a burn of this Total Body Surface
Area (TBSA) and depth (complicated by severe lower airway inhalation injury) would likely
have been a non-survivable injury. With the availability of a composite cultured skin (CCS),
this patient not only survived but lives independently with a reasonable outcome from a
functional perspective. The following chapter consists of a case report for The Journal of
Burns (Open) and elucidates some of the challenges, lessons learned and conclusions arising
from use of a bioengineered skin during the treatment of extensive full-thickness burns.

It has been published in Burns Open, for additional high quality images of the manuscript

figures refer to Appendix XI.
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ARTICLE INFO ABSTRACT

Keywords: In 2020, we reported the first human use of a polyurethane composite cultured skin (CCS) in a large wound in our
Skin burn centre. Whilst we acknowledge that this is a single case, we believe that this patient’s long-term outcomes
Burns

would interest the burns community. To recap, the patient suffered 95 % TBSA (predominantly full-thickness)
burns and underwent the inaugural ’two-stage’ therapy treatment. The first stage involved total escharectomy
and application of Biodegradable Temporising Matrix (BTM) to 85 % TBSA. The second stage was the serial
application of Composite Cultured Skin. As per Burn Service protocols and standard operating regimens, the
small available donor site was serially harvested to provide cover for highly functional areas, in this case, the
hands. The case has been reported previously with initial patient outcomes described up to 1 year; Greenwood
JE, Damkat-Thomas L, Schmitt B, Dearman B. Successful proof of the “two-stage strategy” for major burn wound
repair. Burns Open. 2020;4(3):121-31. We now present a long-term follow-up of the patient three years after his
injury. It illustrates the patient’s mobility and confirms the biophysical properties of the CCS.

Composite cultured skin
Skin substitute
NovoSorb® BTM
DermalLab

1. Introduction and charts the patient burn, treatment sites and management pathway
with an 8-month discharge from hospital.

Recent years have seen bioengineered skin substitutes at the fore-
front of medical advances [1-4]. Skin tissue engineering is not a new
concept [5], however, the challenges for clinical translation are strin-
gent and costly, but striving for a heightened functional outcome and
meaningful quality of life is paramount for the survivors of significant
burn injury. The following elucidates the feasibility and potential
strategy for improving the survival of patients with extensive burn
injury and presents the long-term follow-up on the first polyurethane
skin substitute for the treatment of massive full-thickness burn injury.

2.2. Method for composite cultured skin

The CCS journey has been described in the preceding manuscripts
and a body of work since 2010 with pre-clinical trials of small and large
pieces of CCS in a large animal model [1]. The CCS was initially designed
prior to the development of BTM to incorporate a synthetic poly-
urethane (PUR) scaffold. To a 1 mm-thick polyurethane scaffold, 25 cm
x 25 cm, a plasma gel is incorporated with the patient isolated dermal
fibroblasts and sequential inoculation of keratinocytes, cultured for a

2. Case presentation 1 ] .
total of 14 days prior to transplantation to the patient.

2.1. Admission and surgical treatment modalities

3. Results
A 32-year-old male was admitted to the Royal Adelaide Hospital with o
a significant burn injury to 95 % TBSA. Several treatment modalities 3.1. Clinical outcomes from 1-year post-burn date (PBD)
were used for complete wound coverage. The two-stage strategy ) ) ) ] ]
involved the application of BTM to 85 % TBSA followed by serial The video shows the patient walking with no assistance at 380 PBD
application of a laboratory-based composite cultured skin (CCS) and (Fig. 2 -Video 1). Preceding 1-year, supplementary functional surgeries
available autograft (Sheet, meshed and Meek) [1]. Fig. 1 summarises included left hand and left elbow release. Since then, the patient has

undergone additional surgeries with recent procedures for a Z-plasty
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Fig. 1. Patient burn assessment and treatment modalities with timeline until discharge, a. Initial burn assessment was recorded using the Lund and Browder
burn chart modified from Greenwood 2020, b. Schematic overview showing the alternative therapy treatments, and c. Outlines the treatment timeline from
December 2018 to 8-months post burn injury with discharge to the rehabilitation centre.

release to the left and right axilla. Other scar and non-healing areas
included the right foot, right iliac region of the abdomen, areas on each
side of the gluteal fold, sole of the left foot and currently the left knee.
These have recently been treated with laser therapy around the chronic
non-healing wounds to release areas of surrounding tension across the
wound to facilitate improved healing. Some sites mentioned above,
particularly over joints or pressure areas, have necessitated ongoing
dressing regimes and are self-managed. Small incidental injuries to the
healed skin post-1-year have generally healed with conservative mea-
sures. The major mobility problems affecting the patient are the soles of
his feet, with contracture releases and additional release of left hand
webspaces. In retrospect, if an alternative treatment option was avail-
able during the initial burn assessment this might have yielded a
different outcome, although during these early stages, his feet were less
of a priority in the overall picture of a massive burn injury. The soles of
the feet largely healed spontaneously. To date, the CCS presents with no
hair or sweat glands. Occasional hair is seen on the left arm where Meek
grafting had been performed using scalp graft. There is no hypertrophic
scarring at any CCS sites compared to the autografted left arm. Areas
healed by secondary intention are hypopigmented, and some have a
tight scar band (e.g., right lateral thigh).

157

Video 1.

At two years, PBD photographs and measurements were obtained to
demonstrate the differences between the treatment sites (Fig. 3). The
range of motion (ROM) at 2 and 3 years PBD, for major flexor and
extensor joints were assessed and compared to pooled normal ROM
values [6] and burns treated with BTM and graft [7] (Table 1 and Fig. 4).
Minimal to no change was observed with a slight reduction in the left
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Fig. 2. Video of patient discharged and walking independently at 380 PBD
(12.4 months).

knee, elbow, and right elbow mobility. The left and right shoulder ROM
increased with the assistance of surgical releases. However, no active
patient therapy is pursued to maintain or assist functionality. Skin
maintenance is minimal with infrequent moisturiser application. The
patient was not always fully compliant with his pressure garments and
splints. Although, sun exposure is now currently kept to a minimum,
early overexposure led to hyperpigmented areas. Assessment of scar
quality with the Patient and Observer Scar Assessment Scale (POSAS)
revealed no major change or variability over the years from the ob-
servers’ scores, although a worsening of the patient scores was noted

Burns Open 6 (2022) 156-163

between 1 year and 3 year review (Table 2). Despite this change in his
scores, on discussion he accepts his skin as his ‘new normal’ skin. Fig. 5
represents anterior and posterior overview photos at 3.3 years PBD. The
patient continues independent living and now has the capability to drive
a modified vehicle.

3.2. Histological analysis Day 21 to 19-months post-CCS application

Biopsies were obtained and stained for haematoxylin and eosin
(H&E) on Days 21, 3-months, 6-months and 19-months. Fig. 6 shows the
two-stage strategy with visible PUR layers that decreased over time
(Fig. 6a-c), and none observed at 19-months (Fig. 7b-d). Laminin
staining depicts the basement membrane of the epidermis and abundant
membrane of the blood vessels at Day 21, with the density decreasing
over time at 6-months (Fig. 6d-f).

Biopsies at 19-months were taken from areas that were perceived as
clinically pigmented (Meek, CCS treated) and hypopigmented (CCS
treated), these were stained with H&E, Masson’s Trichrome (MT),
Masson’s Fontana (MF) and Melan-A (Fig. 7). An additional biopsy from
uninjured skin (Fig. 7a, e, i) shows well-formed rete-ridges and the
presence of sebaceous glands indicating a section of untouched skin. The
treated sites that were pigmented also demonstrated rete-ridges similar
to normal skin, but a flatter basal layer and less epidermal involution

Table 1

Range of motion (ROM) flexion and extension joint measurements at 2 and
3 years post-burn date (PBD) compared to normal ROM values® for the sites
and values from BTM and autograft treated sites’.

Joint 2-Yr 3-Yr 2-Yr 3-Yr BTM Normal ROM
Motion PBD PBD PBD PBD ranges7 values ©
Left Left Right Right

Knee 123 119 126 127 135 137.7
flexion

Elbow -14 -11 —6 -6 0 0.8
extension

Elbow 146 144 142 138 145 144.6
flexion

Shoulder 142 148 132 139 180 168.8
flexion

Fig. 3. Photo images at 2.1 years PBD, a. Uninjured skin (marked), b. Donor site, c. Mesh 1:3 graft, d. Sheet graft, e. Meek (dotted area) with adjacent CCS and f.

CCS, R arm, g. CCS, L leg (posterior), h. CCS L leg (anterior). R- right, L-Left.
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Fig. 4. Extension (a) and flexion (b) of left knee joint showing range of motion at 13-months post-burn.

Table 2

The Patient and Observer Scar Assessment Scale (POSAS) at approximately 1%
and 3 years PBD for the different wound closure techniques at various treatment
sites.

Wound Site POSAS POSAS POSAS POSAS
closure observer observer patient patient
technique overall overall
1 3 1 3 1 3 1 3
yr yr yr yr yr yr yr yr
CCs L)Abdo 12 15 2 2 8 15 1 5
L)Knee 19 13 3 2 12 14 1 5
R)Calf 17 17 2 3 10 15 2 5
L)Chest 15 12 2 2 18 14 1 5
R) 16 15 2 2 8 14 1 5
Forearm
R)Arm 11 15 2 3 8 14 1 6
SSG sheet R)Hand 17 19 2 4 8 14 2 6
dorsum
Meek 1:4 L)Forearm 24 19 3 3 10 14 2 6
SSG meshed Back 18 15 3 4 10 16 1 6
1:3

it

Fig. 5. Photo images at 3.3 years PBD, a. Anterior full-body overview, b.
Posterior full-body overview.
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were noted in the non-pigmented site (Fig. 7b-d). Masson’s trichrome
staining of the collagen defines the papillary and reticular dermal layers
with thick loose irregular collagen bundles in the uninjured skin
(Fig. 7e) compared to the treated areas showing thin, dense dermal
fibrosis and parallel aligned collagen fibres (Fig. 7f-h).

Before the burn injury, the patient described when exposed to the
sun, he burnt moderately and tanned brown in skin colour, classified
with a Fitzpatrick skin type III [8]. Pigmentation in the ‘normal’ skin was
apparent with melanin stained black with MF and positive melanocytes
stained with Melan-A (Fig. 7i, m). The degree of black melanin staining
appeared to increase with the pigmented treated sites (Fig. 7j, k),
showing positive Melan-A melanocytes in the basal layer (Fig. 7n-o). In
contrast, the hypopigmented areas showed no such melanin staining or
melanocytes observed in the non-pigmented CCS site (Fig. 71, p). This
lack of melanocytes may be from secondary healing or from later CCS
batches with potentially fewer passenger melanocytes, as melanocytes
were not actively incorporated into the CCS.

3.3. Non-invasive analysis of wound parameters

The DermaLab Combo (Cortex, Hadsund, Denmark) was utilised to
measure the biophysical parameters of the CCS, autograft (AG), donor
site and uninjured skin. Baseline transepidermal water loss (TEWL) is
difficult in this patient group, and the only available unharvested,
’normal’ skin, was near the hairline/neck, three readings were obtained
for each site (Fig. 8). Different anatomical regions for TEWL values can
vary, even between closely related sites [9], and the data collected for
the treated areas show variability within those locations. Uninjured skin
values were 15.4 + 2.52 g/m%/h, which was comparable to reference
samples from other studies for that location [9]. All treated areas,
including sheet graft, Meek, CCS and donor areas, were generally in the
lower range, indicating a protective barrier but not a normal functional
barrier. Other anatomically treated sites were measured and can be
compared to pooled standard estimates, as shown in Table 3.

Melanin index was measured with higher values for all sun-exposed
hyperpigmented areas (e.g., hand, legs, arm) compared to uninjured
skin (neck). Non-pigmented areas had a lower erythema index than
uninjured and autograft skin, with other CCS treated areas within the
range of donor site and normal skin values. The patient’s observation of
the pigmentation on his right forearm represents his ‘normal’ tanned
colouring. The autograft’s viscoelastic (VE) properties (apart from the
Meek on the chest) and the CCS arm treated sites were similar to the
uninjured skin on the neck. The chest and the leg sites displayed higher
mean VE readings indicating less pliable skin in these regions, which
was noted with the thinner skin thickness measurements of the chest
sites. The thickness of normal healthy skin varies at each anatomical site.
On average, skin ranges from 0.5 mm to 4 mm thick. For example, the
average thickness of a healthy forearm (posterior) skin from previous

Publication
Click to go back to Table of Contents

Click here to view larger image (Fig 4)

181

Click here to view larger image (Fig 5)



B.L. Dearman and J.E.

Greenwood

Burns Open 6 (2022) 156-163

Fig. 6. Histological sections stained with H&E (a-c) and Laminin (d-f). a, d - Day 21. b, e 3 - months, and c, f — 6 months. Note: The abundant laminin staining of
the basement membrane of prominent blood vessels beneath the epidermis at Day 21, this vascularity decreased by 6-months. CCS PUR resides in the upper region of
the section at 21 days and 3 months with the BTM layer present in the lower dermis. At 6-months minimal polymer remains in this section. Scale bar: a-c 500 um, d-f

250 pm.

studies has shown to be 1.49 mm for males [10]. The overall thickness of
the treatment sites from ultrasound ranged between 0.948 mm (chest) to
1.746 mm (CCS arm). Other variables contribute to skin thickness,
namely gender and the possible effects of smoking [11]. This patient is a
moderate smoker and was of a slender stature before the burn.

To non-invasively monitor the skin post-19-months, the VivaScope®
1500 (Caliber Imaging and Diagnostics, Rochester, NY, USA), 830 nm
laser, was used as an in vivo tool. The maximum penetration depth of this
machine is limited to ~ 250 um. Images were acquired for the CCS
treated forearm at the 3-year time point showing the layers of the skin
are well defined, depicting the honeycomb pattern with junctions and
bright refractile pigmented keratinocytes distributed at one level
throughout the basal layer instead of forming rings around the dermal
papillae. The dermal papillae in the treated grafts are absent due to the
complete removal and culture of the skin cells only.

4. Discussion

The use of engineered tissues to treat full-thickness extensive injuries
where donor sites are limited are areas of ongoing investigations. This
patient was treated with CCS and autograft, and at three years post-burn
is driving, living independently and appears generally happy. Where
CCS sheets were applied there is no discernible seamed junctions be-
tween each applied graft apart from the patchy colouration. This

160

disparity between graft applications has been noted with the use of
engineered skins of smaller size [3]. The meshed autograft and Meek
autograft pattern remains visible at the 3-year follow-up visit, but its
application on NovoSorb® BTM appears subjectively better than pre-
vious reports on allografted or fat bed [12,13]. The biophysical pa-
rameters of the CCS were similar to autograft with varying
pigmentation, with further investigations required to increase the
sample size to support the validity of these results. Post-discharge, pa-
tient follow-up was intermittent, there was non-compliance with the
wearing of therapy garments, and minimal skin maintenance was
observed, in addition to being a smoker, the skin appeared dry and thin
over joints. These areas posed difficult to heal from initial timepoints
PBD, possibly due to the early mobilisation and repetitive tension,
assisting areas of breakdown over time.

5. Conclusion

Bioengineered skin substitutes have been shown to reduce donor site
harvesting, numbers of skin autografting procedures, and assist with the
long-term morbidity from scars [4]. Without the use of this treatment
modality, this patient would have been unlikely to survive. The treat-
ment was necessitated due to the depth of burn and the small percentage
of harvestable donor skin. The early extubation of this patient with serial
delamination and staged reconstruction advocates the next paradigm

Publication
Click to go back to Table of Contents

182

Click here to view larger image (Fig 6)



B.L. Dearman and J.E. Greenwood Burns Open 6 (2022) 156-163

Fig. 7. Representative histological sections and immunohistochemical staining (row 1H&E, row 2 Masson’s trichrome, row 3 Masson’s Fontana and row 4
Melan-A) at 582 PBD. g, e, i, m uninjured skin. b, f, j, n, Meek treated. c, g, k, 0o, CCS treated -Pigmented. d, h, 1, p, CCS treated —non-pigmented site. Inset images, a-
d show defined or lack of epidermal rete ridges of the uninjured skin to treated sites for the H&E sections and inset e-h show the varying collagen density in the MT
sections. A single arrow indicates positive Melanin or Melan-A stained melanocytes in the pigmented sections and double arrows depict no staining along the basal
layer in the non-pigmented section. Scale bar a-h 500 um, i-1 and a-d inset 250 um, m-p and e-h inset 100 pm. H&E — Haematoxylin and eosin, MT — Masson’s
trichrome, MF — Masson’s Fontana, PBD — post burn date.
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Fig. 8. DermaLab Wound Parameters, at 2 years post-burn, a. Transepidermal water loss (TEWL), b. Melanin, c. Erythema, and d. ViscoElasticity (VE).
Mean measurements are represented graphically for uninjured normal skin, meshed 1:3 autograft on the back, Meek graft on the chest, CCS on the arm, leg and chest

and donor site on the back.

Table 3

Transepidermal waterloss (TEWL) measurements for treated sites compared to pooled reference estimates (Akdeniz et al. 2018°). CCS — composite cultured
skin, STSG - Split-thickness skin graft, NP - non-pigmented, P — pigmented, L- left, R- right.

Mesure Donor site  Uninjured CCS Chest CCS Chest CCSL.Leg CCSL.Leg CCSR. CCSR. Meek graft STSG Sheet graft.
Back skin Neck (NP) P) (NP) P) Arm (NP) Arm (P) Chest Back Hand
TEWL 4.77 15.40 4.60 3.43 2.73 3.30 3.17 2.50 6.07 (0.42) 4.20 8.07 (1.25)
(1.08) (2.52) 1.97) (0.59) (0.93) (0.00) (1.01) (0.36) (0.89)
Reference 6.5 8.3 8.6 8.6 5.1 6.6 5.1 3.9 8.6 6.5 12.4
estimates”  (4.8-8.2) (7.4-9.3) (6.8-10.5) (6.8-10.5) (4.1-6.1) (2.2-11.0) (4.4-5.8) (2.9-5.0) (6.8-10.5) (4.8-8.2) (10.7-14.2)

shift in burn practice for extensive burns [13]. Further studies with CCS
on smaller areas will allow a comparative analysis of AG and uninjured
skin. However, this procedure is used for extensive skin loss conditions
where there are extremely limited options to facilitate wound healing.
Understandably this study is 'n = 1°, and site-matched control studies
are required to objectively validate the biophysical properties of CCS
long-term, compared with skin autograft or other definitive wound
closure mechanisms.

6. Ethics approval and consent to participate
Special Access Scheme approval via the Therapeutic Goods Admin-

istration (TGA) was granted. The patient gave informed consent to use
photographs and discuss this case.
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This thesis highlights the feasibility of translational research in this field and has shown
that this approach has the potential to provide an alternative treatment for life-threatening
burns. The studies included in this thesis provide insights into the challenges of clinical
translation and demonstrate the importance of incorporating automation and scalability into
a tissue-engineered skin product. Although further refinement of the novel synthetic PUR
scaffold with reduced pore size is required to sustain consistent skin morphogenesis within
the bioreactor, the data obtained suggest that the polyurethane can support a functional skin
substitute with engraftment and biophysical properties similar to native skin. Additionally,
the investigated fabrication of a hybrid blend to assist with PUR porosity and collagen
contraction has shown potential in an in vivo animal model. These findings will aid with
the development of future mixed scaffolds to support the dermal ECM environment and

epidermal stratification with barrier function.

Clinically fabricated bioengineered skin, until recent years, have been small manual
laboratory-based substitutes. Cutiss, a Swiss skin tissue engineering company, has just
launched the denovoCast, a closed machine capable of generating multiple pieces of
personalised human tissue. The current design for one machine incorporates four multi
controlled media supplied chambers for skin pieces, each ~10 x 20cm. There is no mention
of exact size measurements, and have therefore been extrapolated from published findings
and online features. The ability to generate multiple large pieces of skin tissue is paramount
for patients who suffer extensive skin loss, such as deep burn injuries and was the first
fundamental principle of the candidature. There was no comparable bioreactor on the
market to grow skin when the project began, so an in-house device was developed. Previous
work from the Skin Engineering Laboratory had established small 8cm x 8cm CCSs, and
the design of the bioreactor enabled the CCS to be scaled up (25c¢m x 25cm) and tested in a
large porcine wound model. These results ultimately led to the translation and first-in-man
use of this composite skin and novel bioreactor in a patient who had suffered 95% burns.

The current laboratory facilities only enabled the CCSs to be produced in 5-piece batches.
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Batches 1-4 successfully covered 42% TBSA, with 5 and 6 used for touch-ups—totalling 26
CCSs to cover 1.6m? TBSA. Although initial engraftment rates were not similar to Boyce

et al., Schiestl et al., or Germain et al. ®*3¢ 113 the following applications showed a 94%
success rate, as with any innovation or first-in-man, learning curves are to be expected.

This single case report was permitted through the Special Access Scheme on compassionate
terms through the TGA. The CCS was not dissimilar to skin autograft, although CCS
application over joints and bone presented as problematic areas noted at long term follow-
up. Pigmented CCS areas were apparent, similar to the original Fitzpatrick III skin type,
with a heavy degree of Fontana-Masson stain in the pigmented skin areas lining the

basal layer with positive melanocyte presentation. The Melan-A staining for melanocytes

originated from the CCS as there was no adjacent normal skin for edge reepithelialisation.

Post clinical treatment with CCS, new batches of PUR underwent QA to ensure
reproducibility, these were unsuccessful, and new methods were required to be established
to overcome the pore size and distribution. In addition, the CCSv1 was submerged culture,
and with the aim of epidermal stratification and graft robustness, ALI within the bioreactor
was desired. Cell proliferation and characterisation were conducted with keratinocytes

and fibroblasts to optimise the CCS methods further and explore the serum-free approach.
Supplemented human dermal fibroblast media showed superior growth compared to a basal
DMEM with serum only. These cells appeared to have less collagen production, a feature
noted by other investigators (¥, but they were still able to sustain 3D culture in a scaffold
and support the generation of a stratified epidermis. This medium contained 2% serum, and
although a complete serum-free approach is desirable, at this stage, the addition of serum
is still a necessity, albeit these concentrations have dramatically reduced, and it will only
be a matter of time before it can be eliminated. Xeno-free culture and its substitution with
human-derived elements (human serum or platelet lysate) have shown potential for the
culture of individual cell types, ® but volume and supply may be the limiting factor for

these replacements.
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Media for three-dimensional skin substitute maturation similarly utilises serum (0.3%
v/v), and to date, this has been of bovine origin. The culture medium and the ALI increase
the morphogenesis of the epidermis and the basement membrane structure prior to
transplant. The addition of ALI to the CCS method presented challenges, and a hybrid
with C-GAG was explored to fill the pores. Although the plasma gel fills the pores and has
many beneficial complements providing growth factors and natural clotting mechanisms,
it also produces variability and ultimately is an allogenic product with some risk of
unknown disease transmission not unlike blood banked products. The investigation of a
hybrid resolved the issue of PUR pore size and collagen contraction. /n vitro fabrication
methods were devised for these scaffolds and were subsequently tested in vivo in a porcine
excised wound model, showing similar biophysical properties to the control meshed skin
autograft. The hybrid scaffold with amendments to collagen incorporation and cross-linking
approaches for scale-up will produce a more robust non-contractile support for the dermal-

epidermal organisation.

Furthermore, the layer-by-layer procedural changes to the CCS assisted epidermal
morphogenesis on a small scale, but with bioreactor testing and scale-up, this method
proffered manipulation and set up challenges producing inhomogeneous areas. The
inclusion of an automated cell inoculation method and an assisted device for scale-up

and the refinement of PUR pore size will produce a homogeneous substitute suitable for
transplantation. In conclusion, this thesis supports the clinical potential of CCS for assisting

the treatment of extensive full-thickness burns using a bioreactor device.
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9.1 Emerging Next-Generation Skin Substitutes

9.1.1 What is the Right Blend?

The PUR design is improving with each iteration and has the potential to progress further
with a newly appointed research and development team. Other methods for material blends
may be viable options to assist with the evolution of the CCS to reduce variability and
eliminate xenogeneic or allogenic properties. The ultimate goal is a synthetic scaffold with
biocompatible and bioabsorbable properties that can mechanically support the development
of an exogenous ECM with a stratified epidermis and connecting basement membrane.
Recent investigations for skin tissue engineering applications include combination based
hydrogels with platelet lysate and gelatin methacryloyl '3 and sodium alginate-fibrinogen
(116; however, these formulations require further in vivo animal testing prior to clinical

translation.

9.1.2 Colour, Vascularisation, and Skin Appendages

As the need arises to produce distinct anatomical substitutes by incorporating complex

cell subpopulations and potential growth factors, so does the timeframe for clinical
translation. The first goal of a bioengineered skin substitute is to provide wound closure
and barrier function, and it has been successfully used clinically to save patients’ lives with
life-threatening burns ¢*56-3® However, restoring additional features to align with native
skin poses potentially limiting challenges within the field of tissue engineering thus far.
Pigmentation alongside vascularisation are attributes being refined for a bioengineered skin
substitute. Extensive investigations are continuing for the inclusion of melanocytes into
these grafts as the associated stigma from hypopigmentation is a major socio-economic
isolator for some ethnicities, and the lack of pigment in burn scars impacts the quality of
life "7 in addition to compromised protection when exposed to ultraviolet radiation. The
pigmentation of clinically available or investigative skin substitutes is unpredictable and
generally results in hypopigmentation or patchy isolated pigmentation from passenger

melanocytes (%)
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Nonetheless, significant success has been shown for pigmented cutaneous wound healing
in various preclinical models where melanocytes have been expanded and inoculated into
skin substitutes 112D _Scuderi et al. have clinically used the three cell combination
with varying success and minimal long-term follow-up. This study "** !>, and original
melanocyte culture media required phorbol esters - a tumor-promoting agent. A melanocyte
growth medium without this additive has been formulated ¥, and others contain bovine
pituitary extract. Although there is still some risk of prions with these products, this is
relatively small as it is obtained from bovine spongiform encephalopathy-free herds. The
major concern with melanocyte manipulation is possible tumour formation and needs
consideration for therapeutic transplants to ensure melanomas do not eventuate. A study
investigating such potential injected melanocytes subcutaneously into mice for 24 weeks
with no tumour formation > and has since shown the incorporation of melanocytes
(originated from dark or light skin) into ESSs have shown no malignancy tendency during

the study period .

Adequate vascularisation is another primary goal as it is essential to supply nutrients and
oxygen for the survival of a graft, either an autograft or a skin substitute. In the field of
skin tissue engineering, vascularization strategies are being used, including proangiogeneic
growth factors, bioinductive scaffolds, and cell-based incorporation techniques 9.

As endothelial cells are immunogenic, the incorporation of an endothelial source to a
bioengineered tissue needs consideration for clinical translation. It should be autologous
and can be isolated from a skin biopsy at the same time as the other cell types !'9; however,
the isolated cell numbers may be a limiting factor ?”. Pre-vascularised tissue promotes the
inosculation between host and graft, potentially shortening the time period of avascularity,
promoting earlier graft stabilisation. However, a well-vascularised dermal bed is just

as critical, and the two-stage strategy using a novel polyurethane as the dermal template
has shown (Chapter 6) that autograft and skin substitutes can engraft within ten days of
application. The leading collagen dermal templates vascularisation is decreased and can
take up to 3 weeks for host vessel ingrowth (?®, causing a delay in graft take. Therefore,

a question may be raised regarding the validity of in vitro endothelial cell addition if an

192



adequate dermal bed is produced. There are still unknown variables related to endothelial
cell inoculation (cell density, ability to form blood vessels in vitro, homogenous distribution
and VEGF expression) that need further research before clinically applicable. A vasculature
source from adipose-derived fractions addresses the quantity issue and may provide in vivo

signalling factors from other cell types !?-1*1) and are areas for further investigation.

To replicate native skin, restoring cutaneous appendages are features that pose challenges
for tissue engineering. These include hair follicles, sebaceous and sweat glands. Hair
follicle regeneration knowledge is based on embryonic hair generation and hair cycling
interactions. Several experimental strategies have been put forward to elucidate hair follicle
neogenesis from adults that have shown trichogenic feasibility #23%, but none to date

have been successfully translated for clinical use in large skin defects. The elimination of
hair follicles in deep burns reduces the guidance cues required for sensory structures and
results in a permanent loss of sensation or decreased axonal migration (especially where
there is no adjacent normal skin). The depth of the skin defect (or fascial excision), degree
of neuronal damage, and fibrotic scar can determine the regenerative sensory innervation
and even report abnormal sensation or hypersensitivity *¢. The plausibility of reinnervation
of skin substitutes and restoration of skin sensitivity has been shown (37139 but a recovery
to full sensation is yet to be determined. Schwann cells and neurons (derived from human
iPSCs) have been incorporated into tissue-engineered skin models showing enhanced nerve
regeneration capacity with potential as a disease model but a long way to a personalised

medicine approach (40,

Nerve regeneration aligns with revascularisation . If a scaffold with the principle wound
closing properties can support regeneration and ingrowth of both of these structures, is
there a need to complicate a skin substitute with extra cell populations (i.e., Schwann cells,
endothelial cells), confounding the in vitro practice “». As multiple cell populations are
mixed with matrix scaffolds, further research is required to understand the effects and

interactions of multiple growth factors in an in vitro environment.

193



9.2 Automated Fabrication for Three-Dimensional Regeneration of Tissues

Technology advancements over the last decade have directed the fabrication of 3D native
tissues to cell-laden scaffolds or hydrogels using computer-aided design and manufacturing
methods Y. The terminology bioprinting and bioink have become ‘buzz terms’ within
tissue and organ regeneration fields, requiring delineation and standardisation (4,
Nonetheless, the combination of an automated device(s) that assists with a layer-by-layer
approach for the fabrication of a skin substitute with a scaled media assisted program will
further advance the skin bioengineering field to enable a straightforward translation for
therapeutic use. This progression will primarily assist major wound loss conditions such as
extensive burns but additionally has clinical potential for reconstructive surgery, and with
continuing advancements and inclusion of other cell types, correction of pigmented defects,
reduction of scar revisions and elimination of blistering skin diseases. Although the field has
come so far, there is still much work to be done, and the next generation of skin substitutes

will undoubtedly be a transformative accomplishment.
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Figure S1: Negative controls corresponds to Chapter 4 Figure 4.4
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Supplementary Figure S1. Negative controls for the flow cytometry analysis, related figure see Chapter 4 figure 4.4,
a. SEL-KGM + Feeders, b. EpiLife™ + CM, ¢. dKGM + CM. CM, coating matrix.
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Figure S2: Negative controls corresponds to Chapter 5 Figure 5.5
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Supplementary Figure S2. Skin substitutes (SS) — human-derived with different biopolymer scaffolds negative controls for Chapter S figure
5.5, Row 1. PUR-SS, Row 2. C-GAG-SS, Row 3. Hybrid-SS and Row 4. Native human skin. Column 1 corresponds to cytokeratin 14, column 2
cytokeratin 10, column 3 laminin, and column 4 Ki67. Blue (DAPI) counterstained nuclei. Scale bar: 100pm except for c, g, k, o 50pum.
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Figure S3: Negative controls corresponds to Chapter 7 Figure 7.4
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Supplementary Figure S3. Negative controls for Chapter 7 figure 7.4, a. Corresponds
to figure 7.4 column d (Cytokeratin-collagen I staining) and b. corresponds to figure 7.4

column e (Ki67 staining). Blue (DAPI) staining depicts cell nuclei. CCS — composite
cultured skin. Scale bar: 50pm.

210



SUPPLEMENTARY FIGURES

Figure S4: Negative controls corresponds to Chapter 7 Figure 7.5

Supplementary Figure S4. Negative controls for Chapter 7 figure 7.5, a. Corresponds to figure 7.5 column (a) cytokeratin 14 staining,
column (b) cytokeratin 10, column (c) collagen IV, column (d) collagen VII staining, column (¢) laminin and column (f) CD49f. Blue (DAPI)
staining depicts cell nuclei. CCS — composite cultured skin. Scale bar: column ¢, d, fis 20um and column a, b, e is S0pm.
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this ethics approval. Any study-sites that wish to be added must contact the CPI, who must write formally
to this HREC requesting the additional study site.

Adequate record-keeping is important and must be maintained in accordance with GCP, NHMRC and state
and national guidelines. If the project involves signed consent, you should retain the completed consent
forms which relate to this project and a list of all those participating in the project, to enable contact with
them in the future if necessary. The duration of record retention for all clinical research data is 15 years.
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APPENDIX I: Ethics Approval Letters

e Researchers must notify the HREC of any events which might warrant review of the approval or which
warrant new information being presented to research participants, including:

(a) adverse events which warrant protocol change or notification to research participants;
(b) changes to the protocol;

(c) changes to the safety or efficacy of the investigational product, device or method;

(d) premature termination of the study.

e The HREC must be notified within 72 hours of any Urgent Safety Measures (USMs) occurring at this or any
approved sites.

o Confidentiality of the research participants shall be maintained at all times as required by law.
e Approval is valid for 5 years from the date of this letter, after which an extension must be applied for.

e Annual Review Reports must be submitted to the HREC, every 12 months on the anniversary of the
above approval date. Each site covered by this HREC must submit a report and it is the responsibility of
the Coordinating Principal Investigator to ensure this is provided to the CALHN HREC Executive Officer
within 10 working days on each anniversary of the approval date using the Annual Review Report Form
available at: https://www.rahresearchfund.com.au/rah-research-institute/for-researchers/human-research-
ethics/ and http://www.basilhetzelinstitute.com.au/research/information-for-researchers/human-research-
ethics-committee/

e A final Annual Review Report must be submitted to the HREC on completion of the study. Each site
covered by this HREC must submit a report, and it is the responsibility of the Coordinating Principal
Investigator to ensure this is provided to the CALHN HREC Executive Officer using the CALHN Annual
Review Report Form available at https://www.rahresearchfund.com.au/rah-research-institute/for-
researchers/human-research-ethics/ and http://www.basilhetzelinstitute.com.au/research/information-for-
researchers/human-research-ethics-committee/. A copy of any published material must also be provided
with the report, or following when available.

You are reminded that this letter constitutes ethical approval only. You must not commence this
research project at any site until separate authorisation from the Chief Executive or delegate of that site
has been obtained. For any queries, please contact the CALHN Governance Office:
Health.CALHNResearchGovernance@sa.gov.au

This Committee is constituted in accordance with the NHMRC's National Statement on the Ethical Conduct of
Human Research (2007) incorporating all updates.

Should you have any queries about the HREC’s consideration of your project, please contact the Executive
Officer on 08 7117 2229, or Health. CALHNResearchEthics@sa.gov.au.

The HREC wishes you every success in your research.

Yours sincerely,

lan Tindall
CHAIR
CALHN HUMAN RESEARCH ETHICS COMMITTEE

cc: Site Research Governance Officer
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APPENDIX I: Ethics Approval Letters

Government of South Australia

SA Health

Central Adelaide Local Health Network
Level 3, Roma Mitchell House

North Terrace, Adelaide SA

Australia 5000

20 December 2018

Port Rd, Adelaide, SA 5000

T:087117 2231
E : Health. CALHNResearchGovernance@sa.gov.au

Dear Professor Greenwood

HREC reference number: HREC/18/CALHN/322
SSA reference number: SSA/18/CALHN/818
Governance reference number: 11027

Project title: A prospective evaluation of Composite Cultured Skin (CCS) as a definitive closure
second stage [where biodegradable polyurethane dermal matrix (BTM) represents the first stage]
in the management of extensive deep burn injury.

RE: Site Specific Assessment Review

Thank you for submitting an application for authorisation of this project. | am pleased to inform you
that authorisation has been granted for this study to commence at [Royal Adelaide Hospital, SA.

Authorisation is valid from 19 December 2018 to 20 December 2020. You are reminded that
annual reports must be submitted to the reviewing HREC. Failure to do so will result in cessation
of both ethical and governance authorisation. Proposed extensions beyond this term must be
submitted to the CALHN Research Office as a governance amendment.

In addition to the documents approved by the Central Adelaide Local Health Network HREC as
listed in their letter dated 24 July 2018, specific approval is also provided for the following
documents:

Medicines Australia Clinical Trial Research Agreement, dated 19 December 2018

Medical Technology Association of Australia Form of Indemnity, dated 05 December 2018
RAH Main PISCF, Version 2, dated 23 July 2018

RAH PISCF — NOK, Version 2, dated 23 July 2018

The following conditions apply to the authorisation of this research project. These are additional to
those conditions imposed by the Human Research Ethics Committee (HREC) that granted ethical
approval to this project:

1. Authorisation is limited to the site/s identified in this letter only.

2. Project authorisation is granted for the term specified above.

3. The study must be conducted in accordance with the conditions of ethical approval
provided by the lead HREC, SA Health policies, and in conjunction with the standards
outlined in the National Statement on Ethical Conduct in Human Research (2007) and the
Australian Code for the Responsible Conduct of Research (2007).

4. Proposed amendments to the research protocol or conduct of the research which may
affect the ethical acceptability of the project, and which are submitted to the HREC for
review, are copied via email to the CALHN Research Office;

5. Forall clinical trials, the study must be registered in a publicly accessible trials registry
prior to enrolment of the first participant.

6. Proposed amendments to the research protocol or conduct of the research which may
affect both the ongoing ethical acceptability of the project and the site acceptability of the
project are to be submitted to the CALHN Research Office after a HREC decision is
made.

full ssa approval letter.doc 1|Page

Basil Hetzel Institute for Translational Research
Ground Floor
Professor John Greenwood 28 Woodville Road, Woodville South SA

Royal Adelaide Hospital Australia 5011
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7. Proposed amendments to the research protocol or conduct of the research which may
affect both the ongoing ethical acceptability of the project and the site acceptability of the
project are to be submitted to the CALHN Research Office after a HREC decision is
made.

8. A copy of this letter should also be maintained on file by the Coordinating Principal
Investigator as evidence of project authorisation.

9. Notification of completion of the study at this site is to be provided to the CALHN
Research Office.

If University personnel are involved in this project, the Principal Investigator should notify the
University before commencing their research to ensure compliance with University requirements
including any insurance and indemnification requirements.

We wish you every success in your research project.

Yours sincerely

(VAVIVE S e

Bernadette Swart
Manager, CALHN Research Office
Email: Health. CALHNResearchGovernance@sa.gov.au

full ssa approval letter.doc 2|Page
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29-Aug-2017

Professor John Greenwood

Burns Unit, Royal Adelaide Hospital
E: john.greenwood@sa.gov.au

Dear Professor Greenwood,

Re: Project No. SAM282v1

>J‘”SAH|\/|R|

South Australian Health &
Medical Research Institute
ABN 54 141 228 346

P 08 8128 4000
SAHMRI, North Terrace, Adelaide SA 5000 Australia
PO Box 11060, Adelaide SA 5001 www.sahmri.com

Associate Professor John Oliver
Chair, SAHMRI AEC

e: john.oliver@sahmri.com

W: www.sahmri.com

Entitled ‘Using Composite Cultured Skin (CCS) to provide definitive closure
of temporized wounds in a porcine model’.

Thank you for responding to the issues raised by the SAHMRI AEC. | wish to advise that the

project has now been approved.

This approval is granted subject to the following conditions:

¢ You have personal responsibility for all matters related to the welfare of the animals you
use and you must act in accordance with all requirements of the 8" edition of the
Australian Code for the Care and Use of Animals for Scientific Purposes. (2013)

¢ Any adverse or unexpected events that impact on animal wellbeing that occurs during
the period of the approved project must be reported promptly to the AEC.

e You must ensure that records of the use and monitoring of animals used in the project
are maintained. Records should include the origin and fate of issued animals, how animal
welfare was assessed, any unexpected negative impact on animal wellbeing and

notation of procedures.

¢ You must provide an annual report to the AEC — the continuation of all projects is subject
to receipt of written annual reports that should advise on:

(i) what progress has been achieved;

(ii) any problems that may have interfered with progress of the project;

O
O
o (iii) how many animals have been used;
O

(iv) whether the wellbeing of the animals is consistent with that anticipated in the

proposal;

o (v) whether any changes are envisaged;
o (vi) whether the project is meeting its aims.

¢ You must inform the Committee when an approved project is completed or discontinued.
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It is necessary to apply to the AEC for approval if the project is to continue for a longer period of
time, if additional animals are required, or if any change to procedure is proposed.

Any additional conditions are included in the attached Approval Notice.
We wish you well in your research and the AEC will be interested to hear of future developments

in your work.

Yours sincerely,

Associate Professor John Oliver
as Chair

and on behalf of

SAHMRI Animal Ethics Committee
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APPENDIX II: Flow Cytometry Protocol

Purpose:

This protocol describes a method for flow cytometric staining of keratinocytes for
intracellular proteins.

Technical Notes:

5 x 10° cells per tube are recommended

Prepare antibody dilution in blocking buffer, include an unstained tube of cells for
control

Use 100ul of antibodies per tube

Materials

Blocking buffer — 0.5% BSA and 2% FBS in 1x PBS (without calcium, magnesium)
HHF-5 — HBSS and 5% FBS

Protocol

1.
2.
3.

A e A

Harvest keratinocytes as per SOP (do not over trypsinise cells)
Wash cells 1x with PBS

Fix and permeabilise the cells with a 10-minute incubation in 70% ethanol (-20°C)
on ice

a. Vortex cells gently whilst resuspending cells in ethanol

b. Set timer for 8 minutes

c. Spin cells in immufuge (1000g for 2 minutes)

d. Wash Ix with HHF-5

Block the cells with the blocking buffer for 15 minutes

Spin and resuspend cells in appropriate dilution of primary antibody (s)
Incubate for lhour on ice

Rinse the cells 3x in HHF-5 by centrifugation

Incubate cells with secondary antibody(s) for 1 hour on ice

Rinse the cells 3x in HHF-5 by centrifugation with minimal light exposure

10.Resuspend cells in 0.4mL of FACS fix

11. Analyse with a flow cytometer
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APPENDIX III: List of Antibodies

Antibody Name/ . Detection o

Anti-Collagen |
(ab233080)

Collagen |
(ab34710)

Collagen IV
(MA5-13437)

COL7A1
(MA5-13432)

Laminin beta-1
(MA5-14657)

Anti-Laminin
(ab11575)

CD49f (Integrin a-6)
(MA5-16884)

Anti pan-cytokeratin
(ab86734)

Anti-wide spectrum
Cytokeratin (ab9377)

Anti-cytokeratin 14
(MA1-06323)

Anti-cytokeratin 14
(ab9220)

Anti-cytokeratin 10
(ab9025)

Recombinant Anti-
KI67 (ab16667)

Anti-fibroblast
surface protein
[1B10] (ab11333)

Rabbit
polyclonal

Rabbit
polyclonal

Mouse
monoclonal

Mouse
monoclonal

Rat
monoclonal

Rabbit
polyclonal

Rat
monoclonal

Mouse
monoclonal

Rabbit
polyclonal

Mouse
monoclonal

Mouse
monoclonal

Mouse
monoclonal

Rabbit

monoclonal

Mouse
monoclonal

Abcam

Abcam

Invitrogen

Invitrogen

Invitrogen

Abcam

Invitrogen

Abcam

Abcam

Invitrogen

Abcam

Abcam

Abcam

Abcam

PK, DAB

IF

PK, DAB &
FF-IF

IF - FF

IF - FF

DAB Kit - P

IF - FF

IF —P/FF

IF —P/FF

DAB-P & IF-FF

DAB-P & IF-FF

IF - FF

DAB-JM

1:500

1:500
1:50
Clv22
1:100
LH7.2

1:50 LT3

1:250
1:100
NKI-GoH3
1:500
AE1/AE3 + 5D3
1:250
1:100P-500FF
RCK107

1:100P-500FF
RCK107

1:500
RKSEG0

1:250
SP6

1:50
IB10
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APPENDIX III: List of Antibodies

Antibody Name/Catalogue # Host species

Goat-anti-Rabbit IgG (ab150086)

Goat-anti-Rabbit IgG (ab150079)

Goat-anti-Mouse IgG (ab150113)

Goat-anti-rat IgG2a (NB7124)

Goat-anti-rat IgG (ab150157)
Biotinylated horse anti-mouse 19G
(BA-2000)

Biotinylated horse anti-rabbit IgG
(BA-1100)

Cell nuclei — Fluoroshield with
DAPI

Streptavidin-biotinylated
immunoperoxidase technique

Goat polyclonal

Goat polyclonal

Goat polyclonal

Goat polyclonal

Goat polyclonal

Horse polyclonal

Horse polyclonal

F6057-20mL

21127

Source

Abcam

Abcam

Abcam

Novus
Biologicals

Abcam

Vector
Laboratories
Vector
Laboratories

Sigma

ThermoFisher-
Pierce

AF/Dilution

AF 555
1:500

AF 647
1:500

AF 488
1:500

AF FITC
1:500

AF 488
1:500

1:250

1:250

NA

NA
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APPENDIX IV: Culture Methods — Skin Biopsy, Isolation and Culture

Purpose:
This document describes the protocol for the isolation and culture of keratinocytes and
fibroblasts from a skin biopsy.

Technical Notes:

Dispase treatment time: Dispase is a neutral protease that cleaves collagen and fibronectin
fibres at the basement membrane zone effectively separating the epidermis and the dermis
while preserving the viability of the epithelial cells'. For split-thickness skin, incubation
period of 20 to 60 minutes at 37°C. For thicker skin, incubation time of 1-2 hours may be
required. Alternatively, the skin may be incubated overnight in Dispase II at 2-8°C.

Cell numbers required per flask for co-culture: Depending on the cell numbers obtained
and the target cell number, co-cultures of keratinocytes and irradiated feeder cells should
contain 1-4x10° keratinocytes and 2-3.5x10° irradiated fibroblast feeder cells per flask.
Primary dermal fibroblasts target cell number is 10-11,000 cells/cm?.

Human dermal fibroblast feeder layer: human dermal fibroblasts are growth arrested to
use in co-culture with human keratinocytes. The fibroblasts are isolated from discard donor
tissue as per method below and established until 90% confluence in DMEM- 5% FBS. Cells
are irradiated at a dose of 60Gy using an RS2000 Series Biological Irradiator (Rad Source,
Buford, GA, USA). Vials are then cryopreserved at 7x10%vial and stored in vapor phase of
liquid nitrogen for future use as a feeder layer at 18-20,000 cells/cm?.

1.1. SKkin Processing - Part 1 - Rinsing and cutting of skin biopsy

1.1.1.  Label containers and dishes:
» 2x petri dishes for PBS
e 3x 70mL container for Rinse 1, 2 and 3
* 1 x 70mL container for betadine

¢« 1 x 70mL container for Gentamicin

1.1.2. Prepare reagents required for washing the biopsy:

* Dispense 20mL of PBS into each petri dish; dispense 30mL of PBS into the 3x
Rinse containers; dispense 40mL of PBS into the gentamicin container.

» Dispense 1 vial of betadine into the betadine container.

» Dispense the gentamicin (80mg/2mL) into a SmL tube. Transfer 250u1 of this
gentamicin to the designated gentamicin container containing 40mL of PBS,
mix gently.

1.1.3. Line up the aliquots of solutions with the 70mL containers in front of the Petri
dishes in the following order from left to right: R3, Gentamicin, R2, Betadine
and R1.
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1.2.

1.3.

1.1.4.

1.1.5.

1.1.6.

1.1.7.
1.1.8.

1.1.9.

1.1.10.

1.1.11.

1.1.12.

1.1.13.
1.1.14.

Introduce forceps and skin biopsy into the cabinet and set up instruments for
use on a sterile Petri dish.

Rinse the skin tissue sequentially from R1 through to R3 for 5 minutes each.
Periodically during each rinse, dip the skin tissue repeatedly in the solutions
to ensure that all area of the tissue is exposed to the solution.

After rinse in R3, transfer skin biopsy into one of the petri dishes with PBS.
Introduce scalpel into cabinet and prepare for use.

Determine the size of the biopsy using the ruler on the scalpel handle or sterile
disposable ruler. Calculate the number of dispase dishes required. Record in
worksheet.

On the sterile inverted lid of a petri dish, cut the skin biopsy into strips of
~3mm x 15mm. Recommended procedure is to cut the biopsy into large
pieces first and divide evenly for the number of dispase dishes required. These
pieces may be kept segregated in the same PBS dish or in separate dishes to
prevent desiccation. Then cut one piece at a time into strips.

Introduce the Dispase II (6mg/mL) solution and other required materials into
the cabinet. Aseptically transfer one entire aliquot of Dispase II into a sterile
Petri dish.

Transfer the skin pieces into the Dispase dish using forceps.

Seal the dish with Parafilm. Label appropriately using permanent marker.
Place dish in 37°C CO, incubator and incubate for 20 minutes - 2 hours.

Record incubation start time on worksheet.

De-clutter cabinet. Remove all used instruments.

Set up trypsin for epidermal digestion

1.2.1.

1.2.2.

For each dish of dispase digest, prepare a 70mL container with magnetic
flea and 20mL of trypsin-EDTA. Label container. If the skin is <10cm? use a
15mL container with SmL of trypsin/EDTA.

Place container(s) in 37°C incubator to keep warm. De-clutter cabinet.

Separation of epidermal sheets and dermal pieces

1.3.1.

1.3.2.
1.3.3.

If processing the dermal tissue for fibroblasts, prepare appropriately labelled
Petri dish(es) containing 20mL of PBS.

Set up instruments required on a sterile Petri dish.

De-clutter cabinet and transfer the Dispase dish with skin strips from
incubator into the cabinet. Remove parafilm.
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1.4.

1.5.

1.3.4.

1.3.5.

Transfer some skin pieces onto the sterile petri dish lid, hold the edge of a
skin piece and gently tease the epidermal sheet from the dermal tissue with
the second pair of forceps. Periodically transfer the dermal pieces into the
designated PBS dish(es) if collected. Repeat until all finished.

Place the dish(es) of dermal tissue into the fridge until keratinocytes have
been isolated and plated. If dermal tissue is not required then discard
appropriately.

Isolation of keratinocytes

1.4.1.

1.4.2.

1.4.3.

1.4.4.

1.4.5.
1.4.6.

1.4.7.

1.4.8.

Introduce the pre-warmed trypsin-EDTA into the cabinet and using a pair of
forceps, transfer the epidermal strips into the container. Replace the cap and
immediately place the container onto the magnetic stirrer at 700rpm. This step
is performed as quickly as possible to avoid the trypsin-EDTA from cooling
significantly. Trypsinise for exactly 5 minutes. (Set timer).

Continue processing other dishes of skin pieces if time permitting, continue
separation of epidermal sheets.

After tryspinisation, add equal amounts of soybean trypsin inhibitor (SBTI) to
the trypsin digest. Swirl gently to mix.

Use forceps to pull out the epidermal sheets from the digest then transfer
digest OR pass the quenched cell digest through a 70um cell strainer into a
50mL tube. Rinse strainer with 10mL of SBTL.

Centrifuge cell suspension at 1200rpm for 5 minutes at 15 + 5°C.

During centrifugation, if other dishes of skin pieces are to be processed,
continue separation and trypsinisation of epidermal sheets. If all skin pieces
have been processed, proceed with thawing of fibroblast feeder cells.

After centrifugation, remove the supernatant using a 25mL pipette and
depending on the size of cell pellet, resuspend in a total of 10-50mL of media.
Pool cell suspensions if applicable.

When all isolated keratinocytes have been pooled into one tube, transfer some
of the cell suspension into a microcentrifuge tube for viability cell count.
Record the cell counts and calculate the number and volume of keratinocytes
required per vessel. De-clutter cabinet.

Thawing of cells (irradiated fibroblast feeder)

1.5.1.

1.5.2.

Thaw the vials of irradiated fibroblasts at 37°C and resuspend in associated
media.

Retrieve samples from liquid nitrogen storage and place into a charged dry
shipper (ensure weight >5kg). Do not remove samples from shipper until
ready to thaw.
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1.5.3.

1.5.4.

1.5.5.

1.5.6.

When ready to thaw, ‘rapid-thaw’ the cells by placing the ampoules into a 36-
38°C waterbath until the majority of media is liquid, leaving a pellet of ice in
the ampoule. Ensure this time does not exceed 2 minutes.

Transfer the contents of the ampoules into a tube using a transfer pipette.
Rinse the ampoules with 1-2mL of media if desired.

Drop-wise, add warm media to the cells whilst gently agitating the tube to
ensure mixing of cells and media. Generally, add 9mL per ampoule of cells up
to a total of 50mL. Centrifuge at 1200rpm for 5 minutes at 15 = 5°C.

Remove supernatant and resuspend cell pellet by gently flicking/tapping
the tube. Add fresh warmed media and perform a cell count to ascertain cell
number and viability. Use the cells as required.

1.6. Set up of keratinocytes with irradiated dermal fibroblasts

1.6.1.

1.6.2.

1.6.3.
1.6.4.

Add 20mL of keratinocyte media to each T175 flask. Then add the required
volume of keratinocytes and irradiated feeder cells.

Mix the cells by gently swirling the flasks and ensure that the growth surface
of the flask is covered.

Complete details required on the flask labels and affix to each flask.

Place the flasks in 37°C CO, incubator. De-clutter cabinet.

1.7. Collagenase digestion of the dermal pieces

1.7.1.

1.7.2.

1.7.3.

1.7.4.
1.7.5.

1.7.6.

1.7.7.

1.7.8.

Transfer the collagenase I (3mg/mL) solution to a labelled tube.

On the inverted lid of the dermal tissue dish, cut the dermis into smaller
pieces (~0.5mm -1mm?) and transfer the pieces into collagenase I solution.
Agitate with transfer pipette.

Incubate at 37°C for 30 minutes — 2 hours. Record digest start time and set
timer.

Agitate for 1-2 minutes at 20-30 minute intervals during the digestion process.

After digestion with minimal fragments remaining collect and centrifuge 250g
for 5 minutes at 4°C.

Aspirate collagenase and resuspend in DMEM- serum. Repeat centrifuge and
resuspend for cell count and inoculate 10-11,000 cells/cm?.

Collect dermal fragments and plate into a pre-coated 10% serum flask at 1cm?
dermal tissue/50cm? flask. 24-hrs post inoculation add 15mL of media.

Media change every 2-3 days until 80-90% confluent.

1- Stenn et al. 1989. Dispase, a neutral protease from Bacillus polymyxa, is a powerful
fibronectinase and type IV collagenase. J Invest Dermatol. 93(2):285-290.

224



APPENDIX V: Collagen Coating Matrix Insert Instructions

Cascade Biologics”

invitrogen cell culture

FGisco

invitrogen cell culture

Coating Matrix Kit

Animal Origin-Free
Cat. no. R-011-K

Product Description

Coating Matrix Kit is an animal origin-free kit containing
materials suitable for coating up to 750 cm? of tissue
culture plasticware. Coating Matrix Kit contains 0.5 ml
sterile recombinant human Type-1 collagen as a
Coating Matrix (Item # 50-9700) and 50 ml Dilution
Medium (Item # 50-9701).

Intended Use
Coating Matrix Kit enhances the growth of human

Storage and Stability
Coating Matrix Kit is stored at 2° to 8° C at our facility
and is shipped at ambient temperature. When stored at
2° to 8° C, the product is stable until the expiration date
on the label. Do not freeze.

Instructions for Coating Flasks

1. Using sterile technique in a laminar flow culture
hood, add Dilution Medium (50-9701) to each flask
(5 ml per each 75 cm? flask, or 1.7 ml per each

2

keratinocytes in vitro, and is intended for use in 25cm ﬂéSk)' ] ) o

conjunction with EpiLife® Medium (cat. no. M-EPI-500- 2. Add Coating Matrix (50-9700) directly to the Dilution

CA M-EPICF-500 or M-EP|CF/PRF-500) Medium in each flask (50 p| per each 75 sz flask,

) ) 2

supplemented with either Supplement S7 (cat. no. or 17 ul per each 25 cm” flask). Rock back and forth

S-017-5) or EDGS (cat. no. S-012-5) for the routine vigorously to ensure uniform distribution of the

culture of normal human keratinocytes. Coating Matrix coating matrix over the surface of the flask.

Kit may also be used for the primary isolation of 3. Cap the flasks and incubate for 30 minutes at room

keratinocytes in an animal-origin-free environment. temperature.

4. Remove excess Coating Matrix/Dilution Medium
from each flask. The flasks may be used
immediately, or may be stored at 2° to 8° C for short

Caution: If handled improperly, some components periods.

of this product may present a health hazard. Take

appropriate precautions when handling this

product, including the wearing of protective clothing
and eyewear. Dispose of properly.

This product is for research use only. Not intended
for human or animal therapeutic or diagnostic use.

EpiLife® is a Registered Trademark of Life
Technologies.

Limited Use Label License No. 5: Invitrogen Technology

The purchase of this product conveys to the buyer the non-trnsferable right to use the purchased amount of the product and components of the
product in research conducted by the buyer (whether the buyer is an academic or for-profit entity). The buyer cannot sell or otherwise transfer
(a) this product (b) its components or (c) materials made using this product or its components to a third party or otherwise use this product or its
components or materials made using this product or its components for Commercial Purposes. The buyer may transfer information or materials
made through the use of this product to a scientific collaborator, provided that such transfer is not for any Commercial Purpose, and that such
collaborator agrees in writing (a) not to transfer such materials to any third party, and (b) to use such transferred materials and/or information
solely for research and not for Commercial Purposes. Commercial Purposes means any activity by a party for consideration and may include,
but is not limited to: (1) use of the product or its components in manufacturing; (2) use of the product or its components to provide a service,
information, or data; (3) use of the product or its components for therapeutic, diagnostic or prophylactic purposes; or (4) resale of the product or
its components, whether or not such product or its components are resold for use in research. For products that are subject to multiple limited
use label licenses, the terms of the most restrictive limited use label license shall control. Life Technologies Corporation will not assert a claim
against the buyer of infringement of patents owned or controlled by Life Technologies Corporation which cover this product based upon the
manufacture, use or sale of a therapeutic, clinical diagnostic, vaccine or prophylactic product developed in research by the buyer in which this
product or its components was employed, provided that neither this product nor any of its components was used in the manufacture of such
product. If the purchaser is not willing to accept the limitations of this limited use statement, Life Technologies is willing to accept return of the
product with a full refund. For information on purchasing a license to this product for purposes other than research, contact Licensing
Department, Life Technologies Corporation, 5791 Van Allen Way, Carlsbad, California 92008. Phone (760) 603-7200. Fax (760) 602-6500.
Email: outlicensing@invitrogen.com.

©2009 Life Technologies Corporation. All rights reserved.

For research use only. Not intended for any animal or human therapeutic or diagnostic use.

For research use only.

Life Technologies Corporation ¢ 5791 Van Allen Way e Carlsbad ¢ CA 92008 e Tel: 800.955.6288 « www.invitrogen.com e E-mail:
tech_support@invitrogen.com

MANO0001572 Revised: 20 August 2009
Page 1 of 1
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APPENDIX VI: Immunohistochemistry and Immunofluorescence Protocol

Purpose

This protocol is for staining paraffin sections with indirect immunofluorescence, primary
antibody dependent, using heat mediated antigen retrieval (citrate buffer) and proteinase
K for collagens. Secondary antibodies 488, 555 or 647 are used depending on primary
antibodies.

Immunohistochemistry method for paraffin sections

1. Label slides with a pencil.

2. Heat section on the heating block at 60°C for a minimum of 5 minutes (only required
if histologist has not performed this step).

3. Prepare a humid chamber using wet tissues in a black plastic box.
4. For antibody calculations, allow ~50ul small section 100ul large section.
5. Take care not to touch sections or allow them to dry out, tip-off excess fluid onto a

tissue.

Deparaffinise and Rehydrate sections

SOLUTION TIME

Xylene* 5 Minutes
Xylene** 5 Minutes
Xylene** 5 Minutes

100% Alcohol* (Prepare citrate buffer) 5 Minutes

100% Alcohol** 5 Minutes
100% Alcohol** 5 Minutes
95% Alcohol* 5 Minutes
70% Alcohol* 5 Minutes
50% Alcohol*** 5 Minutes
PBS*** 5 Minutes

Circle sections with pap pen

NOTE: Top up containers as required. *** discard after use. ** rotate after 10" use.
*Discard when 10™ run.
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APPENDIX VI: Immunohistochemistry and Immunofluorescence Protocol

9.

10.

Make sure all buffers and solutions are at RT before starting the experiment.

Prepare methanol/ Hydrogen peroxide (H,O,) by adding 8.6mL of H,0, (30%) to
500mL methanol (100%).

a. Pour stock H O, into a 50mL tube first, then measure.

Add enough drops of methanol/H,O, block to cover the sections and incubate for 10
minutes.

Pre-heat citrate buffer after the first washing step; see below.

Wash 2 times in 1xPBS buffer for 5 minutes.

Pre-treatment Antigen retrieval (heat mediated and citrate buffer)

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.
21.

22.
23.
24.

Prepare 0.01 M sodium citrate buffer (freshly prepared on the day).

a. Dissolve 1.47g of trisodium citrate in 400mL Milli Q water on a heated stirrer,
adjust to pH 6 with 1M HCI and make up to 500mL.

Fill the pressure cooker with 500mL RO water.

Fill the staining pot to the rim with sodium citrate buffer, place the staining pot into
the pressure cooker, and seal tightly.

During the 50% ethanol step above, place the pressure cooker in a 1100W microwave
oven. Cook on high for 9 minutes — water temperature will reach ~100°C.

Remove cooker from microwave, open with care, check the buffer solution level, and
top-up if necessary.

Place slide rack into buffer solution and seal pressure cooker. Replace in the
microwave, select P2 (power level 2) and cook for another 20 minutes — water
temperature will be maintained at 100°C.

Remove cooker from microwave and allow cooling at room temperature (RT) for 20
minutes. Prepare blocking solution for staining during this time.

Remove slides from pressure cooker with care and rinse in PBS 2 x Smin

Post heat-induced enzyme treatment, add proteinase K for 15 minutes at RT.
COLLAGEN SLIDES ONLY.

a. Prepare ImL of proteinase K in 9mL of PBS
Wash 2x in PBS at 5 minutes each.

Apply Protein Block and incubate for 1 hour at RT to block non-specific background
staining.

Prepare primary antibodies in 3% normal goat serum (GS) in 1xPBS.
Rinse with PBS buffer.

Tap excess and wipe slides around tissue section.
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APPENDIX VI: Immunohistochemistry and Immunofluorescence Protocol

25.

26.
27.

Apply ~50-100ul or 1-3 drops of prepared primary antibody to cover sections and
incubate according to the manufacturer’s protocol.

Ensure negative control receives no antibody.

Incubate in humidifying chamber overnight at 4°C.

DAY 2 PROCESS

28.

29.
30.
31.
32.

Rinse off primary antibody with PBS and then wash 3 times in PBS buffer, Smins
each.

During the wash step, prepare secondary antibodies. See table.
Apply 50-100pl of secondary for 1 hour at RT.
Rinse off secondary with PBS and then wash 3 times in PBS buffer, 5 minutes each.

Counterstain with DAPI and coverslip.

Immunofluorescence method for fresh frozen sections

1. Let thaw and air dry for 5 minutes, and label slides.

2. Circle section with pap pen.

3. Add 100pL of blocking buffer (10% GS in PBS) and incubate in a humidified

chamber at RT for 30 minutes.

4. Prepare primary antibodies in 3% GS.

5. Drain blocking buffer and rinse off slides with 1x PBS.

6. Re-circle with pap pen if required.

7. Add primary antibody (diluted in 3% GS) and incubate overnight at 4°C.
DAY 2 PROCESS

8. Rinse slides in PBS, 3x for 5 minutes each.

9. Apply 50-100uL of secondary antibody diluted in 3% GS for 1 hour.

10. Rinse off slides in PBS, then wash 3x for 5 minutes each.

11. Counterstain with DAPI and coverslip.
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APPENDIX VII: Streptavidin-Biotinylated Immunoperoxidase Technique

For the immunohistochemical detection of Laminin and Ki67 the following antibodies were
used: a rabbit polyclonal against Laminin (Abcam, Cambridge, UK, Code # ab11575), and
a rabbit monoclonal against Ki67 (clone SP6, Abcam, Cambridge, UK, Code # ab16667)
using a standard streptavidin-biotinylated immunoperoxidase technique. In brief, sections
were dewaxed using xylene and then rehydrated through alcohols. Sections were then
treated with Methanol/H,0, for 30 minutes. The sections were rinsed twice in PBS (pH

7.4) for a further 5 minutes each wash. Heat induced antigen retrieval for Laminin and
Ki67 antibodies was performed using citrate buffer (pH 6). Slides were allowed to cool and
then washed twice in PBS (pH 7.4). Laminin sections then underwent post heat induced
enzyme digestion for 3 minutes at 37°C (Trypsin type II, 0.0625g in 250ml PBS, Sigma-
Aldrich, St Louis MO, Cat No. T-7409 or Proteinase K Cat No. 21627). This was then
followed by two washes in PBS (pH 7.4). Non-specific proteins were blocked using normal
horse serum for 30 min. The rabbit polyclonal Laminin at 1/200 and the rabbit monoclonal
polyclonal Ki67 at 1/250, all at room temperature overnight. Slides minus the primary
antibody were also run in parallel. The following day, the sections were given two washes
in PBS then a biotinylated anti-mouse secondary (Vector Laboratories, CA, USA, Cat

# BA-2000) and biotinylated anti-rabbit secondary (Vector Laboratories, CA, USA, Cat
#BA-1100) was applied for 30 minutes at room temperature. Following two PBS washes,
the slides were incubated for 1 hour at room temperature with a streptavidin-conjugated
peroxidase tertiary (Pierce, MA, USA, Cat # 21127). Sections were then visualised using
diaminobenzidinetetrahydrochloride (DAB), washed, counterstained with haematoxylin,

dehydrated, cleared and mounted on glass slides.
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APPENDIX VIII: SEM/TEM Protocol

MATERIALS

Samples to test in 24-well plate

NOTES:

Fixative supplied by Adelaide Microscopy

PBS + 4% sucrose stored in fridge pre-made

Discard formaldehyde into the appropriate container

Hexamethyldisilazane (HMDS)

Samples can float and flip easily be gently when adding reagents

METHOD
1. Fix samples for 30 minutes to 2 hours in EM fixative (4% Paraformaldehyde/1.25%
Glutaraldehyde in PBS, + 4% sucrose, pH7.2)
2. Wash in washing buffer (PBS + 4% sucrose) — 5 minutes x1
3. Post—fix in 2% Osmium tetroxide -30 minutes x1 (Note this step is usually
performed by authorised personnel) TOXIC AUTHORISED USE ONLY.
4. Wash in washing buffer (PBS + 4% sucrose) — 5 minutes x2 (Place waste and used
pipettes into appropriate osmium waste container in fume hood)
5. DEHYDRATE
a. 70% Ethanol — 10 minutes x2
b. 90% Ethanol — 10 minutes x2
c. 100% Ethanol — 10 minutes x2
6. Drying samples
a. Prepare a solution of 1:1, 100% Ethanol:HMDS i.e., SmL of each should be
sufficient
b. HMDS 1:1 100% Ethanol:HMDS for 20 minutes
c. 100% HMDS — 20 minutes x1
d. 100% HMDS — 10 minutes x1
7. Air dry samples

a. Move samples into a new well and leave samples to dry for at least 1 hour,

leave partially covered with the lid of the dish to protect from dust
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APPENDIX VIII: SEM/TEM Protocol

8. Mounting and cutting samples
a. Retrieve stubs and carbon tabs (supplied from AHMS)

b. Cut samples in half and place on edge, cut side facing upwards on sticky
carbon tabs (both halves on one tab)

9. Carbon coating
a. Complete a request form for sample coating

10. Book and view on the Quanta 450 SEM

TEM samples, process as per steps 1 to 5 above then:

1 Intermediate step
a. Propylene oxide 15 minutes x 2
2 Resin infiltration
a. Prepare fresh TAAB Epon Araldite 812 epoxy resin
b. Make up Resin 1:1 100% Ethanol and add to samples 1hour x1
c. Change samples into pure resin lhour x1
d. Change samples into fresh pure resin and leave overnight in fume hood

3 Embedding samples

a. Place samples into silicon moulds, add resin and place into oven at 60° C for

48hours
4  Sectioning

a. Cut 0.5micron survey sections on ultramicrotome and stain with 0.05%
toluidine blue for viewing with LM

b. Select small area of interest and reduce the face of the block with a
razorblade

c. Cut 70-90nm sections and collect onto copper grids

5 Staining the section for EM
a. Grids stained with 4% Uranyl Acetate for 8 minutes
b. Washed by dipping each grid 20 times in 3 changes of filtered water
c. Grids stain in lead citrate (Reynolds lead stain) for 8 minutes
d. Washed by dipping each grid 20 times in 3 changes of filtered water
e. Grids placed on filter paper to dry

6 Imaging sections

a. Sections are imaged with the Tecnai G2 Spirit 120kV TEM
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APPENDIX IX: Environmental Sampling and Microbiological Testing Results

ANALYTE

ACCESSION

RESULT VALUE

COLLECTED

Room Details

21-160-16774

Room 2-207C-H

22:00 09/06/2021

Room Grid 21-160-16774 7C-1 22:00 09/06/2021
Bacteria 21-160-16774 0 22:00 09/06/2021
Result
Bacteria 21-160-16775 0 22:30 09/06/2021
Result

Room Details

21-160-16775

Room 2-207A-H

22:30 09/06/2021

Room Grid

21-160-16775

TA-1

22:30 09/06/2021

Room Details

21-160-16776

Room 2-207-H

02:00 10/06/2021

Room Grid

21-160-16776

7-2

02:00 10/06/2021

Bacteria
Result

21-160-16776

02:00 10/06/2021

Room Details

21-160-16773

Room 2-207C-H

21:30 09/06/2021

Cabinet Grid 21-160-16773 3 21:30 09/06/2021
Bacteria 21-160-16773 0 21:30 09/06/2021
Result

Room Details

21-163-09390

Room 2-207C-H

16:30 12/06/2021

Cabinet Grid 21-163-09390 3 16:30 12/06/2021
Bacteria 21-163-09390 0 16:30 12/06/2021
Result

Room Details

21-163-09391

Room 2-207C-H

17:00 12/06/2021

Room Grid 21-163-09391 7C-1 17:00 12/06/2021
Cabinet Grid 21-163-09391 3 17:00 12/06/2021
Bacteria 21-163-09391 0 17:00 12/06/2021
Result

Room Details

21-163-09392

Room 2-208A-H

17:30 12/06/2021

Room Grid 21-163-09392 TA-2 17:30 12/06/2021
Bacteria 21-163-09392 0 17:30 12/06/2021
Result

Room Details

21-165-03795

Room 2-207C-H

10:35 14/06/2021

Cabinet Grid 21-165-03795 3 10:35 14/06/2021
Bacteria 21-165-03795 0 10:35 14/06/2021
Result

Room Details

21-165-03796

Room 2-207C-H

10:55 14/06/2021

Room Grid 21-165-03796 7C-1 10:55 14/06/2021
Bacteria 21-165-03796 0 10:55 14/06/2021
Result

Room Details

21-165-03797

Room 2-208A-H

11:15 14/06/2021

Room Grid 21-165-03797 TA-2 11:15 14/06/2021
Cabinet Grid 21-165-03797 3 11:15 14/06/2021
Bacteria 21-165-03797 0 11:15 14/06/2021
Result

Room Details

21-165-03797

Room 2-207A-H

11:15 14/06/2021

Room Details

21-166-06872

Room 2-207C-H

10:05 15/06/2021

Cabinet Grid 21-166-06872 3 10:05 15/06/2021
Bacteria 21-166-06872 0 10:05 15/06/2021
Result

Room Details

21-166-06873

Room 2-207C-H

10:20 15/06/2021

Click to go back to Supplementary Figures and Appendices
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APPENDIX IX: Environmental Sampling and Microbiological Testing Results

Room Grid 21-166-06873 7C-1 10:20 15/06/2021
Bacteria 21-166-06873 0 10:20 15/06/2021
Result

Room Details 21-166-06874 Room 2-207A-H |10:30 15/06/2021
Room Grid 21-166-06874 TA-2 10:30 15/06/2021
Bacteria 21-166-06874 0 10:30 15/06/2021
Result

Room Details 21-167-11552 Room 2-207C-H [10:30 16/06/2021
Cabinet Grid 21-167-11552 3 10:30 16/06/2021
Bacteria 21-167-11552 0 10:30 16/06/2021
Result

Room Details 21-167-11553 Room 2-207C-H |10:50 16/06/2021
Room Grid 21-167-11553 7C-1 10:50 16/06/2021
Bacteria 21-167-11553 0 10:50 16/06/2021
Result

Room Details 21-167-11554 Room 2-207A-H |11:00 16/06/2021
Room Grid 21-167-11554 TA-2 11:00 16/06/2021
Bacteria 21-167-11554 0 11:00 16/06/2021
Result

Room Details 21-168-09276 Room 2-207C-H |10:35 17/06/2021
Cabinet Grid 21-168-09276 3 10:35 17/06/2021
Bacteria 21-168-09276 0 10:35 17/06/2021
Result

Room Grid 21-168-09277 7C-1 10:45 17/06/2021
Bacteria 21-168-09277 0 10:45 17/06/2021
Result

Room Details 21-168-09277 Room 2-207C-H [10:45 17/06/2021
Room Details 21-168-09278 Room 2-208A-H |10:55 17/06/2021
Room Grid 21-168-09278 TA-2 10:55 17/06/2021
Bacteria 21-168-09278 0 10:55 17/06/2021
Result

Room Details 21-169-08834 Room 2-207C-H |[10:30 18/06/2021
Cabinet Grid 21-169-08834 3 10:30 18/06/2021
Bacteria 21-169-08834 0 10:30 18/06/2021
Result

Room Details 21-169-08835 Room 2-207C-H |10:40 18/06/2021
Room Grid 21-169-08835 7C-1 10:40 18/06/2021
Bacteria 21-169-08835 0 10:40 18/06/2021
Result

Room Details 21-169-08836 Room 2-207A-H |10:50 18/06/2021
Room Grid 21-169-08836 TA-2 10:50 18/06/2021
Bacteria 21-169-08836 1 10:50 18/06/2021
Result

Bacteria ID 21-169-08836 Staph spp 10:50 18/06/2021
Room Details 21-170-09227 Room 2-207C-H |10:10 19/06/2021
Cabinet Grid 21-170-09227 3 10:10 19/06/2021
Bacteria 21-170-09227 0 10:10 19/06/2021
Result

Click to go back to Supplementary Figures and Appendices
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APPENDIX IX: Environmental Sampling and Microbiological Testing Results

Room Details 21-170-09228 Room 2-207C-H [10:15 19/06/2021
Cabinet Grid 21-170-09228 3 10:15 19/06/2021
Bacteria 21-170-09228 0 10:15 19/06/2021
Result

Room Details 21-170-09229 Room 2-207A-H |10:20 19/06/2021
Room Grid 21-170-09229 TA-2 10:20 19/06/2021
Cabinet Grid 21-170-09229 3 10:20 19/06/2021
Bacteria 21-170-09229 1 10:20 19/06/2021
Result

Bacteria ID 21-170-09229 Gram +ve rod 10:20 19/06/2021
Room Details 21-170-09231 Room 2-207-H 11:30 19/06/2021
Room Grid 21-170-09231 7-2 11:30 19/06/2021
Bacteria 21-170-09231 0 11:30 19/06/2021
Result

Room Details 21-171-03643 Room 2-207C-H [12:30 20/06/2021
Cabinet Grid 21-171-03643 3 12:30 20/06/2021
Bacteria 21-171-03643 0 12:30 20/06/2021
Result

Room Details 21-171-03644 Room 2-207C-H |[12:40 20/06/2021
Room Grid 21-171-03644 7C-2 12:40 20/06/2021
Cabinet Grid 21-171-03644 3 12:40 20/06/2021
Bacteria 21-171-03644 0 12:40 20/06/2021
Result

Room Details 21-171-03645 Room 2-207A-H |12:50 20/06/2021
Room Grid 21-171-03645 TA-2 12:50 20/06/2021
Bacteria 21-171-03645 0 12:50 20/06/2021
Result

Room Details 21-172-11115 Room 2-207C-H |11:30 21/06/2021
Cabinet Grid 21-172-11115 3 11:30 21/06/2021
Bacteria 21-172-11115 0 11:30 21/06/2021
Result

Room Details 21-172-11116 Room 2-207C-H |[11:40 21/06/2021
Room Grid 21-172-11116 7C-2 11:40 21/06/2021
Bacteria 21-172-11116 0 11:40 21/06/2021
Result

Room Details 21-172-11117 Room 2-207A-H |[11:50 21/06/2021
Room Grid 21-172-11117 TA-2 11:50 21/06/2021
Bacteria 21-172-11117 0 11:50 21/06/2021
Result

Room Details 21-173-07681 Room 2-207C-H |[12:05 22/06/2021
Cabinet Grid 21-173-07681 3 12:05 22/06/2021
Bacteria 21-173-07681 0 12:05 22/06/2021
Result

Room Details 21-173-07682 Room 2-207C-H |12:15 22/06/2021
Room Grid 21-173-07682 7C-2 12:15 22/06/2021
Cabinet Grid 21-173-07682 3 12:15 22/06/2021
Bacteria 21-173-07682 0 12:15 22/06/2021
Result

Click to go back to Supplementary Figures and Appendices
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APPENDIX IX: Environmental Sampling and Microbiological Testing Results

Room Details 21-173-07683 Room 2-207A-H |12:25 22/06/2021
Room Grid 21-173-07683 TA-2 12:25 22/06/2021
Cabinet Grid 21-173-07683 3 12:25 22/06/2021
Bacteria 21-173-07683 0 12:25 22/06/2021
Result

Room Details 21-174-16322 Room 2-207C-H |15:15 23/06/2021
Cabinet Grid 21-174-16322 3 15:15 23/06/2021
Bacteria 21-174-16322 0 15:15 23/06/2021
Result

Room Details 21-174-16323 Room 2-207C-H |16:30 23/06/2021
Room Grid 21-174-16323 7C-2 16:30 23/06/2021
Cabinet Grid 21-174-16323 3 16:30 23/06/2021
Bacteria 21-174-16323 0 16:30 23/06/2021
Result

Room Details 21-174-16324 Room 2-207A-H [17:00 23/06/2021
Room Grid 21-174-16324 TA-2 17:00 23/06/2021
Cabinet Grid 21-174-16324 3 17:00 23/06/2021
Bacteria 21-174-16324 0 17:00 23/06/2021
Result

Room Details 21-174-16329 Room 2-207-H 19:40 23/06/2021
Room Grid 21-174-16329 7-1 19:40 23/06/2021
Cabinet Grid 21-174-16329 3 19:40 23/06/2021
Bacteria 21-174-16329 1 19:40 23/06/2021
Result

Bacteria ID 21-174-16329 Gram +ve rod 19:40 23/06/2021
Name : FIBROBLAST, RESEARCH LIVE Provider: DR MARCUS WAGSTAFF

MRE/Age/Sex: SAP:735694067/12 months/Unspecified Location: SA PATHOLOGY/SA Pathology/FRM Lab
Encounter Type: Quality control Adwission Date:  11/02/21 00:00

Collacted Date: 11/02/21 14:04 Raceived Date: 11/02/21 15:34 Start Date: 11/02/21 15:34
Procedure: .CT C Fluid Source: Fluid

Accession Number:
Service Resource:

21-042-081866
RAH Epicentre

Body Site:

Freetext Source:

Antibiotics: Pathogens:
Date Time Tech Task Results
21/02/21 16:00 ANGSERVE Final

The fluid culture is negative

Total accession selected:

ke

1

*% END OF REPORT *#***%sssss

R §
HRHJ"kgl:.-"ﬁl:x:
Encounber Type:

EERATINOCYTES, RESEARCH
BAPTI5665063 /2 mntl‘u_.'"Unupch.‘fil:d.
Quality Conkrol

Frovider:
Iooation:
Admiaaion Date:

DR HARCUS WAGSTAFF
Sh BATHOLOGY/SA Pathology/FRM Leb
0i/02/28 00:00

collected Date:
Procedure:
hocession Hurber:
ferwvice Resource:

01703,/21 13:25
T € Fluid
11-032-07593
RAN Epicentre

Recelved Dabe:

01/02/21 15:18

Souroe;
Body Sikes

Freetext Souroces:

Zkart Dake:
Fluid

01/02/21 15:18

Antibictics: Pathogens:
Dabe Time Teah Taak Reaultm
11/02/21 15:51 IIDAZYVI Final

The fluid culbure is negative

Total acoesssion aelacked:

i

RS s a S

Click to go back to Supplementary Figures and Appendices
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APPENDIX IX: Environmental Sampling and Microbiological Testing Results

Name : €CS BIOREACTOR, SEL
MRN/Age/Sex:
Encounter Type:

SAP:735783768/5 months/Unspecified
Quality Control

DR MARCUS WAGSTAFF
SA PATHOLOGY/SA Pathology/RAH Lab
09/06/21 00:00

Provider:
Location:
Admission Date:

Collected Date:

12/06/21 20:00

Received Date: 13/06/21 19:29 Start Date: 13/06/21 19:29

Procedure: .CT € Fluid Source: CT Product

Accession Number: 21-163-09393 Body Site:

Service Resource: RAH Epicentre Freetext Source:

Antibiotics: Pathogens:

Date Time Tech Task Results

23/06/21 20:00 ANGSERVE Final :
e e 2 Day 3- Pooled spent media

Total accession selected:

1

*rrArAeer END OF REPORT ***hstesss

Hame : €CS BIOREACTOR, SEL
MRE/Age/Sex:
Encounter Type:

SAP:735783768/5 months/Unspecified
Quality Control

DR MARCUS WAGSTAFF
SA PATHOLOGY/SA Pathology/RAH Lab
09/06/21 00:00

Provider:
Location:
Admission Date:

Collected Date:
Procedure:

16/06/21 11:25
.CT C Fluid Source:

16/06/21 21:08 Start Date: 16/06/21 21:06

CT Product

Received Date:

Accession Number: 21-167-11557 Body Site:
Service Resource: FAH Epicentre Freetext Source:
Antibiotics: Pathogens:

Date Time Tech Task Results

27/06/21 09:01 ANGSERVE Final

Day 7- Pooled spent media

The fluid culture is negative

Total accession selected:

1L

tekhwdebds BND OF REDORT **tsesssde

Name ; CC5 BIOREACTOR, SEL
MRH/Age/Sex:
Encounter Type:

SAP:735783768/5 months/Unspecified
Quality Control

DR MARCUS WAGSTAFF
SA PATHOLOGY/SA Pathology/RAH Lab
09/06/21 00:00

Provider:
Location:
Admission Date:

Collected Date:
Procedure:

19/06/21 11:00
.CT C Fluid Source:

20/06/21 17:19 Start Date: 20/06/21 17:20

CT Product

Received Date:

Accession Number: 21-170-09230 Body Site:
Service Resource: RAH Epicentre Freetext Source:
Antibiotics: Pathogens:

Date Time Tech Task Results

30/06/21 18:00 ANGSERVE Final

Day 10- Pooled spent media

The fluid culture is negative

Total accession selacted:

1

thekaksddr BND OF REPORT **rwwsssns

Hame : CCS BIOREACTOR, SEL
MRN/Age/Sex:
Encounter Type:

SAP:735783768/5 months/Unspecified
Quality Control

DR MARCUS WAGSTAFF
SA PATHOLOGY/SA Pathology/RAH Lab
09/06/21 00:00

Provider:
Location:
Adwission Date:

Collected Date: 21/06/21 12:12 Received Date: 21/06/21 20:09 Start Date: 21/06/21 20:09

Procedure: .CT C Fluid Source: CT Product

Accession Number: 21-172-11118 Body Site:

Service Resource: RAH Epicentre Freetext Source:

Antibiotics: Pathogens:

Date Time Tech Task Results

01/07/21 21:00 ANGSERVE Final :
e —— Day 12- Pooled spent media

Total accession selected:

1

***annssrr END OF REPORT ***wwwesaw
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Name: CCS5 BIOREACTOR, SEL Provider: DR MARCUS WAGSTAFF

MRN/Age/Sex: SAP:735783768/5 months/Unspecified Location: SA PATHOLOGY/SA Pathology/RAH Lab

Encounter Type: Quality Control Admission Date: 09/06/21 00:00

Collected Date: 23/06/21 19:15 Received Date: 24/06/21 1Z:48 Start Date: 24/06/21 12:48

Procedure: .CT € Fluid Source: CT Product

Accession Number: 21-174-16330 Body Site:

Service Resource: RAH Epicentre Freetext Source:

Antibiotics: Pathogens:

Date Time Tech Task Results

04/07/21 13:00 ANGSERVE Final :
Day 14- Pooled spent media

The fluid culture i= negative

Total accession selected: 1

texxwwwsss END OF REPORT ****twwwes

Name : CCS5 BIOREACTOR, SEL Provider: DR MARCUS WAGSTAFF

MRN/Age/Sex: SAP:735783768/5 months/Unspecified Location: SA PATHOLOGY/SA Pathology/RAH Lab

Encounter Type: Quality Control Admis=ion Date: 08/06/21 00:00

Collected Date: 23/06/21 19:30 Received Date: 24/06/21 12:47 Start Date: 24/06/21 12:47
Procedure: .CT € Fluid Source: CT Product

Accession Number: 21-174-16331 Body Site:

Service Resource: RAH Epicentre Freetext Source:

Antibiotics: Pathogens:

Date Time Tech Task Results

04/07/21 13:00 ANGSERVE Final .

R —— Day 14- Pooled purge media

Total accession selected: £

***rnassar END OF REPORT ***wwasswn
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APPENDIX X: Chapter 6 Figures

STSG 1:3 PUR/C-GAG

Week 0

Week 2

Week 4

Week 8

Week 16

@ Wound Contraction Day 0 — Day 112 Endpoint

STSG C-GAG PUR PUR/C-GAG

44.17% 63.1% 67.87% 66.7%

Figure 1. Representative macroscopic images showing the progression of graft and
skin substitute integration during weeks 0 — 16 post-transplant for each treatment
condition. Meshed STSG (1:3) exhibited 44.2% contraction (column a), followed by
the C-GAG substitute (63.1% column b), PUR/C-GAG 66.7% (column d) and the PUR
substitute was on average the most contracted condition with 67.9% (column c). E,
Percentage of contraction from day 0 after transplantation to day 112 endpoint.
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Figure 2. Wound percentage of original area and re-epithelialisation of the four test
conditions over time shows the observed values and mean with standard deviation.
(a) At 14 days post-transplant >80% of all wounds were re-epithelialised and by 28 days
complete closure was obtained by secondary reepithelialisation. At 28 days (dotted line)
to 112 days, wound areas stabilised, and significant differences (**p < 0.05) were noted
for all three skin substitutes compared to the STSG site at day 112, however there were
no differences within each skin substitute condition (*p > 0.05). (b) Mean percentage

of reepithelialisation of test conditions over time until complete healing. No significant
differences were found among the graft types after 14 days post-transplant (p > 0.05).
Three biological replicates (n=3) for each condition were analysed using a linear mixed
effects model with Bonferroni correction.
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Figure 3. Results from the Dermal.ab with each biophysical wound assessment
parameter graphed for all treatment conditions over time post-transplant. (a)
Transepidermal water loss- TEWL (g/m2/h), (b) Melanin Index (MI), (c) Erythema Index
(EI), and (d) Viscoelasticity (VE). The observed values represent the means and standard
deviations at respective time points. The mean differences were compared among conditions
and over time. *p < 0.05 for comparisons among PUR/C-GAG, PUR, and C-GAG **p <
0.05 Normal skin compared to all conditions including STSG. ***p < 0.05 for comparisons
of PUR/C-GAG, and normal skin, STSG, C-GAG. ****p <0.05 PUR and normal skin. "p
< 0.05 Normal skin, STSG and both PUR-containing conditions. *p < 0.05 Normal skin,
STSG and all test conditions. #p < 0.05 for comparisons among all test conditions at the
indicated time points from day 17 to day 112. Three biological replicates (n=3) for each
condition were analysed using a linear mixed effects model with Bonferroni correction.
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Bordira Skin —— C.GAG PUR PUR/C-GAG Figure 4. Representative
, e — e . histological images on day

112 post-transplantation.

Haematoxylin and Eosin
(H&E) row 1, Ki67-
proliferative marker row
2, CD31- endothelial

cell marker row 3 and
Picrosirius red (PSR) stain
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el AR T ‘ <@ % row 4 for normal porcine

% - &
Rt
At e

el e = =3 e skin (column a), and the
e N four test conditions, skin
graft (STSG-column b),
C-GAG (column c¢), PUR
(column d) and hybrid
PUR/C-GAG (column e).
The collagen structure was

visualised using PSR under
polarised light. Scale bar:
200pum row 1, S0pum row 2,
100pum row 3 and 4.

Click to go back to Supplementary Figures and Appendices Click to go back to original image 241



APPENDIX X: Chapter 6 Figures

’

)

STSG 1:3

PUR/C-GAG

Figure S.
Representative
histological images of
normal porcine skin
and test conditions

at 112 days post-
transplantation.
Cytokeratin 14 row

1, Collagen IV row 2,
Collagen VII row 3 and
Integrin a6 (CD49f) row
4. Column a represents
porcine normal skin,
column b STSG, column
¢ C-GAG, column d
PUR and column e PUR/
C-GAG. Red staining
for wide spectrum
cytokeratin, Green
staining depicts relevant
maker, DAPI nuclei
stain. Scale bar: 50um.
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Figure. 1. Patient burn
assessment and treatment
modalities with timeline

until discharge, a. Initial burn
assessment was recorded using
the Lund and Browder burn
chart modified from Greenwood
2020, b. Schematic overview
showing the alternative therapy
treatments, and c¢. Outlines

the treatment timeline from
December 2018 to 8-months
post burn injury with discharge
to the rehabilitation centre.
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Figure 2. Video of patient discharged and walking independently at 380 PBD
(12.4 months)

Click on top image to watch video. If the video does not play within the thesis, separate
video files are also listed with the PDF file.
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Figure 3. Photo images at 2.1 years PBD, a. Uninjured skin (marked), b. Donor site, c. Mesh 1:3 graft, d. Sheet graft, e. Meek (dotted area) with
adjacent CCS and f. CCS, R arm, g. CCS, L leg (posterior), h. CCS L leg (anterior). R- right, L-Left.
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Figure 4. Extension (a) and flexion (b) of left knee joint showing range of motion at 13-months post-burn.
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Figure 5. Photo images at 3.3 years PBD, a. Anterior full-body overview, b. Posterior
fullbody overview.
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Figure 6. Histological sections stained with H&E (a-c) and Laminin (d-f). a, d - Day 21.
b, e 3 - months, and c, f - 6 months. Note: The abundant laminin staining of the basement
membrane of prominent blood vessels beneath the epidermis at Day 21, this vascularity
decreased by 6-months. CCS PUR resides in the upper region of the section at 21 days and
3 months with the BTM layer present in the lower dermis. At 6-months minimal polymer
remains in this section. Scale bar: a-c 500pum, d-f 250um.
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Figure 7. Representative histological sections and immunohistochemical staining (row
1H&E, row 2 Masson’s trichrome, row 3 Masson’s Fontana and row 4 Melan-A) at 582
PBD. a, e, i, m uninjured skin. b, f, j, n, Meek treated. ¢, g, k, o, CCS treated -Pigmented.

d, h, I, p, CCS treated —non-pigmented site. Inset images, a-d show defined or lack of
epidermal rete ridges of the uninjured skin to treated sites for the H&E sections and inset
e-h show the varying collagen density in the MT sections. A single arrow indicates positive

Melanin or Melan-A stained melanocytes in the pigmented sections and double arrows
depict no staining along the basal layer in the non-pigmented section. Scale bar a-h 500 pum,
i-l1 and a-d inset 250 um, m-p and e-h inset 100 um. H&E — Haematoxylin and eosin, MT —
Masson’s trichrome, MF — Masson’s Fontana, PBD — post burn date.
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Figure 8. Dermal.ab Wound Parameters, at 2 years post-burn, a. Transepidermal

water loss (TEWL), b. Melanin, c. Erythema, and d. ViscoElasticity (VE). Mean

measurements are represented graphically for uninjured normal skin, meshed 1:3 autograft
on the back, Meek graft on the chest, CCS on the arm, leg and chest and donor site on the

back.
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