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Abstract

Cutaneous wound management remains challenging. A synthetic fibrin/alginate dermal scaffold,
Smart Matrix (SM), demonstrated rapid short term vascularisation and skin graft (STSG) integra-
tion. Long term healing using SM+STSG was examined in the porcine model. SM+STSG was
compared to STSG alone and secondary intention healing in simple wounds, before being compared
to commercially available scaffolds - Matriderm and Integra. The value of such adjuncts lies in
their ability to heal attenuated wounds. The medical literature revealed few appropriate wound
models. The partial excision of a full thickness burn was described and compared with the full
thickness excision wound. This model was then used to evaluate SM+STSG and compare it with
STSG alone and MD+STSG. SM wounds contracted less than other wound groups with lower
levels of contractile markers. Graft take was similar in all simple wounds but increased in attenu-
ated wounds treated with SM and MD. SM wounds showed increased earlier angiogenesis, similar
to normal skin in the long term, with lower inflammation than STSG alone and [+STSG wounds.
Scaffold persistence was shortest for SM+STSG and prolonged in all groups in the attenuated mod-
el. There were no long term differences between SM and MD in acute and attenuated wounds apart
from contraction. The attenuated wound healing model displayed delayed epithelialisation and an-
giogenesis with prolonged oedema and inflammation. Fibrin attenuates ®-SMA formation, decreas-
ing myofibroblast differentiation and therefore reducing wound contraction. SM supports long term

healing, with reduced wound contraction and inflammation in simple and attenuated wounds.

Keywords: fibrin, dermal scaffold, wound contraction, ®-smooth muscle actin, wound healing, at-

tenuated wound healing model, wound model
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Chapter 1: Background and Introduction

The management of cutaneous wounds remains a pressing challenge across many clinical
scenarios. The primary and ultimate goal is to heal these wounds as quickly as possible (Simman e?
al., 2011). Effective treatment requires the patient to engage with a prolonged and disciplined
treatment pathway (Sen et al., 2009). The integrity of the human integument is key to its protective
properties and to its role in homeostasis. While in normal circumstances a breach in the skin is rap-
idly repaired, often, due to a variety of factors the skin is rendered unable to heal itself in a timely

or appropriate manner.

Any therapeutic advance to significantly accelerate tissue reconstruction, and to improve preventat-
ive measures and diagnostic techniques, has the potential to achieve significant benefit (Posnett,
Franks 2008). The gold standard treatment for full thickness (comprising the loss of the epidermis
and dermis) acute cutaneous wounds that cannot be closed directly remains autologous split thick-
ness skin grafting (Simman et al., 2012). Various attempts to expedite this healing trajectory or im-
prove the outcome have been made historically, through the advent of various wound healing ad-
juncts and dressings. The use of artificial or xenograft replacements of various skin components
marked a pivotal change in the wound healing armamentarium (Halim et al., 2010).  The issues
encountered in the treatment of large area full thickness wounds are a paucity of availability of
donor site skin, a vulnerability to infection secondary to the compromise of the barrier properties of
skin — allowing colonising bacteria to invade and become pathogenic, and the risk of hypertrophic,
keloid or contracting scars (Otene ef al., 2011). The last three decades have seen the introduction of
dermal replacement matrices as a novel method to aid wound closure in challenging wounds such as

large area acute burns and also in the treatment of indolent wounds refractory to conventional



methods of treatment. Dermal replacement scaffolds are still at the heart of much ongoing research,
and many new scaffolds with different matrix compositions are currently undergoing experimental
in vitro and in vivo trials.

These scaffolds often required to be placed in a hostile environment, not conducive to wound heal-
ing, hence the presence of the challenging wound in the first place. These wounds are intrinsically
compromised (attenuated blood supply and oxygenation), vulnerable to infection and biofilm for-
mation, subject to chronic inflammation and oxidant stress and in a proteolytic environment. A
successful tissue scaffold should exhibit appropriate physical and mechanical characteristics and
provide an appropriate surface chemistry and nano- and microstructures to facilitate cellular at-
tachment, proliferation, and differentiation. Most such scaffolds are of bovine or porcine origin.
While very well tolerated by the body, some risks such as those pertaining to immunogenicity and
prion or micro-organism transfer, persist, together with some adversity from some religious groups.
Surgical experience defines an unmet need: an intrinsically reliable, robust synthetic dermal re-
placement.

The literature review shows that pre-clinical (animal) studies pertaining to wound healing most
commonly involve the use of acute full-thickness wounds. There is a paucity of attenuated wound
healing models that can be employed to evaluate the performance of these scaffolds where their use
is most indicated.

Smart Matrix™ (SM) was developed by scientists at The Restoration of Appearance and Function
Trust (RAFT), in a bid to create a scaffold that would address the shortfalls highlighted, namely a
pro-angiogenic, robust scaffold that supports and expedites wound healing with an overlying split
thickness skin graft as a single step procedure. Ideally, the resulting scar quality will be an im-
provement on wounds treated by split thickness grafting alone or with a scaffold ie. less contracture
and a decreased incidence of hypertrophic or keloid scarring, with as close a match as possible to

native uninjured skin.



1.1 Clinical exigencies

Reported UK data from 2012-3 showed that wound care costs amounted to between £4.5 and 5.1
billion (adjusted for cost of co-morbidities), for an estimated 2.2 million patients (Guest et al.,
2015). Reported UK data from 2003 showed 200,000 patients were suffering from a chronic wound
at any one time, with 20,000 of these being hospital in-patients (Franks, Morgan, 2003). The cost to
the National Health Service (NHS) of caring for patients with a chronic wound is estimated at-
around 3% of the total estimated out-turn expenditure on health, £89.4 billion (Posnett, Franks,
2008). Sixty-one per cent of all wounds heal within a year. The cost of these wounds ranges
between £698 and £3998 per patient, while that of unhealed wounds ranges between £1719 and
£5976 (135% that of a healed wound) (Guest ef al., 2017). With accurate diagnosis, identification
of preventative, causative and exacerbating factors and prompt appropriate definitive treatment,
much of this burden should be avoidable. Indirect costs through loss of income, psychological
morbidity, de-conditioning, social isolation and the negative impact on friends and family (Chin e?
al.,2013).

A chronic wound is defined as one which has not healed spontaneously within 3 months (Harding et
al., 2002). The commonest causes of chronic wounds are venous leg ulcers, followed by pressure
sores.  One in 5 long-term hospital in-patients (Clark et al., 2004) develop pressure sores and
around 400,000 individuals develop a new pressure ulcer annually (UK data). Trends in the struc-
ture of the UK population over the next 20 years are likely to lead to a significant increase in the
number of patients with chronic wounds and the corresponding rise in associated costs of care
(Dowsett ef al., 2014). This is due to increased longevity and an expected rise in the incidence of
type II diabetes. The population of the UK is forecast to increase between 2005 and 2025 by 3.4
million (5.6%) from 60.4 million to 63.8 million. In the same period, the UK population aged 65

and older is forecast to increase by 3.5 million (36%) from 9.5 million to 13.0 million. The annual



cost of wound care in the UK was projected to increase to £2377 million in 2019 (Dowsett et al.,
2014).

Challenging wounds include full or partial thickness skin breaches that defy cure or do not respond
favourably to conventional methods of treatment (Hall et al., 2014), and somehow deviate from the
natural physiologic course (Han et al., 2017), thus often requiring additional procedures and inter-
ventions to achieve definitive wound closure. This refers to a wound that has somehow deviated
from the previously described natural physiologic course of events and has stalled at some point-
Examples include large burns, full thickness wounds, wounds of differing depths and wounds loc-
ated in functionally or cosmetically sensitive areas such as the face, hands, perineum or over joints.
Confounding factors such as diabetes, extremes of age, illicit drug use, lack of appropriate nutrition
and fluid intake, apathy towards self care, poor hygiene and other co-morbidities are all possible
exacerbating factors in rendering an acute clean wound challenging and possibly chronic. One or
more of the following conditions must be present for a wound to be categorised as a "complex"
type: extensive loss of the integument, acute or chronic infection, compromised viability of superfi-
cial tissues—clear necrosis, localised or more extensive circulation compromise and associated sys-
temic pathology impairing normal cutaneous wound healing. Most chronic wounds exhibit a de-

gree of complexity (Ferreira et al., 2006).

1.2 The Smart Matrix™

Smart Matrix™ is a synthetic dermal scaffold whose chief components are fibrin and alginate. Due
to patent restrictions, its composition will not be mentioned in detail in this thesis. Furthermore,
there are no studies available in the published literature due to this same restriction. As a brief

overview, the 3-dimensional scaffold consists of fibrinogen mixed with a bulking agent to create a



porous structure with added calcium chloride as a thrombin cofactor. Sodium alginate was found to
be suitable as a calcium-sensitive bulking agent, following the exclusion of a variety of other candi-
date bulking agents (all research was carried out by RAFT prior to the start of the studies mentioned
in this thesis). The primary components, fibrinogen, calcium chloride, thrombin and alginate are
mixed at high speed to create a foam, which is then cast and allowed to coagulate. Particular sufac-
tants added to the primary mixture allow control of the formed foam structure.

Exploratory work in RAFT’s laboratories investigated the pro-angiogenic potential of various bio-
materials through in vitro assays of angiogenesis. Initial work generated evidence to suggest that
different extracellular matrix proteins control fibroblast behaviour (Dye et al., 2004). Studies of cul-
tured human placental microvascular endothelial cells suggested that specific biomaterial matrices
influenced the morphological pattern behaviour, while angiogenic growth factors determined the
extent of the behaviour. These observations formed the basis of the rationale to concentrate efforts
to find an extracellular matrix material with optimal pro-angiogenic properties, in a controllable
porous and stabilised biomaterial and manufacture process. As a result, fibrin was identified as the
best available material (Potter et al., 2006).

Prior to the studies described in this thesis, in vitro evaluation studies, to assess cytotoxicity were
carried out. The biocompatibility of cross-linking processed scaffolds was investigated using in
vitro toxicological and biocompatibility assays. Adult primary human dermal fibroblasts were used
as a relevant cell type to test acute cytotoxicity and subsequent proliferative capacity. No toxicity
was detected. Non-cross-linked trial fibrin / alginate prototype scaffold formulations gave poor
cell-adhesion and cell spreading in vitro with microvascular endothelial cells. Chemical stabilisation
(used to control stability and resistance to proteolytic degradation) was achieved using chemical
(carboxylic acid/primary amine cross-linking chemistry was achieved using 1-Ethy-3(3-dimethyl-
propylamino) carbodiimide / N-hydroxysuccinimide (EDC / NHS) cross-linking. This conferred

long-term stability of the fully hydrated material.



The optimal structure for efficiency of cellular ingress and integration requires consistency of
porosity and homogeneity through the material (Khademhosseini et al.,, 2007). This was achieved
by iterative modifications of the formulation and manufacture conditions of series of prototypes.
Trialling and histological evaluation of the integration of each prototype was conducted in a porcine
splinted wound excision healing model (Dann 2009, not published). The material is formed from
individual 100 nm diameter fibrin filaments, meshed together to form lamellar sheets 1-2 filaments
thick, with a variable mesh density, coated with the alginate component.

Proteolytic digestion and scaffold stability were investigated using an extended trypsin digestion
assay. Fibrin is an intrinsically labile protein due to the action of plasmin (Gaftney ef al., 1980). It
was found that the proteolytic degradation rate of fibrin-alginate scaffolds is determined by the ex-
tent of cross-linking. In the absence of cross-linking, substantial breakdown occurs within one hour.
Stabilisation to trypsin hydrolysis was achieved by cross-linking. Further in vitro studies measuring
cell ingress into scaffolds were performed by filling and pre-equilibrating the pore capacity of the
scaffold with culture medium, before seeding cells above the scaffold. This created a situation in
which cells could only ingress actively. A rapid penetration of microvascular endothelial cells
through the depth of scaffolds up to 1 mm thick was demonstrated in a 48 hour assay. Comparative-
ly, other biomaterials were penetrated only partially or not at all, over the same time period (Potter
et al.,20006).

Long-term fibroblast regulation was measured by the thesis author prior to the in vivo experimenta-
tion described in this thesis, as the appearance of myofibroblasts in a neodermal wound histology
would be an indicator of scar fibrosis response, characterised by a contractile phenotype and o
smooth muscle actin expression (Hinz ef al., 2001). Long-term scaffold environment influence on
fibroblast behaviour was investigated using human dermal fibroblast seeded and cultured within
scaffolds in a 3 week assay . No detectable contraction occurred in any of the Smart Matrix™ scaf-

folds, although cells suspended at the same density in 3D collagen gels as a control caused rapid
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contraction. The viability of cells demonstrated by MTS was maintained over three weeks, al-
though little proliferation occurred. The expression of a-SM actin in fibrin scaffolds was lower than
in collagen scaffolds or the contractile collagen matrices (Zarb Adami, 2011 -- prevented from pub-
lishing by RAFT due to patent filing).

Further to this work, a multi-parameter morphological and functional study comparing HDF cul-
tured in fibrin/alginate, non-cross-linked collagen/elastin or collagen/chondroitin sulphate showed
some significant differences in cell morphology and secretory function. The relative expression of
IL8 was greatest within the fibrin environment, and the TGF-B1 is greatest in the collagen/chon-
droitin sulphate environment. (Garcia-Gareta ef al., 2013). This study suggested that fibroblasts are

not induced to the myofibroblast phenotype by interaction with the fibrin matrices.

Initial in vivo evaluation work of the Smart Matrix™ dermal scaffold by Dann et al., in 2009 em-
ployed a splinted full-thickness cutaneous porcine wound model. This work demonstrated that
Smart Matrix™ accelerates overlying split thickness skin graft integration and contributes to a more
rapid vascularisation of the wound bed in the porcine acute wound-healing model (when compared
to collagen gels). (Dann 2009 - not published, archives of RAFT). These initial studies examined
the in vivo integration and neovascularisation of the split thickness skin graft using Smart Matrix™
as a dermal template as a single step procedure. The method for these experiments involved the use
of a circular silicon strut that held the wound edges of a 4cm diameter circular full thickness cu-
taneous wound apart throughout the experiment. In this way, studies of the wound bed only in-
volved the dermal scaffold and overlying graft, without including epidermal creep from the wound
edges. This restricts healing to granulation from the wound bed without influence from wound con-
traction and without cellular ingress from the lateral margins or epithelial overgrowth. Hence,
change in wound area and possible contraction could not be evaluated. Additionally, previous ex-

periments were carried out over 21 day time periods. During this time the short term wound-heal-
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ing trajectory was evaluated. However no information has yet been available on the long term

wound healing properties of Smart Matrix™ in the acute cutaneous injury porcine model.

1.3 Overview of cutaneous wound healing

Integumental injury incites a tightly orchestrated sequence of events to repair the skin and seal the
wound. Wound healing is a well understood succession of tightly regulated cellular and molecular
responses to injury, with rapid inflammatory responses (Steed, 2003, Broughton et al., 2006, Gurt-
ner et al., 2008) Wound severity is generally dependent on the surface area, depth and anatomical
site, as well as the nature of injury and the systemic well-being of the patient. This healing re-
sponse involves the differential regulation of multiple genes and protein expression (Nuutila et al.,
2012,). No single master control gene or molecule has been identified. However, an important role
of mitochondrial RNA in regulating healing and repair responses is under investigation (Gu et al.,

2006, Zhao et al., 2015).

1.3.1 Epidermal wound healing

Wounds in which the full thickness of the dermis is not breached, such as a superficial burn, heal
through the recruitment of adjacent adnexal keratinocytes with a quicker regenerative time than full
thickness skin defects of a similar surface area (Pastar et al., 2014). Epidermal healing, or epitheli-
alisation, is an essential component of wound healing used as a defining parameter of its success
and is dependent upon underlying dermal vasoconstriction and epithelial stem cells and many
factors involved in the process of keratinocyte differentiation, activated by multiple stimuli (Pastar

et al., 2014). These include calcium influx, epidermal growth factor (EGF), tumour necrosis factor



(TNF) and various protein kinase C (PKC) isoforms (Jost et al., 2001). The clotting cascade is ini-
tiated when plasma fibrinogen is cleaved to form strands of fibrin to be deposited on the wound
bed. In turn, fibrin binds fibronectin, which leads to keratinocyte binding, enhancing their prolifer-
ation and migration inward from the wound edges. This occurs through cell proliferation and mi-
gration from surviving hair follicles and wound margins with evidence that interfollicular epidermal
stem cell niches can be re-established (Ito ef al., 2008). A single epithelial layer is formed with an
immature basement membrane zone with laminin, IV collagen and anchoring fibrils to restore the

basement membrane. For this process to occur in a timely fashion, an intact dermis is essential.

1.3.2 Dermal wound healing

The healing of partial or full dermal thickness wounds in which the epidermal basement membrane
and dermis are lost is dominated by a repair response resulting in replacement of lost dermis by
fibrous scar tissue (Nyugen, 2009). Healing of such defects of a critical size occurs by secondary
intention, a process of infilling of the defect with granulation tissue which differentiates into fibro-
blastic scar tissue, together with superficial epidermal regrowth (Singer et al., 1999). Dermal wound
healing is partly dependent on re-epithelialisation to maintain a moist clean environment.
Chemotactic factors released from the deposition and activation of platelets - platelet-derived
growth factor (PDGF) and transforming growth factor-beta (TGF-beta) (Singer ef al., 1999) attract
neutrophils (first 3 days) and monocytes, which engulf contaminants and cellular debris through
phagocytosis. Activation of the complement cascade (C3a, C5a) results in vasodilatation and in-
flammation. Nitric acid is integral to the regulation of cellular activity in the inflammatory and pro-

liferative phases.



Cutaneous healing is orchestrated through a precise sequence of events. It is classically character-
ised by 3 phases, the inflammatory phase, the proliferative phase and the remodelling or maturation
phase (Martin, 1997, Singer ef al., 1999). Some authorities further divide the first phase into hae-
mostasis followed by inflammation (Guo et al., 2010). For wound healing to be successful, it is
imperative that all phases occur uninterrupted, in the correct sequence and in a timely fashion.

Haemostasis initiates the process through platelet plug formation of the severed blood vessels
(Rivera et al., 2009). An established provisional matrix serves to re-establish the barrier function
and provide the structural support for migrating cells (Nieswandt et al., 2009). Simultaneously,
vasoconstriction occurs, typically lasting 5-10 minutes, limiting blood loss under the influence of
platelet-mediated vasoactive substances (prostaglandins, epinephrine, serotonins and other platelet-
derived factors) (Velnar et al., 2009, Rendell et al., 2002). Platelet-derived factors are also respons-
ible for the stimulation of the next phase. These include serotonins, histamines, and growth factors
(Yates et al., 2011). This chemotactic cellular ingress is mediated by resident dendritic cells and
macrophages, which in turn recruit neutrophils and later lymphocytes, a process lasting approxim-
ately 18-24 hours. Through phagocytosis, neutrophils engulf bacteria and remove debris while re-
leasing inflammatory mediators and bactericidal oxygen free radicals (Theilgaard-Monch et al.,
2004). Macrophages perform key regulatory functions in wound repair by releasing cytokines and
growth factors (Platelet derived growth factor (PDGF), Transforming growth factor-beta (TGF-b),
Interleukin-1 (IL1), fibroblast growth factor (FGF)), which promote immigration, proliferation and
survival and also signal the cascade to attract endothelial cells and fibroblasts to the wound to pro-
mote angiogenesis and dermal regeneration. Macrophages also produce many of the extra-cellular
matrix elements and matrix-remodelling metalloproteinases (Lucas et al., 2010). Simultaneously,
epithelial cells from wound edges and hair follicles undergo phenotypic changes and migrate across
the wound surface to re-establish an intact epithelial barrier from the environment over the underly-

ing denuded surface (Yan ef al., 2010). Keratinocyte migration occurs in a leapfrog fashion, separ-
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ating the overlying eschar from new viable tissue (Kubo et al., 2001). Acute inflammation normally
lasts up to 3 days.

Dermal repair commences 72 hours post insult with deposition of the extracellular matrix. Local
(tissue-resident) fibroblast and mesenchymal stem cells are the main contributors to neo-tissue
structure (Hinz, 2006, Driskell et al., 2013,). An influx of dermal fibroblasts occurs, which are re-
sponsible for collagen synthesis and other extracellular matrix constituents such as elastin. Colla-
gen and fibrin cross-linked fibronectin provide an adhesive matrix scaffold for the migrating cells to
be guided across the wound base (Baneyx ef al., 2002, Clark 1990). Other complex macromolec-
ules promote cell migration and proliferation (Chakravarti et al., 1990, Steffensen et al., 2001),
leading to the formation of granulation tissue. This is present in the wound bed at about three to
five days due to the proliferative action of fibroblasts, macrophages, smooth muscle and endothelial
cells. These fibroblasts further differentiate into myofibroblasts, characterised primarily by a con-
tractile phenotype and the expression of a-smooth muscle actin (a-SMA). a-SMA is preceded by
EDA-fibronectin, present in connective tissue during development but reappears in pathological
situations such as granulation tissue and fibrotic lesions (Bochaton-Piallat et al., 2016). This is a
component of the extra-cellular matrix (ECM) (Brown et al., 1993). This differentiation process
marks a transition from granulation tissue, which is sensitive to inflammatory cell infiltration and
breakdown, into the third healing phase of scar tissue formation. This involves the remodelling of
the extracellular matrix, regression of myofibroblasts and differentiation into mature fibroblasts.
Wound maturation is dependent on the timing of the re-epithelialisation process and the start of
fibroplasia (Yates et al., 2011). During this phase, fibroblasts increase fibronectin production as the
chemotactic inflammatory stimulus decreases. They form the key component of the formation of
granulation tissue and are responsible for the production of most of the collagen, fibronectin, tenas-
cin C, and other matrix proteins, including critical remodelling metalloproteases (Trebaul et al.,

2007). Myofibroblasts assist in de novo collagen deposition contributing type III collagen and elast-
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in deposition, as well as actin filaments. New blood vessels and further granulation tissue form
under the influence of matrix factors (VEGF, TGF-beta, FGF, PDGF, TGF-alpha, and other cy-
tokines) (Singer et al., 1999) which in turn stimulate other stromal cells (Werner et al., 2003,
Roberts et al., 1990, Raab et al., 1997). The extra-cellular matrix evolves to consist mostly of col-
lagen fibrils. Collagen synthesis and deposition are critical to wound healing, forming the major
constituents of scar tissue and influencing scar tensile strength, tissue architecture and ECM interac-
tions. Collagen type I and type III mainly make up scar tissue collagen, while type I collagen is
pre-dominant in innate adult skin (Varga et al., 1987, Schultz et al., 2011). Collagen fibre depos-
ition occurs along the framework of fibronectin and form strong crosslinks because of hydroxyla-
tion of lysine residues (Clark et al., 2004).

Fibroblasts are also responsible for the production of hyaluronic acid and other proteoglycans,
which include dermatan sulphate and chondroitin-4-sulphate. Being hydroscopic in nature, these
large molecules absorb water and occupy the bulk of the extracellular matrix. Collagen deposition
stabilises and homeostasis is achieved within 21 days. Further dermal strengthening occurs
through cross-link-age and organisation of these collagen fibres, rendering the now sealed wound a
stable scar matrix. Wound strength increases exponentially for about 6 weeks, finally reaching 80%
tensile strength of normal skin. Macrophages, in response to a low level of local tissue oxygena-
tion, are responsible for the initiation of angiogenesis (Tonnesen et al., 2000). The evolving ECM,
with its above-mentioned factors promote endothelial cell migration and tubular structure formation
that form the precursors of patent vessels (Iozzo et al., 2010). The regenerative phase is marked by
a proliferative response with hyperaemic blood flow, a very cellular dermis and a thick epidermis.
Resolution occurs as collagen synthesis moves to type I (rather than type III) and wound contraction
starts. Vascularisation decreases gradually, eventually giving rise to a pale flat mark. Chemokines,
expressed by keratinocytes through contact inhibition following wound re-epithelialisation, (Tensen

et al., 1999, Yate et al., 2008) and maturing microvasculature (Bodnar et al., 2009) channel the con-
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tractility of migrating fibroblasts into ECM contraction (Allen et al., 2002). Wound contraction is
mediated by myofibroblasts, which contain an abundance of actin filaments.

Simultaneously, these chemokines predispose fibroblasts to apoptosis (Shao et al., 2008) and stimu-
late anoikis of immature vessels and endothelial cells (Bodnar ef al., 2009).

The immature ECM is gradually replaced by a collagen I-rich dermis, which also suppresses the
synthetic properties of the stromal cells. Thus, the skin gradually (up to 18 months) reverts to its

unwounded state of relative avascularity, hypocellular dermis, and a defined keratinised epidermis.

1.3.3. Scarring

Scars are areas of dense fibrous tissue that replace injured skin following the wound healing pro-
cess. All types of tissue heal with a degree of scarring. The only exception to this rule is foetal
skin, which is capable of complete regeneration (Yates ef al., 2012).

Scarring occurs during the final maturation phase of wound healing. It is the longest phase, with
the resultant repaired tissue undergoing constant remodelling to approximate normal native skin as
much as possible. A scar generally takes up to twelve months to reach its final steady state (Xue et
al., 2015). A normal scar is generally pale and flat in appearance and regains up to approximately
80% of its original tensile strength (Schilling, 1976). It is rather common for the scar tissue to lack

its usual adnexae, such as hair follicles and sebaceous and sweat glands.

Abnormal scarring results from the failure of the wound to properly transition from the regenerative
phase to the resolving phase extension of matrix deposition and chronic inflammation pathologies
(Harty et al., 2003, Wynn 2008). The rate-limiting step in the wound healing process is the balance
of granulation tissue formation versus resolution. Excessive granulation tissue results in a fibrotic

wound. This is due to fibroblasts and other stromal components that are vital to dermal synthesis
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and re-modelling and maturation (Raghow, 1994). The extent of scarring is influenced by a variety
of factors, including ongoing infection, allergic reactions, and genetic background. Such factors

may contribute to pathological scarring (see below).

1.4 Factors essential to wound healing
The wound healing process is subject to many factors (local, systemic or environmental) that may
influence its trajectory or interrupt the normal state of affairs. These include tissue perfusion,

growth factors, nutrition and wound dressings.

Dermal oxygenation and venous sufficiency ensure adequate cell metabolism and the provision of
energy through adenosine tri-phosphate (ATP), the stimulation of angiogenesis, keratinocyte differ-
entiation and migration, fibroblast proliferation and wound contraction. (Bishop 2008). Superoxide
dismutase (key to the oxidative destruction of invading pathogens) produced by polymorphonuclear
leukocytes depends critically on oxygen levels. (Guo ef al., 2010).

Growth factors are responsible for the intercellular signalling that regulates the tightly orchestrated
sequence of cellular migration, division, differentiation, and protein expression during the wound
healing process (Werner et al., 2003). Much research has been carried out in order to identify indi-
vidual growth factors (these can be broadly divided into seven categories) and elucidate their role,
and their possible contribution to wound dressings. Of particular significance are the epidermal
growth factor (EGF) family, fibroblast growth factor (FGF) family, transforming growth factor beta
(TGF-p) family, vascular endothelial growth factor (VEGF), granulocyte macrophage colony stim-
ulating factor (GM~-CSF), connective tissue growth factor (CTGF), platelet—derived growth factor
(PDGF), and various chemokine including the interleukin (IL) family, and tumour necrosis factor—

a family (TNF) (Barrientos et al., 2008). Acute wounds contain the majority of growth factors that

14



contribute significantly to the initial phases of wound healing. (Komarcevic 2000). IL-1 Is respon-

sible for alerting the surrounding cells to initial epithelial cell damage (Barrientos et al., 2008).

An optimal nutritional status has been found to be integral to wound healing (Posthauer 2012).
Carbohydrate remains the prevailing source of energy in this repair mechanism, followed closely by
fats and fatty acids (Arnold et al., 2006). Glucose plays a significant role in angiogenesis and neo-
cellularisation (Shepherd 2003). Proteins, particularly arginine and glutamine, play a key role in
capillary angiogenesis, fibroblast proliferation, proteoglycan and collagen synthesis as well as
wound contraction and scar maturation. Arginine is a precursor to proline (together with lysine) of
pro-collagen and collagen. Glutamine, present in abundance in plasma and represents the major
metabolic source for cells undergoing rapid mitotic division during the proliferative phase of wound
healing. (Campos et al., 2008). Nutritional cofactors play a significant role in the wound healing
process. (Ruberg 1984). These include Vitamins Vitamins C, A and E, minerals and trace elements
such as iron, zinc, copper, manganese and magnesium. Collagen synthesis is dependent on Vitamin
C and ferrous iron as co-factors for the hydroxylation of proline and lysine. (Campos et al., 2008).
Zinc is a cofactor for procollagen N-Proteinase & procollagen C-Proteinase, whose role is to pro-
duce procollagen, the precursor to collagen. (Tengrup et al., 1981). It is also a co-factor for DNA
and RNA polymerase. Magnesium is a co-factor for a multitude of enzymes involved in the syn-
thesis of collagen and protein. Copper is the co-factor for superoxide dismutase (a cytosolic ant-ox-
idant), for cytochrome oxidase, and for the optimisation of collagen cross-linking. (Shepherd, 2003;
Arnold et al., 2006; Campos et al., 2008). Vitamin A (retinol) demonstrates anti-oxidant activity
and enhances fibroblast proliferation, modulates cellular proliferation and differentiation, increases
hyaluronic acid and collagen synthesis, while decreasing MMP-mediated extracellular matrix de-
gradation (Burgess, 2008). Vitamin E (tocopherol), another anti-oxidant, stabilises and maintains

the integrity of the cellular membrane through the provision of protection against destruction by
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oxidative stress. Due to its anti-inflammatory properties, Vitamin E is also suggested to play a role
in decreasing excess scar formation in chronic wounds. (Arnold et al., 2006). Vitamin C (L-Ascor-
bic acid) participates in fibroblast differentiation, collagen synthesis, angiogenesis and capillary

stability.

1.5 Compromised wound healing

A thorough understanding of the mechanisms of the wound healing process and the characteristics
pertaining to its abnormalities allows causative factors to be addressed and targeted methods of
treatment to be designed and employed. Occasionally, owing to the severity or the nature of the
trauma, its anatomical location and / or associated co-morbidity, the skin’s regenerative capability is
compromised, resulting in a non-healing indolent wound, with a portal for infection, risk of fluid
loss and ensuing systemic complications. It is often the case that chronicity may be due to multiple

pathological factors and additive or compound effects (Mustoe et al., 2006).

The pathogenesis of chronic wounds is multifold. Causative factors negatively influencing wound
healing may be broadly characterised dichotomously into local and systemic factors. Systemic
factors include advancing age, diabetes, stress, gender hormones, immune-suppression, steroid use
and suboptimal nutrition, while local factors include peripheral vascular disease and ischaemia, and
contaminants, debris and infection. Indolent non-healing wounds are rarely found in individuals not
otherwise healthy (Sen et al., 2009). Elucidation of precipitating factors has led to improved wound
care, and to prophylactic measures being employed to offset their incidence.

Individuals over the age of sixty exhibit temporal delays in wound healing without impairment in

terms of the quality of the outcome (Gosain et al., 2004). This delay is associated with an altered
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inflammatory response, delayed T-cell infiltration, altered chemokine production and reduced mac-
rophage phagocytic capacity (Swift ef al., 2001). Each phase of wound healing sequence undergoes
characteristic changes relating to the skin’s ageing trajectory. These include enhanced platelet ag-
gregation and secretion of inflammatory mediators, delayed infiltration of macrophages and lymph-
ocytes, impaired macrophage function, decreased secretion of growth factors, delayed re-epithelial-
isation, delayed angiogenesis and collagen deposition, reduced collagen turnover and remodelling,
and ultimately decreased wound strength. (Gosain et al., 2004).

Older male individuals have been shown to exhibit delayed healing of acute wounds when com-
pared to their female counterparts of a similar age. Oestrogens (estrone and 17f-estradiol), andro-
gens (testosterone and Sa-dihydrotestosterone, DHT), and their steroid precursor dehydroepiandros-
terone (DHEA) appear to positively significantly influence the wound-healing process (Gilliver et
al., 2007). Differences in gene expression between elderly male and young human wounds are al-
most exclusively oestrogen-regulated (Hardman and Ashcroft, 2008) as oestrogen regulates genes
associated with matrix production and regeneration, protease inhibition, epidermal function, and
inflammation (Hardman et al., 2008). Studies are indicative that oestrogen has a beneficial influ-
ence of the age-related impairment in cutaneous healing in both men and women, while androgens
negatively regulate wound healing. (Gilliver et al., 2007).

Patients who smoke show a delay in wound healing (Siana et al., 1989; McDaniel et al., 2014; Ahn
et al., 2008) and an increase in a variety of complications such as infection, wound rupture, wound
necrosis, epidermolysis, and a decrease in wound tensile strength. (Chan et al., 2006; Ahn et al.,
2008). Over four thousand substances have been identified in tobacco smoke, with many having
been shown to negatively influence healing (Ahn et al., 2008). The main offenders are nicotine,
carbon monoxide, and hydrogen cyanide. Nicotine compromises oxygen supply by inducing tissue
ischemia, as it causes decreased tissue blood flow. (Ahn et al., 2008; Serensen et al., 2009). This is

because nicotine stimulates sympathetic nervous activity, with release of epinephrine, which causes
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peripheral vasoconstriction and decreased tissue perfusion. It also increases blood viscosity caused
through a reduction in fibrinolytic activity and an augmentation of platelet adhesiveness. Carbon
monoxide in also causes tissue hypoxia by aggressively binding to haemoglobin with a much great-
er affinity than oxygen, with a resulting decreased fraction of oxygenated haemoglobin. Hydrogen
cyanide impairs cellular oxygen metabolism.

In the inflammatory phase, smoking impairs white blood cell migration, with a resulting decreased
wound presence of monocytes and macrophages, and reduced neutrophil bactericidal activity.
There is a depression of lymphocyte function, natural killer cell toxicity and IL-1 production (Ahn
et al., 2008). These effects increase the risk of opportunistic wound infection while also inhibiting
the wound healing process. Fibroblast migration and proliferation are decreased during the prolif-
erative phase of wound healing. This results in reduced wound contraction, hindered epithelial re-
generation, decreased extracellular matrix production, and a protease imbalance (Ahn et al., 2008).
It has been shown that the cessation of smoking results in an improvement in repair and a reduction
in incidence of wound infection. (Sorensen ef al., 2003). However, contrary to the above theories,
there have been recent studies suggesting that low doses of nicotine may actually enhance an-
giogenesis thereby improving healing (Jacobi et al., 2002).

Ischaemia, often resulting from peripheral arterial disease, is a major contributing factor to chronic
wounds. It is found more commonly in in diabetic patients. Peripheral arterial disease is the only
identifiable aetiology in approximately 10% of leg ulcers (Hafner et al., 2000) An impaired blood
supply fails to deliver oxygenated blood, nutrients and cellular components in adequate amounts
and in a timely manner, hence the impairment in healing.

Diabetes is a very commonly occurring condition affecting up to 25% of the population in the de-
veloped world. The lifetime incidence of foot ulcers in diabetes sufferers may be as high as 25%
(Singh et al., 2005). This is due to many factors. Diabetes is closely associated with peripheral

vascular disease (Huysman et al., 2009). Additionally, hyperglyacaemia makes a diabetic wound
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more favourable to pathogens and hence infection and increases vascular superoxide production
(Casqueiro et al., 2012). This interferes with nitrous oxide production, a promoter of angiogenesis,
endothelial and epithelial cell proliferation and migration. Matrix Metalloproteinases (MMPs) are
zinc endopeptidases that potentially degrade all components of the extracellular matrix (ECM) dur-
ing all stages of normal wound healing. (Vitlianova et al., 2016) . Usually, the interaction of MMPs
with growth factors maintains the balance of the ECM. In such circumstances, the amount of MMP
is increased (Ayuk et al., 2016). Hence, the increase in tissue destruction and inhibition of normal
repair processes.

Deficiencies in carbohydrates, proteins and essential fatty acids may have a profound detrimental
impact on wound healing following trauma and/or surgery. Patients with chronic or non-healing
wounds and experiencing nutrition deficiency often require special nutrient supplements. (Guo et
al., 2010). As collagen synthesis is dependent on the hydroxylation of lysine and proline, a defi-
ciency in co-factors such as ferrous iron and vitamin C results in an impairment of wound healing
(Campos et al., 2008). Additionally a Vitamin C deficiency reduces fibroblast proliferation, de-
creases angiogenesis, and increases capillary fragility. It also leads to an impaired immune response
and an increased susceptibility to wound infection. Similarly, a deficiency in vitamin A results in a
reduction of anti-oxidant activity with a resulting compromise of fibroblast proliferation, negative
modulation of cellular differentiation and proliferation, decreased collagen and hyaluronate synthes-
is, and increased MMP-mediated extracellular matrix degradation (Arnold ef al., 2006; Campos et
al., 2008).

Micronutrient deficiencies have been shown to have a negative impact on wound repair. Deficien-
cies of the important trace elements, iron, magnesium, zinc and copper deficiencies which act as co-
factors for many enzymes involved in protein and collagen synthesis, result in significant impair-
ments in wound healing. (Shepherd, 2003; Arnold et al., 2006; Campos et al., 2008). Composite

nutrition support would benefit both acute and chronic wound healing. (Guo et al., 2010)
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Obesity represents another state of malnutrition. Obese individuals face a higher incidence of
wound complications. These include wound dehiscence, hematoma and seroma formation, pressure
ulcers, and venous ulcers (Wilson et al., 2004). A relative hypoperfusion occurs in subcutaneous
adipose tissue and in surgical wounds, there is an increased tension on the wound edges when com-
pared to leaner individuals. This contributes to wound dehiscence, as such wound tension increases
tissue pressure, thereby reducing microperfusion and oxygen availability (Wilson et al., 2004;
Anaya et al., 2006). Obesity is also often associated with many other co-morbidities which impair
healing such as diabetes.

Stress can significantly impair cutaneous wound healing in humans and animals through the activa-
tion of the hypothalamic-pituitary-adrenal axis (deAlmeida et al., 2016). This occurs through the
effects of increased circulating glucocorticoids, and pro-inflammatory cytokines. While a robust
systemic inflammatory response is imperative to wound healing, high levels of inflammatory mark-
ers are associated with impaired healing (Christian et al., 2007).

When the protective physical barrier of skin is breached, microbes and contaminants that would
normally be commensal, gain access to normally sterile tissue. The inflammatory phase of wound
healing is integral to the removal of contaminating micro-organisms. This phase is prolonged in the
absence of effective decontamination and removal of debris such as necrotic tissue and /or foreign
bodies. Bacterial endotoxins and some exotoxins may induce the prolonged elevation of pro-in-
flammatory cytokines such as interleukin-1 (IL-1), TNF-a and MMPs (Guo ef al., 2010). If this
perpetuates to become a steady-state, the wound may enter a chronic state, with further ECM de-
gradation and thus fail to heal. Reduced levels of naturally occurring protease inhibitors also oc-
curs, which results in the rapid degradation of growth factors, which is characteristic of chronic
wounds. (Edwards and Harding, 2004; Menke et al., 2007).

Biofilms — communities of sessile microbial cells that attach to a surface and secrete a hydrated ex-

tracellular polymeric substance matrix — are a common factor invariably present in wounds, and
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there is evolving evidence to show that they are also involved in the chronicity of wounds and in
abnormal wound healing. Sixty per cent of chronic wounds contain a biofilm on light and scanning
electron microscopy (Bryers et al., 2008) when compared to 6% in acute wounds. The organisms
become embedded in in this matrix which is composed of polysaccharides, proteins, glycoprotein’s,
glycolipids and extracellular DNA. Most microorganisms in chronic wounds exist in biofilms. The
implication is that antimicrobials employed conventionally are unable to eradicate the nidus of in-
fection in biofilms. Hence, many chronic wounds become infected repeatedly with the same micro-
organisms. Thus, to administer the appropriate treatment to poorly healing wounds, the flora of the

lesion must be understood together with the composition of the biofilm (Martin et al., 2010).

Systemic factors Local factors

Malutrition Infection

Increasing Age Ischaemia

Sex Peripheral vascular disease
Diabetes

Stress

Smoking

Steroid use

Table 1.5: Factors detrimental to wound healing

While scar formation is part of the natural wound healing process, occasionally this final process
may go awry. Such problems include abnormal pigmentation, excessive contraction, hypertrophic
scarring or keloid scarring. Poor scar formation is often characterised by excess and aberrantly-
linked collagen deposition that renders the tissue weaker than unwounded skin (Hynes 2009).

Variations in melanin deposition may occur (Chadwick et al., 2012). Hypopigmentation is com-

moner in darker skins, while post-inflammatory hyperpigmentation is rather common in Asian
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skins. Scar re-pigmentation depends both on the depth and width of the wound (Chadwick et al.,
2012). Studies have demonstrated that re-pigmentation occurs when melanocytes migrate into a
wound after full re-epithelialisation. In healing human burns, melanocyte travel lags behind the
leading neo-epithelial edge by 2-3 mm (Chadwick et al., 2012). Post-inflammatory hyperpigmenta-
tion is often encountered in clinical practice, observed as wounds darken in colour as they heal.
This phenomenon can sometimes be persistent for a considerable amount of time following injury.
It is thought that melanocytes may become activated by inflammatory mediators, or reactive oxygen
species released by damaged skin (Chadwick et al., 2012).

Wound contraction occurs as part of the normal healing process, with the aim of sealing the wound
in a timely fashion. Myofibroblast activity in the initial stage generates contractile forces to pull the
edges of the wound until it disappears by apoptosis during the final stage. An altered regulation of
myofibroblast disappearance would cause their persistence in the dermis and the continuous con-
traction of the scar, leading to a contracture (Shin et al., 2004). This may pose a problem if contrac-
tion is either excessive or if the scar overlies a joint or causes traction on a facial feature. (see pho-

to). Scar contractures over joints would disallow full range of movement of the joint.
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Figure 1.5.1: Scar contractures across the left side of the face and neck following a childhood burn
from a kerosene lamp. Source: taken by author (in Scheer Memorial Hospital, Banepa, Nepal, April
2009) and reproduced with the patient s verbal and written consent.

On occasion, fibroblast proliferation is excessive while collagen synthesis is inhibited. The trans-
forming growth factor family (Mainly beta 1 and 2) is largely responsible for excessive scar forma-
tion. Contrarily, the TGF-beta 3 may have an inhibitory function on scar formation through its an-
tagonist properties towards TGF-beta 1 and 2 TGF-beta 2. Some cytokines, in particular interferon-
alpha (INF-alpha), may also decrease scar formation, as they decrease the fibroblast proliferation
and reduce collagen and fibronectin synthesis through reduction of mRNA synthesis (Komarcevic
2000).

Hypertrophic scars primarily contain loosely arrayed type III collagen fibrils oriented parallel to the
epidermal surface with many nodules containing collagen filaments, myofibroblasts, and acidic
polysaccharides (Hynes 2009, Slemp 2006). Hypertrophic scars stay within the limit of the original
wound margins and tend to regress over time due to the gradual reduction of the excessive collagen

(Singer et al., 1999) secondary to abnormalities in epidermal-dermal crosstalk. They generally oc-
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cur within 4 to 8 weeks following wound closure with excess tension, wound infection, or traumatic
skin injury (Wheeland 1996) and develop over months. Keloid scars, on the other hand, consist
mainly of disorganised type I and III collagen, with pale-staining hypocellular collagen bundles
without nodules or excess myofibroblasts (Slemp et al., 2006). Both hypertrophic and keloid scars
demonstrate a relative overproduction of multiple fibroblast proteins. This is suggestive of either
pathological persistence of wound healing signals or a failure of the appropriate down-regulation of
stromal cells. This leads to a persistent inflammatory matrix, which attracts macrophages through a
sterile inflammatory response, thus accentuating further wound bed turnover. This would suggest

that the development of such pathological scars is dependent on the timing of wound resolution

(Yates et al., 2012).

Figure 1.5.2: Hypertrophic Scar. A red raised scar which remains confined to the scar without in-
filtrating surrounding tissue. Source: taken by author (in Scheer Memorial Hospital, Banepa,
Nepal, April 2009) and reproduced with the patient s verbal and written consent.
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Figure 1.5.3: Keloid scarring over anterior chest wall and shoulders. Keloid scarring is typically
raised, pigmented, pruritic and extends beyond the confines of the original injury into uninjured
tissue. It is commoner in darker skins and in the distribution of sebaceous glands. Source: RAFT

archive.

1.6 Adjuncts to wound healing: Dermal Replacement Scaffolds

The adjuncts to cutaneous wound healing are various, ranging from simple wound dressings and
local and systemic optimisation of patient parameters to the replacement of skin components. Skin
substitutes aim to replace the anatomy and physiology of the skin in order to achieve wound closure
(Halim et al., 2010). This thesis will concentrate mainly on dermal and extra-cellular matrix substi-
tutes.

Dermal substitutes refer to a heterogenous group of materials used to (permanently or temporarily)
cover wounds where extensive areas of skin are missing and to promote healing (Halim et al.,
2010). Such devices seek to replace the middle layer of the skin, the dermis, so as to facilitate cu-
taneous wound closure. Such scaffolds or matrices are engineered in such as way as to reliably

mimic the dermal structural and functional properties. Although these products are sometimes de-
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rived from naturally occurring sources, design, development and manufacture of such adjuncts be-

long to the discipline of tissue engineering.

1.6.1 Hypothesis

The basic concept of a dermal replacement template is a 3-dimensional biomaterial framework that
provides a densely reticulated and protected tissue territory that cells can adhere to, migrate
through, and organise around, to form a histological structure (Shahrokhi et al., 2014). In order to
be effective, cellular ingress from the wound bed into the scaffold must occur, to allow for integra-
tion of the material with the body. They refer to bio-matrices that anatomically and physiologically
mimic the functions of the cutaneous dermal layer (Shahrokhi et al., 2014) and act as scaffolds to
promote new tissue growth and enhance wound healing (Zhong et al., 2010). The working hypo-
thesis is that pre-vascularised dermal scaffolds will result in better quality scarring when used with
split thickness skin grafts (Druecke et al., 2004). The exact mechanisms by which such adjuncts
support and promote both structural and functional remodelling of injured tissues in vivo are being

increasingly studied and understood (Turner et al., 2015).

1.6.2 History

The concept of replacing skin dates back to the 15th Century BC, where xenografting was described

in the Papyrus of Ebers (Halim ef al., 2010). The Manuscript of Branca in the first half of the 16th

Century described the use of allogeneic skin grafts. In 1871, Reverdin first described the concept of
autologous skin grafting, as we know it today (Horch et al., 2005). Initially skin substitutes were

developed as a potentially alternative treatment for burn wounds in the 1980s. Over time, the indic-
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ations for such matrices have broadened to include challenging wounds as well as those not curable
by conventional treatment methods. This is possibly owing to the fact that there is a much larger
incidence of such wounds than burn injuries.

The paradigm of artificial dermal replacement was realised from the experience of long-term results
of use of split thickness skin grafts (STSG) onto debrided full thickness wounds being associated
with fragile skin and associated occurrence of hypertrophic scarring. Rheinwald and Green were
pioneers in substitute skin products almost four decades ago, when they cultured isolated keratino-
cytes (CaK) and developed them into sheets of cells, two-or three cells thick (Rheinwald et al.,
1975). In 1981, O’Connor ef al used cultured autologous epithelium to cover burn defects, creating
a “skin equivalent” or “composite culture” over a collagen I based dermal substitute (Ho, 2002).
Research into extraction methods improved the removal of immune antigenicity while retaining the
extracellular matrix molecular component, architecture and biological activity. These advances con-
tributed to the concept of extracellular matrix as an intrinsic organising structure in cutaneous
wound healing (Crapo et al., 2011). Its potential continues to be explored and exploited through re-
fined technologies for selective extraction and preservation of residual extracellular matrix-associ-
ated biological activity.

Dermal equivalents have since been developed to serve as a template for dermal repair. Parallel de-
velopments in synthetic dermal scaffolds, notably with the development of the Integra™ dermal
regeneration template, led to the combined use of a dermal template and epidermal reconstruction
method, either STSG or CaK sheet. In a bid to improve overall wound healing, dermal scaffolds
were either derived xenogeneically and later through bioengineering, and impregnated with dermal
fibroblasts and covered with an outer layer of keratinocytes. The concept of a synthetic approach to
bio-manufacturing an artificial skin offers potential advantages as synthetic materials can be theo-
retically defined, engineered and reliably reproduced for mass manufacture. This could lead to

more cost-effective realistic products for mass clinical use. This approach is also amenable to at-
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tempts to define a minimum physical and chemical requirement for providing a cyto-compatible
extra-cellular matrix.

This matrix behaves as a physical and physiological extracellular matrix. Due to different compo-
nents in different products, the elasticity and pliability of the reconstructed skin is increased. De-
pending on their components, many of these substitutes were employed as wound dressings or a
various skin component replacements, and there exists a continuum of all these adjuncts in the

wound healing armamentarium.

1.6.3 Mechanism of action

The scaffold is designed to function as a healthy ECM replacement in the place of the absent or
dysfunctional ECM that is unable to support wound healing, providing an inductive microenviron-
ment (Gibson et al., 2009, Turner ef al., 2015). The “journey” of the dermal replacement scaffolds
requires a de novo synthesis process or the modification of animal derived dermal matrices, fol-
lowed by adequate preparation, wound bed preparation, implantation into the skin wound, host cell
cellularisation, neo-vascularisation and angiogenesis, and scaffold re-modelling and/or degradation
(Sun et al., 2013). The variation in extra-cellular matrix nature, modification and processing
among different bioscaffolds means that the mechanisms of action in tissue repair differs somewhat
between one scaffold and another (Ramshaw et al., 2007, Sun ef al., 2013). Some concepts are
common to all matrices. Naturally derived ECM scaffold material is subjected to a series of phys-
ical, biochemical and radiation processes to rid it of antigenicity, cellular material and micro-organ-
ism contamination (Deeken et al., 2012). Collectively these processes result in a variation of ana-
tomical and physiological properties, with resulting differences in host responses (Shah et al.,

2011). A higher degree of similarity of the end product to host ECM, results in a higher degree of
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compatibility and therefore a decreased likelihood of eliciting an adverse reaction (MacNeill ef al.,
2007).

The three-dimensional property structure of the scaffold is integral to the processes of cell infiltra-
tion and capillary permeation (Loh et al., 2013) while providing a degree of biomechanical
support. The pores of the ECM are infiltrated by host fibroblasts and capillaries, hence homogen-
eity in pore size and structure is key to the dependability of a scaffold (Loh et al., 2013). This cell-
infiltrated membrane is gradually converted into a synthesised vascular connective tissue matrix,
similar to innate dermis, as the original network of the substitute scaffold is biodegraded generally
by enzymatic degradation or hydrolysis (Badylak ef al., 2009).

In addition to the native ECM structure, other components are also used in the scaffold in order to
simulate the natural skin ECM. This is a stabilisation process referred to as cross-linkage, the de-
gree of which may modify the degradation process (Davidenko et al., 2015). Cross-linking agents
may have effects on product durability, elasticity and rigidity (Grover et al., 2012). Such agents in-
clude, polysaccharides such as glycosaminoglycan (GAG), or chemicals such as aldehyde derivat-
ives. Physical methods such as heat application or irradiation have also been employed. Any resid-
ual chemicals from the cross-linking process may affect the inflammation process. Among others
this may be due to cytotoxicity, calcification and foreign body response (Delgado et al., 2015).
Ideally inflammation is minimal (Harmsen et al. ,2010) and matrix degradation is gradual to com-
plete integration and vasculogenesis with host tissue (de Vries ef al., 2004). In vivo studies demon-
strate that the host response to the scaffold is significantly influenced by cross-linking density.
Heavily cross-linked collagen-based materials promote a pro-inflammatory response that may result
in impaired wound healing or fibrous encapsulation, while those products which are not cross-
linked result in a more rapid protease-mediated degradation and thus potentially an increase in scar
tissue formation (Delgado ef al., 2015). These properties determine the extent of cellular infiltration

and tissue ingress.
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In acute full thickness wounds treated with dermal scaffolds, the vascularisation process is essential
to the establishment and survival of the neo-epidermis (Druecke, 2004, Macleod 2005, Haifei,
2014). Neovascularisation is related to formation of granulation tissue (Arbiser, 1996). Activation
of the immune system can stimulate angiogenesis (Kwee, 2015). Thus, failure of synthetic graft in-
tegration, or time-appropriate vascularisation, have been associated with failure of angiogenesis into
graft and implants (Druecke, 2004). These considerations suggest a pro-angiogenic scaffold posi-
tively contributes to its overall integration, to that of it overlying skin graft and the subsequent sta-
bility of the new tissue. The physical structure of a material such as pore size, homogeneity, inter-
connectivity and hierarchical structure, is an over-riding determinant of cellularisation and vascular-

isation relating to scaffold functionality (Hollister 2005, Harley et al., 2008).

1.6.4 Criteria for a dermal replacement scaffold

The development of skin substitutes has reduced the incidence of some complications associated
with skin grafts, such as donor site morbidity, immune rejection of allogenic skin grafts, pain, ad-
verse scarring, slow healing, and infection (Capo et al., 2014). Apart from their mechanically sup-
portive action, successful biocompatible scaffolds should assist the successful engraftment of the
overlying skin graft (Bi et al., 2013), as they expediently promote granulation tissue formation,
fibroblast-driven remodelling, angiogenesis, and re-epithelialisation. Ideal dermal replacement
scaffold functions require the translation from clinical needs into key physical, chemical, biological,
mechanical and immunological properties (Ruszczak et al., 2003). As described above, essential
characteristics include appropriate physical and mechanical properties, controlled degradation, ster-
ility, non-toxicity and non-antigenicity, minimal inflammatory reactivity and provision of a vital

barrier function. Adherence is considered one of the key properties of the ideal dermal template
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(Woodroof et al., 2010, Woodroof ef al., 1984, Demling et al., 1995, Demling et al., 2000, Pruitt et
al., 1984, Shahrokhi ef al., 2014). This facilitates the fixed juxtaposition of the scaffold both to the
wound bed and to the overlying epidermal replacement to facilitate the “take” while also reducing
the risk of seroma or haematoma formation separating the wound bed and overlying structures.
Angiogenic ECM factors (growth factors) are responsible for capillary infiltration and securing the
viability of the overlying dermal and epidermal components. While collagen (the most commonly
used ECM material in dermal scaffolds) does exhibit some angiogenic properties, a soluble ECM
factor such as fibrin has been shown to demonstrate greater angiogenic potential (Potter ef al.,
2006). Integration must be rapid if the barrier to fluid loss and infection is to be established in a
timely manner. It should ideally provide a full thickness replacement while allowing for a single-
stage reconstruction procedure, thus reducing the number of trips to the operating theatre (thereby
reducing length of in-patient stay and costs of management). There exists a variety of synthetic
dermal replacements which has certainly modified the reconstructive ladder helping to cover large
area cutaneous defects in less time and effort. This is especially of essence in the elderly, paediatric
and multimorbid patients (Koenen et al., 2010).

The scaffold should be resorbed by the body within 21 days, the average length of the migration
phase of the wound healing process (Van der Veen et al.,2010, Demling et al., 1995). If shorter, it
would not function as the necessary template providing the support and direction for inosculation
and vascular and cellular ingress. This is largely dependent on the cross-linking of GAGs. Long-
term persistence of the scaffold material longer than three weeks may invoke a foreign body effect
with possible ensuing chronic inflammation (Badylak, 2008). The composite material should with-
stand sterilisation procedures, without alteration in chemical or structural properties. Ease of hand-
ling and application, flexibility of the scaffold to conform to irregular wound surfaces would make

the product optimal (Capo et al., 2014).
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Shelf-life should be long with easy storage and transportation properties with easy maintenance
shelf stability. Three factors are paramount in the development of tissue-engineered materials: the
safety of the patient, clinical efficacy and convenience of use (Blackwood et al., 2008).

Cost-effectiveness is paramount in this economic climate. The determination of the cost-efficiency
of a dermal scaffold should take into account all factors surrounding the patient’s road to recovery
including in hospital stay, use of consumables as well as the cost of the biotechnology product. An
ideal dermal scaffold would thus reduce to number of trips to the operating theatre if full thickness
skin reconstruction were a single stage procedure, and would expedite recovery and down time.

(Langer et al., 2009).

1.6.5 Wounds eligible for treatment

Their scope is to either expedite or induce wound healing or to provide a method of improvement of
the resulting scar. Challenging wounds satisfy the former criteria, while the latter wound pertain to
scar revision procedures carried out in order to improve cosmesis and/or function. The applications

for dermal replacement scaffolds are many. See the table below for a list of their indications.

1.6.6 Classification of dermal replacement scaffolds

Dermal substitutes may be classified in various different ways. These may be natural versus syn-
thetic scaffolds, they may contain cells or be acellular and finally they may be temporary or per-
manent substitutes. Some dermal replacement scaffolds are coupled with an overlying epidermal
substitute, and are termed composite grafts, such as Apligraf. In some cases there is a fine line

between temporary wound dressings and more permanent dermal replacement substitutes. Most
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dermal substitutes are not permanent per se, as they are generally reabsorbed or broken down by the
body, over varying time scales, depending on the nature of the constituents. Dieckmann et a/ di-
vided skin substitutes broadly into two categories, biomaterial and cellular (Dieckmann et al.,
2010). The former tends to be acellular and derived either from natural sources, or completely syn-
thetic. Natural sources include human cadaver skin - autologous or allogeneic - or xenogeneic: por-
cine, bovine, ovine, squaline or derived from the frog (Juhasz et al., 2010). Derived dermal com-
ponents as well as other substances such as collagen may be of organ origin such as small intestine.
Synthetic materials are composed of biodegradable polymers.  Dermal replacements can also
sometimes be categorised according to the number and nature of the different layers comprising the
product. However, overlap between classifications does occur, as some dermal substitutes combine
both biosynthetic materials with natural occurring ones in the same product.

Natural scaffolds consist of human, porcine or bovine derived dermis. The advantages of biologic
scaffolds are that the immunologic response is favourable, especially with human-derived scaffolds
(Gock et al., 2004). Similarities in dermal porosity and basement membrane to native dermis also
lend to their success. However, there remains a risk of (albeit small) of disease transmission (Van
der Veen et al., 2010). The extra-cellular matrix behaves as a three-dimensional acellular scaffold

consisting of varying amounts of collagen and elastin.

1.6.7 Currently available dermal scaffolds

The following is a brief summary of the main commercially available dermal scaffolds. This list is
by no means exhaustive.
Human derived dermal scaffolds include Alloderm, Glyaderm, SureDerm, Dermagraft (now mar-

keted as Transcyte), Graft Jacket, Tiscover, Allopatch HDTM, Alloskin, Cymetra, Dermacell,
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Arthroflex, Flex HD, GammaGraft, Graft Jacket Regenerative Tissue Matrix, Memoderm, Puros
Dermis, Repliform and Theraskin and Matrix HD.

Allogeneic cadaveric dermis is farmed and grown in specialist centres and can be delivered on de-
mand. However it is rather expensive and demand heavily outweighs supply. Its shelf life is ex-
tremely short, with cells reaching senescence and therefore rather fragile. Cadaveric dermis also
carries the potential risk of transmissible viral contamination such as cytomegalovirus. Human de-
rived dermal substitutes not processed from donated human cadaveric skin are generally derived
from human neonatal fibroblasts, most commonly placental (Juhasz et al., 2010) or neonatal fore-
skin. Some dermal substitutes, such as Tiscover are autologous human allografts, taken from the
patient’s own skin and processed.

Alloderm is a human derived natural biologic dermal substitute. The cadaveric dermis is subjected
to a freeze-drying procedure following exposure to high salt content, and the removal of cellular
components. This is one of the fist dermal substitutes to be employed, having been used in the
treatment of burns and soft tissue defects (Levin ef al., 2011) since the early nineties. As it is de-
rived from human tissue, it is immunologically inert. AlloDerm may also serve as an alternative
method of suitable coverage and provide a temporaneous bridge to permanent reconstruction or as a
permanent biologic dressing for the treatment of complex surgical defects (Jansen et al., 2013).
Glyaderm is the European equivalent of Alloderm — an acellular glycerol preserved collagen-elastin
matrix, mainly used in the treatment of burn injuries.

GRAFTJACKET® Regenerative Tissue Matrix (Wright Medical Technology; Arlington, TN), sim-
ilarly is derived from donated human cadaver skin, which is processed to be bereft of the epidermis
and all cellular components. The extracellular matrix and biochemical factors are preserved. Graft-
jacket is used to treat loss of integumental areas such as diabetic foot ulcers. (Wright Medical Tech-
nology Inc., 2008) (Brigido et al., 2006). GRAFTJACKET® EXPRESS Scaffold (Wright Medical

Technology; Arlington, TN) is the decellularised and micronised equivalent soft tissue scaffold in-
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dicated for the repair or replacement of damaged or inadequate skin, specifically deep, dermal
wounds that exhibit tunnelling and extension from the wound base that may move into the tendon
and bone (Harding et al., 2010). GammaGraft is a cadaveric human skin allograft which has under-
gone irradiation. It is designed as a temporary graft for treating full-thickness indolent wounds on
the extremities. Irradiating the graft preserves and sterilises the tissue. It is currently used to cover
skin defects such as skull calvarial defects (Sivak et al., 2016). Dermagraft is a human fibroblast-
derived dermal substitute (Marston et al., 2003). Available in the EU and the US, it consists of a
collagen and GAG extracellular matrix on a synthetic bio-absorbable cultured scaffold (Biobrane)
impregnated with neonatal human fibroblasts. It use is largely limited to full-thickness chronic
wounds (of 6 weeks duration or longer) such as diabetic ulcers and pressure sores, where there is no
exposure of underlying bone, tendon, joint capsule or muscle. Dermagraft is a nylon mesh fabric
covered with a thin layer of silicone rubber membrane. The latter, serves as a temporary epidermal
"barrier." It is stored in a frozen condition to be thawed only immediately before application to the
debrided, clean wound bed. As it is semitransparent, it facilitates continuous observation of the un-
derlying wound bed (Hansbrough et al., 1997). Dermagraft is now marketed as Transcyte It is a
useful adjunct in expediting healing time in indeterminate depth wounds typically requiring
debridement and would otherwise heal spontaneously (Noordenbos et al., 1999). TheraSkin® (Sol-
uble Solutions, Newport News, Va.) is a biologically active cryopreserved human skin allograft
with both epidermis and dermis layers; the cellular and extracellular composition provides a supply
of growth factors, cytokines and collagen to support the wound healing process. It is an effective
treatment adjunct in the management of venous leg ulcers and diabetic foot ulcers (Landsman ef al.,
2011). StrataGraft (Stratatech Corporation, Madison, WI USA) is another bi-layered composite skin
substitute. This comprises a dermis and a stratified, functional epidermis generated from pathogen-

free, neonatal immortalised human keratinocyte progenitor cells. The performance of this medical
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device is comparable to cadaver allograft for the temporary management of burns and other chal-
lenging skin defects before autografting (Schurr et al., 2009).

Porcine dermal replacement substitutes include EZ-Derm, Oasis, Pelnac and Strattice. EZ-Derm is
a glutaraldehyde cross-linked acellular porcine dermis. It has been employed since the mid-1980s
as a temporary wound dressing and its application is mainly utilised in partial thickness burn
wounds (Lawin et al., 2002). Viewed more as a biologic wound dressing rather than a synthetic
dermal replacement, it was found to reduce wound pain and provide a local environment more con-
ducive to wound healing (Troy et al., 2013). Oasis® wound matrix is a cellular natural occurring
dermal replacement, derived from porcine small intestine. It is employed in the management of full
and partial thickness cutaneous acute or chronic wounds (Juhasz et al., 2010). This is available in
the EU and in the US. Pelnac® is a collagen matrix and silicon bilayer scaffold derived from por-
cine tendons (Suzuki et al., 2000). Following neutralisation and freeze-drying, it is employed in
Asia and Japan in sponge form for acute cutaneous dermal defects.

MB-Collage, also marketed as Collagen-Klee (Medical Biomaterial Products GmbH Neustadt-
Glewe, BRD), is one of the first resorbable, porcine collagen membranes to reach the market. It is
relatively thicker than most other scaffolds at Smm. It is marketed as a medical device to expedite
connective tissue proliferation during cutaneous wound repair (Neumann-Scholz et al., 1988).
BGC Matrix (Brennen Medical Inc, St. Paul MN, USA) is an example of a complex tissue engin-
eered dermal replacement scaffold. It consists of a porcine collagen hydrocolloid matrix and beta-
Glucan, as well as a complex carbohydrate isolated from the cell wall of oats, combined in a multi-
filament mesh (Delatte et al., 2001). Biobrane is a synthetic wound dressing consisting of a silicone

sheet bonded to a textured nylon mesh coated with porcine collagen and polypeptides (Hansen et

al., 2001).
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Bovine derived dermal replacement matrices include Integra™, Matriderm™ , and Promogran.
Matriderm™ 1is very commonly used in many UK plastic surgery units while Integra™ is very
commonly used for burns and large skin defects. The latter is extremely popular in the US.

A multilayer extracellular matrix with bovine collagen and GAG (Integra™, Integra™ NeuroS-
ciences, Plainsboro, NJ), Integra™, is currently the gold standard dermal replacement method em-
ployed in the US, and is used very widely in the UK, Japan and other Asian countries and EU too
(Melendez et al., 2008). This is a bilayer membrane system for skin replacement. The dermal re-
placement layer is made of a three-dimensional porous matrix of cross-linked bovine tendon colla-
gen fibres and a GAG (chondroitin-6-sulfate) that is manufactured with a controlled porosity and
defined degradation rate. The temporary epidermal substitute layer is made of synthetic polysilox-
ane (silicone) (Murphy et al., 2010). The serves to provide wound homeostasis on application by
controlling moisture flux from the dermis. The collagen-GAG dermal layer of Integra™ is biode-
gradable that induces organised regeneration of dermal tissue (“neodermis”) (Compton et al., 1998).
The pore volume fraction, average pore size, and degradation rate of the collagen-glycosa-
minoglycan dermal layer are controlled to enable cellular and vascular ingress while inhibiting
wound contraction. The dermal portion serves as a template for the infiltration of fibroblasts, mac-
rophages, lymphocytes and endothelial cells that form a neovascular network. As healing pro-
gresses, native collagen is deposited by fibroblasts, and the collagen portion is biodegraded over
time (Murphy et al., 2010). Upon adequate vascularisation of the dermal layer and availability of
donor autograft tissue, the temporary silicone layer is removed and a thin, meshed layer of epiderm-
al autograft is placed over this “neodermis” (Kremer et al., 2000). Cells from the epidermal auto-
graft grow, forming a confluent stratum corneum, thereby sealing the wound and reconstituting a
functional dermis and epidermis. Integra™ is available in two different versions: Integra™ Dermal
Replacement template, mainly employed in the management of scar contracture (Figues et al.,

2007) or in the post-excisional treatment of life threatening full-thickness wounds when sufficient
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autograft is not available or the patient’s physiological status does not allow for more invasive in-
tervention. Integra™ Bilayer wound dressing is used for both partial and full thickness cutaneous
wounds (Singh et al., 2001, Stern et al., 1990), chronic ulcers, or surgically created wound defects
(for example post excision of skin neoplasms) (Stern et al., 1990). It is also indicated to expedite
donor site healing after free flap harvest (Gravvanis et al., 2007). Pre-clinical in vivo data was
achieved with studies involving female Yorkshire swine and the creation of full-thickness wounds.
Wounds treated simultaneously with Integra™ and cell suspension demonstrate that cells remain
viable, migrate through the Integra™ template and self-organise into differentiated epidermis
(Wood et al., 2007). This matrix is a scaffold that is well tolerated by mice, pigs and humans and
supports epithelial cell invasion and capillary growth and found its purpose as an immediate wound
dressing for coverage to a dermal regeneration template that allows for the transition from an acel-
lular matrix to specific host tissue. Integra™ has also been used extensively to study the in vivo
kinetics of neo-vascularisation (Shaterian ef al., 2009, Lindenblatt et al., 2008).

Matriderm™ is a native, structurally intact three-dimensional matrix of non-cross-linked bovine
collagen I, I1I, V and elastin hydrolysate based dermal substitute and elastin hydrolysate available in
sheets of Imm or 2mm thickness, which allows for a one-stage reconstructive procedure. The extra-
cellular matrix proteins serve as a scaffold for reconstitution of the skin and the modulation of scar
tissue. The matrix serves as a support structure for the ingrowth of cells and vessels. Its elastin
component improves the stability and elasticity of the regenerating tissue. As the healing process
advances, fibroblasts produce their own extracellular matrix, and Matriderm™ is resorbed. Matri-
derm™ is currently highly favoured in the UK and the EU due to its one stage application. It has
been found to be especially useful in the reconstruction of skin defects on the dorsum of the hand,
increasing elasticity and pliability of the skin, when compared to controls with just split-thickness

skin grafts (Ryssel et al., 2008).
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In vitro studies using Matriderm™ show that large numbers of proliferating epidermal cells (kerat-
inocytes and melanocytes) can be generated within 10-14 days and seeded onto the matrix. This en-
ables easy and stable transport of such epidermal cells for up to 24 hours under ambient conditions,
thus establishing a transport carrier system to transfer proliferating epidermal cells to human dermis
in vitro (Ryssel et al., 2010). In vivo murine studies looked into the use of pancreatic stem cells
combined with Matriderm™. These stem cells were found to significantly increase the epidermal-
isation, vascularisation and healing in full-thickness wounds (Salem et al., 2009). In vivo studies
comparing the efficacy of Matriderm™ and Integra™ in the rat model showed that efficiency and
quality of vascularisation expressed by take rate of epidermis, and thickness of resulting neodermis,
were identical for both matrices (Schneider et al., 2009).

Terudermis® is an acellular multilayer collagen sponge matrix and silicon layer. The collagen
sponge is dermis-like tissue made from bovine type I atelocollagen, derived from calf dermis (Tani-
hara et al., 2008). This is available in Asia and Japan where it is used to treat dermal defects sec-
ondary to trauma and iatrogenic wounds including mucosal defects such as cleft lip surgery, middle
ear surgery and reconstruction after excision of oral mucosal neoplastic lesions and vocal cord scar-
ring (Ohno et al., 2010. In vivo studies included evaluating the biodegradability of the synthetic
polypeptide and its influence on epithelialisation, in the ear pad of the rabbit. Terudermis was com-
pared to a chemically synthesised polypeptide (Pro-Hyp-Gly). This study showed that this chemic-
ally synthesized polypeptide may be useful as a scaffold for tissue engineering and tissue regenera-
tion (Tanihara et al., 2008).

Renoskin® is a bilayer artificial dermis comprising a purified and stabilised bovine collagen layer
with an overlying silicon sheet, the latter acting as a temporary epidermal substitute while providing
some control for wound moisture control.

Promogran is a bovine collagen scaffold containing regenerated oxidised cellulose. It is thought that

cellulose provides a substrate for binding to the matrix metalloproteases commonly found in chron-
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ic wound beds (Juhasz et al., 2010). This binding would lead to the inactivation of such enzymes
through a substitution mechanism, thus preventing further degradation of the extra-cellular matrix,
and thus facilitating wound repair (Kakagia et al., 2007).

Some dermal substitutes cannot be simply categorised as outlined above, due to varying degrees of
overlap between the categories. Some of these are mentioned below. Orcel® is a bovine bilayer
collagen matrix impregnated with allogeneic human dermal fibroblasts and epidermal keratinocytes
cells on opposite sides (Bello ef al., 2001). It is used in the US in the treatment of acutely excised
surgical wounds such as in the release of burn contracture scars. It is particularly effective in the
management of donor site wounds after harvest of split thickness skin grafts (Still ez al., 2003).
Tissue engineering progress has led to the development of synthetic dermal replacements, in the
stead of those described above of xenogeneic or allogeneic origin.

Hyalomatrix is comprised of a scaffold dermal replacement of esterified hyaluronic acid beneath a
silicone membrane (Longinotti ef al., 2014,). As hyaluronan is directly delivered to the wound bed,
elasticity of the neodermis is improved while the silicone membrane acts as a temporary epidermal
barrier (Myers et al., 2007). It was found to provide durable skin coverage in full thickness tissue
loss (Erbatur ef al., 2012).

Apligraf is a complex whole skin substitute, with a short shelf-life of 5 days. It is a living skin
equivalent comprising type 1 bovine collagen and allogeneic fibroblasts as the dermal component
and allogeneic neonatal foreskin-derived keratinocytes as the epidermal component (Zaulyanov et
al., 2007).

It is worth mentioning that acellular dermal matrices are very often used as adjuncts in other pro-
cedures such as Strattice and Surgiderm (porcine acellular dermal matrix) in abdominal wall and
hernia repair (Guerra et al., 2014) and breast reconstruction surgery (Spear et al., 2013). Cymetra
and Surederm can be used to repair cartilage and vocal cords, and is available in an injectable form

as a dermal filler in cosmetic procedures (Juhasz et al., 2010, Karpenko et al., 2003). Allopatch is a
40



minimally processed acellular human dermal scaffold which is used to treat tendinous injuries such

as rotator cuff tears (Barber ef al., 2009).

1.6.8 Limitations of dermal replacement scaffolds

Currently available skin substitutes for wound healing unfortunately fall short of the ideal dermal
replacement scaffold as they exhibit a range of problems including wound contraction, scar forma-
tion, and poor integration with host tissue. Bioengineered dermal substitutes possess a similar
structure that imitates the natural extra-cellular matrix. However, such replacement scaffolds still
lack those structures and functions necessary to the skin’s anatomy and physiology, leading to a
compromise of form and function when compared to innate undamaged skin. Candidate scaffolds
should allow surrounding cells to migrate fully into the scaffolds, enabling vasculogenesis and re-
modelling without invoking a chronic inflammatory response (Blackwood et al., 2008).

The number of dermal regeneration templates available is increasingly on the rise. The use of arti-
ficial dermis in surgery prolongs the length of time in theatre per visit only marginally (by a few
minutes). Integration of the overlying split-thickness skin graft may take slightly longer than that
with split thickness skin grafting alone (Greenwood et al., 2010). A porcine study examining the
long-term outcome of 5 different dermal substitutes concluded that there was no scar difference in
scar quality between the different scaffolds ((Integra™), ProDerm(®), Renoskin(®), Matriderm™
2mm and Hyalomatrix(®) PA) and the control group. Further to this it speculated that the real only
value of dermal replacement scaffolds might lie in the reduction in operating theatre time and in-
patient stay in a one-stage reconstruction (Philandrianos et al., 2012) but there is no real advantage
to a two-stage procedure. Many resources are currently invested into the research of the creation of

the scaffold which will satisfy all essential and desirable criteria. Their immediate availability, stor-
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age and long shelf life make it possible for large areas of skin loss to be treated in a timely manner,
thus enabling more efficient and appropriate wound cover.

Advantages using human derived products include that fact that the resulting transplants do not con-
tain animal ingredients and therefore less immunological rejection occurs than with xenografts.
This is reduced further if the dermis is an allograft and less so if autologous to the patient. How-
ever, this then introduces a time lapse disadvantage until the skin is processed from the biopsy. It
was also noted, in a murine comparative study (Truong et al., 2005), that human skin-derived
products, produced the least contraction and the thickest neodermis in the healed full thickness cu-
taneous wounds, when compared to control or synthetically engineered dermal substitutes.

The added benefit of synthetic tissue-engineered and decellularised scaffolds, as opposed to those
bearing cellular components, lies in the avoidance of antigenic eiptopes (Macadam et al., 2012).
Infection and prion transfer potential remain small risks in naturally occurring dermal substitutes
(Halim et al., 2010). Some religious groups find opposition to the use of animal-derived tissue be-
ing implanted into their bodies, with a resulting limitation and conflict over treatment options and
surgical procedures. Abrahamic religions including Judaism and Islam find strong opposition
against porcine products, while the Hindus consider the cow sacred and avoid beef products. It is
now considered acceptable for members of the Jewish faith to undergo surgery using porcine
products (Jenkins et al., 2010). Followers of the Muslim faith are only permitted to use porcine
surgical products in exceptional circumstances when all other options have been exhausted. Hindu
religious leaders do not condone the application of bovine surgical implants (Easterbrook et al.,
2012). Jehovah’s witnesses believe that the Bible prohibits the transfusion of blood and the intern-
ment of human derived products, though this is usually reserved to cellular components of blood

and some plasma-derived products (Jenkins et al., 2010).
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The evolution of the dermal regeneration template has come a very long way since its inception.
However, preferably, the new skin will exhibit all the features and functions of naturally occurring
native un-injured skin, similar to its immediately surrounding skin. At present, dermal substitutes
only partially address functional skin prerequisites (Shakespeare et al., 2005). These properties are
largely inherent to the dermis and include pigmentation, and adnexae such as sensation, sweat
glands and hair follicles, all of which are usually absent in skin grafts. Any wound typically con-
tracts, and especially grafted wounds tend to contract and often have a snake or crocodile-skin ap-
pearance (due to commonly practiced meshing procedures) (Shevchenko et al., 2010). The ideal
dermal regeneration template will reduce the inherent contractile property of scar tissue to a minim-
um and leave the skin texture as close to that of normal skin as possible. Another avenue for im-
provement is to reduce the ‘seams’ between normal skin and treated skin, thus rendering the trans-
ition less apparent. Animal-derived dermal replacements may represent other potential pitfalls.
These include low thermal stability, nonspecific cell attachment, and susceptibility to contamination
by infectious pathogens, such as prions, which may transfect humans inflicting deleterious condi-
tions (Tanihara et al., 2008).

Synthetic creation of dermal templates using methods such as electrospinning is seen as advantage-
ous due to the possibility to determine and tailor scaffold pore size and uniformity (Rnjak-Kovacina
et al., 2011). Hyaluronan also appears to be a very promising component of scaffolds, as it signific-
antly enhances in vitro cell infiltration and in vivo tissue ingrowth, as well demonstrating interac-

tions with cell surface receptors to activate signalling pathways conducive to cell migration (Li e?

al., 2012).
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1.6.9 Conclusions

In summary, in order for Smart Matrix™ to be “fit for purpose”, it needs to fulfil the following re-

quirements:

Suitable long-term graft survival with adequate or improved scarring parameters

. Superiority to the current gold standard (split thickness skin grafting alone) and to the alter-
native of allowing a wound to heal by secondary intention

*  Non-inferiority to the dermal scaffolds currently most commonly used (Integra™ and Ma-

triderm™),

. Improvement of the wound healing trajectory in the challenging wound

1.7 A review of the literature of the pre-clinical compromised wound
healing models to evaluate dermal replacement scaffolds

1.7.1 Introduction

As research into regenerative skin technologies continues to evolve, more products make their way
to patients. The translation from bench to bedside is a long and arduous multi-step journey, in
which multiple in vitro and in vivo studies are required. The real value of wound healing adjuncts
lies in their ability to heal a refractory wound. In the planning of this research project, it was
thought to be of value to examine the healing trajectory of Smart Matrix™ in both the acute wound
setting as well as the challenging wound setting. While the acute full thickness excisional porcine
wound is standardised, a literature review was carried out to find a reliable reproducible pre-clinical

model of attenuated cutaneous wound healing.
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The animal model chosen depends heavily on the research topic in question, the product to be
tested, as well as the clinical scenario to be simulated (Middelkoop ef al., 2004). Currently the gold
standard utilises full thickness excision wounds to evaluate experimental materials and advanced
therapies (Middlekoop et al., 2004). The most commonly accepted and widely used model is the
porcine skin, as this most closely bears semblance to the wound healing physiology and anatomy of
human skin. (Philandrianos et al., 2012). (Kangesu, 2002, Sullivan et al., 2001, Ramos et al.,
2008). Rodent skin anatomy and physiology bears the next closest semblance to human skin (Gal-
lant-Behm et al., 2009, Wang et al., 2010). Pig studies showed 78% agreement in wound healing
with human skin, while small mammal studies showed 53%, and in vitro studies showed 57%
agreement (Sullivan et al., 2001). Less frequently, other models such as the rabbit model are used
too. The impact of these differences on wound-healing studies has been recognised since at least
1915 (Spain 1915). It stands to reason, that an accurate model of human wound healing should use
an animal that similarly reflects human skin characteristics.

The creation of wounds in animals seeks to reproduce specific clinical scenarios. Simulation of at-
tenuated wound healing requires modulation of wound repair rates. This may be achieved at either
systemic or local levels, - by modifying the host response through the use of genetically modified
animals or by local alteration of the insult or anatomical site. To date, few animal models simulate
such challenging wounds in a reliable, reproducible and cost-effective manner. This means that our
ability to simulate or predict the outcome of advances wound healing and reconstruction treatments
and biomaterials is very limited. Common challenging wounds occurring in humans include ve-
nous and arterial ulcers, decubitus ulcers, diabetic wounds and those resulting from complex trauma
or iatrogenic events such as radiation. Aetiologies in different species pertain to differences in habi-
tat, in cutaneous sensitivity, genetics and immunology among other contributing factors (Swaim et

al.,1993).
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Furthermore, the American FDA (Food and Drug Administration) guidelines advocate the use of
multiple relevant (ie selected species should exhibit a biological responsiveness to the test product)
animal models to assess the effectiveness of wound treatments, to help establish pharmacological
responses, as well as assess potential toxicities of wound-treatment products (www.fda.gov.us,

2006).

1.7.2 Aims of review

This review aimed to catalogue the laboratory mammal in vivo attenuated wound healing models
used. Its objectives included considering how challenging wounds are created, and appraising dif-
ferent models’ advantages, disadvantages, reproducibility and reliability, and their application and

extrapolation to clinical scenarios. The aim of this review was to determine the optimal pre-clinical

compromised wound healing model.

1.7.3 Methods

A systematic review was conducted using PRISMA principles. This was initially carried out in
May 2011 and revised for contemporaneity for the writing of this thesis in December 2016. A sen-
sitive search strategy was built in conjunction with an information scientist, then applied to AMED,
PUBMED, MEDLINE, EMBASE, Web of Science and the Cochrane Library (including CEN-
TRAL as a source of grey literature from inception) until December 2016. A MESH index and free
text terms were used with no language restrictions (google translate was used where necessary).

Abstracts for search results were screened using pre-specified stepwise criteria. Data were extract-
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ed and if appropriate, meta-analysis would be performed. Otherwise, narrative synthesis was per-
formed. The search strategy included the following terms: animals, disease models, attenuated,
chronic, ischaemic, delayed (in conjunction with wounds and animals), skin dermis, epidermis, cu-
taneous, cicatrix and biofilms (duplicates were removed). Risk of bias was assessed using the
Cochrane risk of bias tool for randomised control studies, the ROBINS-I tool for observational

studies, and AMSTAR for systematic reviews.

1.7.4 Results

Four hundred and twenty five articles were included after screening 1751 results. No systematic re-
views or multi-centre trials were found. There were 11 articles which reviewed the literature per-
taining to animal models for challenging skin wound healing. In 2003, Sisco and Mustoe reviewed
animal models for cutaneous ischaemic wound healing, particularly in the rabbit and in the rat
(Sisco et al., 2003). Middelkoop et al reviewed porcine wound models for skin substitution and
burn treatment in 2004 (Middelkoop et al., 2004). Salcido et al reviewed animal models for pres-
sure ulcer research in 2007 (Salcido et al., 2007), while in 2008, Olerud reviewed models for dia-
betic wound healing and healing into percutaneous devices (Olerud, 2008). In the same year, Perez
et al discussed the relevance of animal models for wound healing (Perez et al., 2008). A review of
external traumatic infected animal wound models was published in 2011. This reviewed experi-
mental infections created in animal models of surgical wounds, skin abrasions, burns, lacerations,
excisional wounds and open fractures (Dai et al., 2011). More recently, Ansell et al published a re-
view article titled “Animal models of wound repair: are they cutting it?” This article reviewed
commonly applied models and their limitation, in a bid to provide direction for the future develop-

ment of new models (Ansell ef al., 2012). King reviewed animal models for type 1 and type 2 dia-

47



betes in 2012 (King, 2012). Avci et al published a review of animal models of skin disease for drug
discovery in 2013 (Avci ef al., 2013). This included chronic wounds. In 2014, Nunan et al dis-
cussed the challenges researchers face to re-capitulate the clinical complexity of a cutaneous chron-
ic wound in an animal model. Again, the most commonly employed models and their limitations
were discussed (Nunan et al., 2014). In the same year, Abdullahi et al discussed the various animal
models used in burn research. (Abdullahi et al., 2014). In 2015, Seaton et al reviewed porcine
wound models for cutaneous healing (Seaton et al., 2015).

Studies included description and / or validation of a model, or the use of different models of com-
promised wound healing to evaluate the use of drugs or medical devices. Employing an attenuated
wound model, 312 articles used rat and mouse models, 8 articles used guinea pig models, 42 articles
used rabbit models, 3 articles used dogs and 1 article used sheep and 36 articles used pigs.
Methodological quality varied. Three papers describes comparative studies, 17 included technical
descriptions of methods, while the remainder mentioned the use of techniques to compare different
treatment modalities.

Various techniques to compromise cutaneous wound healing were identified. These can be cate-
gorised according to the animal used, according to whether the modification was local, systemic or
genetic, or according to the pathology being simulated. There appears to be considerable variation
in what was considered “compromised” or “attenuated” wound healing based on inferences from
studies. Many methods of creating wounds in animals have been described, in both the acute and
compromised wound settings. These include abrasions, full thickness incisions, partial thickness
(epidermis and varying amounts of dermis) excision wounds, full thickness excision (entirety of
dermis) wounds and varying degrees of burns (Davidson 1998). In the studies reviewed, burns
were created through the application of a heated metal (brass, steel or copper) rod (Sheu et al.,
2014) or flask filled with hot liquid (Cuttle et al., 2006) and applied to the anaesthetised pigs’ flank

or to anaesthetised mice. Scalds (Brans et al., 1994) and flame burns were also described, with con-
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trol of the total body surface area and depth of the burn wound. Burning of smaller mammals such
as mice, rats and rabbits, involves shaving the area to be burnt (to ensure uniformity of depth and
distribution). The animal is then placed on its back in a template constructed of a flame resistant
mould with the window exposing a predetermined surface area of skin, which is then immersed in a
water bath set to a pre-determined temperature (600-800C) for the necessary amount of time to in-
flict a partial or full thickness burn (Abdullahi et al., 2014). The larger the animal, and the thicker
the skin, the longer then amount of time needed to inflict the desired injury (Mitsunaga et al.,

2012). All these procedures are carried out with appropriate sedation, anaesthesia and pain relief.

1.7.5 Animal models

1.7.5.1 The murine model
The murine model refers to mice and rats interchangeably. As the literature review revealed, this
has been used extensively. Wistar and Sprague-Dawley rats were the breeds found to be most

commonly used in this literature review.

Modulation of local tissue to attenuate the wound healing response

Ischaemia

In 2005, Gould et al described a validated model of an ischaemic wound, using a dorsal bipedicled
skin flap. A wound was later created in the central area of this flap (Gould et al., 2005). This
wound demonstrated reduced vascularisation, with increased inflammation and delayed wound clo-
sure. This model was later modified by Trujillo e al through the placement of a silicone sheet im-
mediately beneath the flap, thus preventing re-vascularisation and reducing wound contraction, as

wound healing takes place (Trujillo et al., 2015).
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The creation of an ischaemic limb was described by Niiyama et al in 2009, as a model for peripher-
al arterial disease in order to test new therapies. The hind limb of a rat is rendered ischemic through
the ligation of the common femoral artery (Niiyama et al., 2009). Brenes et al further described
high femoral artery ligation and total excision of the superficial femoral artery to render the limb

severely ischaemic (Brenes et al., 2012).

Pressure ulcers

Sadler et al described the in vivo replication of pressure ulcers using 2 magnets on a pinch of dorsal
skin of anaesthetised mice. As pressure ulcers are thought to form due to an ischaemia—reperfusion
cycle, 3 12 hour cycles of ischaemia were used to create a pressure sore: full thickness skin loss
with necrosis and damage of the underlying subcutaneous tissue (Stadler et al., 2004). A similar
method involves implanting a metal plate subcutaneously, followed by periodic compressions using
an external magnet. These model is advantageous as it does not limit the mobility of the animal
(Peirce et al., 2000 and Wassermann et al., 2009).

Maldonado et al described the placement of human full thickness skin grafts onto the dorsum of
male, non-obese, diabetic/severe combined immunodeficient mice, which were later subjected to
pressure similar to the method described by Stadler, but using a pinch device (similar to a clothes
peg) that delivered a constant pressure of 150mmHg in 3 cycles of 8 hours clamping with 16 hour
release breaks. This resulted in irreversible tissue ischaemia which in turn led to tissue necrosis,
observed as an ulcer on the edges of the compression device and in the underlying deep dermal and

subcutaneous tissue(Maldonado et al., 2014).

Radiation

In humans, it is known that skin that has undergone treatment with radiation exhibits a delayed and

compromised healing response (Hopewell et al.,1990, Gu et al., 2002). A rat model of impaired
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wound healing was established and described by Schwentker ef a/ in 1998, where a random-pattern
dorsal skin flap was created in an area exposed to a single radiation exposure of 20 Gy. The result-
ing wound showed diminished scar formation and wound breaking strength, when compared with
controls (Schwentker et al., 1998). In 2011, Takikawa et al described the effect of different radi-
ation doses on mice. Exposure of 15 Gy led to de-pigmentation and depilation, exposure of 20 Gy
resulted in minor skin erosions or ulcers in most rats, while exposure to 30 Gy resulted in non-heal-
ing wounds. Additionally, full thickness wound defects were created in skin exposed to 20 Gy.
These wounds demonstrated delayed wound healing when compared to non-irradiated skin
(Takikawa et al., 2011). However, a more recent study showed that that irradiation of the mouse
lower limb at ~ 15 Gy might be a more appropriate model for basic research into wound healing in
irradiated skin, than higher doses on the dorsum, as wounds showed delayed healing with lower in-
flammation and no necrosis. One study that utilised whole body gamma irradiation. Full thickness
wounds were created on the dorsum of Swill Albino mice, to study wound healing parameters.
Wound contraction and healing were delayed in the mice that underwent whole body irradiation (El

Hamoly et al., 2015).

Ultraviolet (UV) damage

UV radiation-induced connective tissue damage in murine models started in the 1960s, when nor-
mal mice were used. Hairless mice were adopted in the 1980s as their skin was more similar to
human skin (Benavides et al., 2009). Currently, the most commonly used hairless mouse for study-
ing photoageing is the albino Skh-hairless-1 (Kligman, 1996). UV induced damage is used to study
both the ageing skin and the delayed wound healing responses associated with sun damage and high

doses of irradiation (Davidson et al., 1991).

Chemical insult

51



Necrotic skin ulcers have been induced in mice using a single intradermal injection of doxorubicin
(0.05 mg; 1 mg/ml). The ulcers reached maximum size between 5 and 10 days after injection
(Rudolph ef al., 1976). This model has been used to examine various wound treatments and dress-
ings. In 2016 Maeda et al described the use of the accepted bleomycin-induced scleroderma model
as a model for wound healing retardation. A full thickness wound was created in the sclerosed skin

of nude mice following locally injected bleomycin (Maeda et al., 2016).

Infection

Infection may prolong the inflammatory phase of wound healing, such that it renders the wound
chronic (Guo, et al., 2010). Various forms of wound infection are used, ranging from plain wound
inoculation to the creation of biofilms. Wounds are most commonly inoculated with Pseudomonas
aeurginosa, Staphylococcus aureus or Escherichia coli. Many types of wounds can be infected.
These include linear incisions, burn wounds, partial thickness wounds and full thickness excisions.
The most common mouse strains used are BALB/c, CD-1, CF-1, C57/BL, as well as mutant diabet-
ic mouse, SCID bg mouse. The major strains of rat used are Sprague-Dawley, Lewis and Wistar

(Dai et al., 2011).

Systemic modulation to attenuate the wound healing response

Diabetes

Diabetes mellitus sufferers are more prone to developing indolent lower limb wounds. The most
commonly used animal model of human diabetes is the chemotherapeutic agent streptozotocin
(STZ)-induced type 1 diabetes in the rat (Wei et al., 2003). This is a relatively simple and cheap
model, that can sometimes also be used in higher animals (Dufrane et al., 2006). In this review,
this was also found to be the most commonly employed model of compromised cutaneous wound

healing. Alloxan is also a commonly used agent. Both these agents compete competitively with
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glucose for insulin-secreting pancreatic B-cells due to similar structures (Bansal ef al.,1980). The
substances are injected subcutaneously, intra-peritoneally or intravenously (Szkudelski, 2001),
either as a single dose or as multiple low doses. Hyperglycaemia usually occurs a few days follow-
ing injection. Limitations with these models include the relatively narrow diabetogenic dosing and

the toxicity to other organs, especially the kidney (Szkudelski, 2001).

Steroids

In 1999, Gupta et al described the validation of a delayed full-thickness excision wound-healing
model. Systemic immunocompromise was achieved through the injection of intra-muscular hydro-
cortisone (40mg/kg) in male rats. 8mm full thickness excision wounds were later created, and their
healing parameters evaluated. The immunocompromised state was confirmed through the observa-
tion of splenic and adrenal gland atrophy, significantly reduced of circulating lymphocytes and in-
creased neutrophils. The wound edges contracted less than controls and took significantly longer to

epithelialise (Gupta ef al., 1999).

Stress

Chronic stress impairs wound healing through the activation of the hypothalamic-pituitary-adrenal
axis, and subsequent elevated levels of circulating glucocorticoids, which have been shown to delay
wound closure (deAlmeida ef al., 2016). Chronic stress can be induced in the murine models in one
of several ways: rotational stress, restraint stress, shaking, social defeat, tilted cage, hot air stream,
overnight illumination and inverted light cycle (Monteiro ef al., 2015). Restraint, rotational stress
has been employed quite frequently in the study of impaired cutaneous wound healing, where the

subject is stressed over a number of days both pre and post-wounding (Padgett et al., 1998).

Ageing
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In 2012, Soybir et al published literature stating that wound healing progressed at a slower rate in
aged rats following a cutaneous incisional wound, when compared to their younger counterparts
(Soybir et al., 2012). Ageing in mice was associated with lower tensile strength in the initial stages
of the wound healing process, but greater tensile strength later on, while ageing in rats was associ-

ated with early lower tensile strength difference between young and old rats later in healing wounds

(Kim e al., 2015).

Malnutrition and metabolic disease

Tanaka et al described a delayed healing model of by creating a full-thickness skin wound on the
dorsum of rat with induced malnutrition secondary to restricted food intake. Wound healing was
prolonged compared to that of well-nourished animals (Tanaka et al., 1994). Otranto et al studied
the effects of various degrees of protein restriction on cutaneous healing in Wistar rats. This study
showed that animals exposed to slight protein restriction present disturbed wound healing, but an-
imals exposed to severe protein restriction present impaired wound healing. (Otranto et al., 2009).
Buck et al described inoculating nude mice with Chinese hamster ovary cells secreting TNF-alpha
to induce cachexia. These mice showed a decrease in collagen synthesis, and displayed impaired
healing of incisional and excisional skin wounds, compared with control animals (Buck et al.,
1996).

As obesity can impair wound healing, Eo ef a/ described a study examining a therapeutic measure

using obese mice. Obesity was induced using a high fat diet for 10 weeks (Eo et al., 2016).

Genetic modulation to attenuate the wound healing response

The use of transgenic and knockout animal models allow for the creation of wounds which resem-
ble in behaviour chronic wounds such as diabetic wounds, due to the action and/or absence of cer-

tain proteins which are critical to normal wound healing (Martin et al., 1997).
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Diabetes

Rodent models for diabetes include spontaneous NOD mice, BB rats or LEW.1AR1/-iddm rats,
where pancreatic beta-cell destruction occurs due to an auto-immune process or genetically induced
AKITA mice.

Genetically diabetic mice have been extensively used to improve understanding of diabetic and
compromised wounds and to examine the effects of various wound dressings and wound healing
adjuncts (including acellular dermal matrices) dressing on the compromised wounds, on the basis
that the diabetes would mirror human compromised wound healing behaviour. One shortfall of
diabetic mice is their inability to thermoregulate, which could lead to increased mortality during

studies.

Immunocompromise

MMP9-null mice as well as athymic mice have been used to study the effects of wound healing ad-
juncts. This is because matrix metalloproteinases have been shown to positively participate in the
wound healing response, in particular the inflammatory phase, extracellular matrix remodelling,
angiogenesis and epithelial remodelling (Kyriakides et al., 2009). Genetic murine models also in-
clude (among others) models for metabolic syndrome, skin tight mice, various skin pathologies,

sickle cell athymic mice and immunocompromise (athymic, nude and SCID mice).

Limitations of the murine model

The murine model has not been found to be truly representative of the human cutaneous situation,
due to the distinct physiologic and anatomical differences. These animals also have a thinner
dermis and epidermis and an increased number of hair follicles, the presence of a panniculus

carnosus muscle and an innate ability to heal infected wounds (Sullivan et al., 2001, Trujillo et al.,
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2015). Their wounds heal mainly through contraction rather than epidermal cell migration (Schierle

et al.,2009).

1.7.5.2 The guinea pig model

In addition to the burn methods described above, sulphur mustard has been used in the hairless
guinea pig to create both superficial and deep cutaneous burn defects in the guinea pig. As the reac-
tion is dose-dependent, this model can be used to simulate long-term injuries (Dachir et al .,2012).
Experimental hypertrophic scars were created using an excision of the panniculus carnosus and
treating the resulting wound with coal tar. This wound model remains to be validated (Aksoy ef al.,

2002). The guinea pig belongs to the rodent family and hence limitations are as described above.

1.7.5.3 The rabbit model

Modulation of local tissue to attenuate the wound healing response

Ischaemia

Ahn and Mustoe described using the rabbit ear model to attenuate healing using delayed epithelial-
isation, thus resulting in prolonged inflammation and hypertrophic scarring (Said et al., 2005).
Ischemia is induced through the ligation of the caudal and central arteries and dermal circulation
circumferentially, so both ears are perfused only by the rostral artery, preserving the caudal, central,
and rostral veins. Wounds were then created in the ear. The ischaemic ear was found to more truly
represent the compromised wound healing model (Ahn et al., 1990). This was then used to research

various treatment modalities for hypertrophic scarring (Kloeters et al., 2007, Kryger et al., 2007).
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Infection

Further to this work, another study was carried out by Seth et al., in 2012, introducing bacterial
biofilms into the ischaemic rabbit ear model. Through blood supply modulation prior to wound
creation, a host-related variable was introduced into the interaction between the wound bed and bac-
terial inoculum. This is otherwise rather difficult to appropriately simulate in other published in-
vivo models. The biofilm wound model for wound chronicity and complexity simulation has been
studied quite extensively to evaluate different wound treatment modalities such lavage, silver sulfa-
diazene application and debridement on established Pseudomonas aeruginosa biofilm wounds (Seth
et al., 2012). This is due to the fact that biofilms are thought to be a major (65-80%) contributing
factor to human non-healing wounds undergoing anti-microbial treatments (Metcalf et al., 2013).
The persistent hind limb ischaemia model in rabbits has been used to examine treatment modalities
for ischaemic ulcers and for purposes pertaining to vascular surgery. The distal external iliac artery
is ligated and the common and superficial femoral arteries are excised. These rabbits then go on to
develop superficial necrotic wounds on the foot, while some others are wounded in order to create a

specific defect (Pu et al., 1994).

Hypertrophic scarring model
A hypertrophic scarring model was described in which 6mm wounds were created on the dorsal or
ventral surfaces of the rabbit ear. Seventy per cent of these wounds formed excess dermal scarring

similar macroscopically and microscopically to human hypertrophic scars (Li et al., 2001)

Systemic modulation to attenuate the wound healing response

Diabetes
Wang et al created create a long-term model of diabetes by injecting a single dose of alloxan mono-

hydrate (100 mg/kg) intravenously to New Zealand White rabbits. Hyperglycaemia is confirmed
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within 10 days of injection and biopsies of multiple organs showed diabetic change (Wang et al.,
2010) while skin wound showed a delay in healing.

The rabbit ear ischaemic model was also used in alloxan—induced hyperglycaemia in rabbits (with
no vascular compromise) to study the effects of fibrin scaffolds on (Breen ef al., 2008) gene transfer
from adenovirus encoding endothelial nitrous oxide synthase. This study was used to provide in-

sight into improving wound healing in diabetic foot ulcers.

1.7.5.4 The canine model

The greyhound dog has been used in an attempt to recreate decubitus ulcers, as its hind leg is
covered by relatively thin skin and a paucity of subcutaneous fat (Swaim et al., 1993). The ulcer
was created using a cast with increased pressure areas over the bony prominences. Type 1 diabetes
can be induced in the dog using streptozocin or a partial or total pancreatectomy procedure (King et
al., 2012). The use of clinical companion animals (such as dogs and cats) as translational models

for cutaneous wound healing has yet to be established. (Volk et al., 2013)

1.7.5.5 The porcine model

Different breeds of pig exhibit responses to wounding that parallel those observed among humans
of different ethnicities. As such, porcine models serve as excellent experimental models to study
various aspects of human wound healing (Middelkoop ef al., 2004).

The wound healing mechanism of porcine skin closely resembles that of humans in that it heals
through epidermal cell migration and has a similar cutaneous vascular supply (Hadad et al., 2010).
Like humans, they have a relatively thick epidermis with distinct dermal papillae, rete pegs, and a
dense dermal elastin and collagen fibre network. Porcine skin adheres to underlying structures,
similar to human skin (Davidson ef al., 1998). Like the human epidermis, the pig’s skin turnover

time is approximately 30 days and the immune cells in pig skin include dendritic cells similar to
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those in human skin (Seaton et al., 2015). Hence this animal has become the gold standard for pre-
clinical studies pertaining to skin wounds and their treatments. It also remains the most commonly
applied wound model due to similarities in size of wound and animal (Debeer et al., 2013). How-

ever, porcine skin heals with a lower tendency to form abnormal scars (Rittie et al., 2016).

Modulation of local tissue to attenuate the wound healing response

Many articles describe the modulation of local areas of tissue to simulate a compromised wound
healing environment. These include rendering tissue ischaemic, creating localised pressure to mim-
ic pressure ulcer pathology, induction of infection, irradiaton, chemical burn creation and foreign

body insertion.

Ischaemia

Bipedicled myocutaneous flaps measuring 5 x 15c¢m (ratio 1:3) were created on the dorsum of pigs
(Roy et al., 2009, Kerrigan ef al., 1986). The skin and muscle were then separated to prevent cu-
taneous revascularisation. These skin areas were thus rendered ischaemic. The decreased blood
supply was confirmed through Laser Doppler. Full-thickness wounds were created in the most vas-
cularly compromised areas of this tissue (Roy ef al., 2009). These wounds showed delayed macro-
phage infiltration and epithelialisation, and hence were confirmed as a reproducible wound model

for ischaemic ulcers (Seaton ef al., 2015).

Pressure

The leading cause of pressure ulcers is believed to be the prolonged pressure on the skin overlying a
bony prominence, with various other contributing factors such a poor nutrition, immobility, mois-
ture, lack of sensation and shearing forces amongst others (Maklebust et al., 1987). Many local and

systemic methods have been employed in the porcine model to reproduce decubitus ulcers.
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Initial studies described complete spinal cord transection, rendering the pigs immobile and insensate
(Dinsdale 1974, Daniel ef al., 1981. In a subsequent study, pigs were rendered monoplegic through
the unilateral transection of the first lumbar nerve root. Some time later, disks were applied to the
affected dermatome with constant pressure for 48 hours. This resulted in relatively uniform full-
thickness pressure sores extending to bone (Hyodo et al., 1995). This latter wound model was asso-
ciated with significantly decreased morbidity and mortality when compared with the initial models

describes (Seaton et al., 2015).

Radiation

The effects of radiation have been studied in some depth to assess and characterise the reaction of
porcine skin to different doses (Kim et al., 2013). In 1998, Bernatchez et al, described the valida-
tion of a delayed porcine wound healing model that using single dose (1500Rad) irradiation of the
dorsal skin (under general anaesthesia) prior to creation of the surgical wounds. Histological exam-
ination confirmed a delay in formation of granulation tissue, angiogenesis and filling out of the
wounds. Newly formed blood vessels were larger and more irregular than controls. (Bernatchez et
al., 1998). Hadad et al employed electron beam radiation to create a delayed wound healing re-
sponse in the porcine model to study the capacity of adipose derived stem cells to improve healing

rates of perfusion-depleted tissue (Hadad et al., 2010).

Infection

An infective inoculum was introduced to porcine partial and full thickness wounds to model burn
wound sepsis. Staphylococcus aureus was used to inoculate burn wounds sealed and incubated in
watertight chambers. Other burn wounds similarly treated but without the infective inoculum were

used as controls. Infection (with pus, inflammation and necrosis) occurred in the inoculated group,
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while only contamination with Staphylococcus epidermidis occurred in the control group (Brueing

et al.,2003).

Foreign bodies

In 2013, Jung et al described the placement of silicon struts subcutaneously and into wounds creat-
ed in pigs’ flanks for varying amounts of time, up to 21 days. Findings consistent with human
chronic wounds, suggested that this may be a suitable wounds model. These included elevated
TNF-a, IL-1pB, and IL-6 expression and decreased tissue perfusion (as measured by Laser Doppler)

at the wound edges compared with control wounds (Jung ef al., 2013).

Burns

Andrews et al described a scald burn model in 2016 using Large White Pigs, allowing for the the
pathophysiology of scald burn wound creation and progression to be examined. Differeing degrees
of hot fluid for different durations of time were applied and the wounds were then examined macro-
scopically and microscopically. This model was created to simulate the burn injuries children often

present with: partial thickness burns secondary to scalding (Andrews et al., 2016).

Chemical burns

Various chemicals such as sulphur mustard burns have been employed to induce wound comprom-
ise. Sulfur mustard [bis(2-chloroethyl)sulfide] is a potent incapacitating chemical warfare agent
(Graham et al., 2002) which causes cutaneous lesions that take several months to heal. This pro-
longed healing process is due to cells at the margin that cannot replicate because of DNA damage,
and due to compromise of the dermis that fails to provide a satisfactory matrix over which epiderm-
al cells can ingress and seal the wound. Graham et al reproduced sulphur mustard burns in the por-

cine wound model to study the effects of various wound treatments. Chemical burns including cal-
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cium, Brown recluse spider venom or doxorubicin to create dermonecrotic lesions have also been
used historically. Chemical burns are mainly limited to larger animals as in smaller animals, the

toxicity caused by these relatively small doses, would disallow further studies.

Systemic modulation to attenuate the wound healing response

Diabetes

The type 1 diabetic porcine model has been used quite frequently. Grussner et al/ described indu-
cing long-lasting diabetes using 150 mg/kg Alloxan in female Yorkshire Landrace pigs (Grussner et
al., 1993). A compromised porcine wound-healing model was established by Velander et a/ in 2008
using this method. Full-thickness wounds created on the pigs’ dorsum were examined. Wound flu-
id showed significantly lower IGF-1 and TGF-B concentrations, when compared to non-diabetic
pigs. Epithelialisation was also much slower in the diabetic group (Velander et al., 2008). This
model has been subsequently employed many times, to evaluate various wound dressings (Velander
et al., 2009) and in combination with other methods of wounds compromise, such as burns (Singer
et al., 2009) and sepsis (Hirsch et al., 2008). Type 1 diabetes can also be established in the pig
through pancreatectomy (Morel ef al., 1991, Mellert et al., 1998). This procedure however, is asso-
ciated with considerable morbidity due to the complexity of the procedure, ensuing hypoglycaemia
and pancreas exocrine insufficiency. The latter can be off-set by isolated islet autotransplantation.

This results in a very representative model of human type 1 diabetes (Matsumoto, 2010).

Genetic modulation to attenuate the wound healing response

Porcine transgenic models are less commonly employed than murine ones. Research into the breed-
ing of transgenic pigs that represent human disease has progressed over the last three decades. The
results have been fruitful in diseases such as Alzheimer’s and amyloidosis, but representative mod-

els for challenging wound healing are yet to be elucidated. Novel genetic engineering technologies
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allowing the incorporation of transgenes into specific genomic target sites (Whitworth et al., 2014)
appear promising, and may make transgenic pigs an increasingly useful tool for studying wound

healing (Seaton ef al., 2015).

Hypertrophic scarring models

Though not technically employed as attenuated wound healing models, it is worth mentioning that
the Red Duroc pig is used as a model to study hypertrophic scarring — raised vascular inflexible
scars confined to the wound margins (Mancini et al., 1962, Peacock, 1970). This was first de-
scribed in 1976 and the model validated in 2004 (Zhu et al., 2004). The Red Duroc pig was found
to more closely resemble human scarring, than the Yorkshire pig, which is more commonly used for
cutaneous wound healing studies. While the Yorkshire and large white strains heal relatively scar-
lessly, the Red Duroc pig, exhibits a tendency for hypertrophic scarring similar to that seen in hu-
man skin (Zhu et al., 2004, Gallant-Behm ef al., 2008). This difference is attributed to intrinsic dif-
ferences in key aspects of the fibroblast response to injury (Harunari et al., 2006, Sood et al.,

2015).

Limitations associated with the porcine wound model

While the porcine wound model has been established as the gold standard, its limitations as a truly
representative cutaneous wound healing model must be acknowledged. The skin-associated ap-
pendages such as eccrine glands are not found in most laboratory animals including rodents, rabbits
or pigs, as they are unique to some primates including humans (Rittie ef al., 2013). The importance
of other appendages such as hair bearing follicles, melanocytes and sebaceous glands are present for
their distribution varies widely between subspecies and from human skin. On the basis of the

known importance of other skin appendages (hair follicles, apocrine glands, and sebaceous glands)
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for wound repair in humans, animal models are not yet truly representative. Hair distribution and/or
density differ between mammalian species as does the sweating mechanism.

Another limitation to using the porcine model is the financial implication. Porcine animal models
are associated with substantially more expensive purchasing, housing and feeding costs (Mid-
delkoop et al., 2004), as well as the necessity for professionally trained staff to anesthetise and look
after the animals. It is also more difficult to breed transgenic pigs, than it is other smaller animals

(Seaton et al., 2015).

1.7.5.6 The primate model

Similar to domestic and companion animals, the use of primates for experimental purposes is met
with much adversity due to ethical issues and human affinity towards these animals. Diabetes may
be induced using partial or total pancreatectomy sometimes associated with concomitant use of
streptozocin (King, 2012, Thomson et al., 2010) or through alloxan or streptozocin administration
alone (Wei et al., 2011). The value of the primate model would lie in its concordance with hair dis-
tribution, epidermal thickness and melanocyte deposition to human skin (Montagna 1966), with

variation between species.

1.7.6 Discussion

Despite intensive research into understanding challenging wound healing and pathophysiology, de-
veloping wound care strategies remains a formidable challenge in human health care. While in vit-
ro investigations and in vivo studies performed in laboratory animal models provide valuable fun-
damental information, the lack of concordance with human pathophysiology has been identified as

a major impediment to translational research in human wound care. Hence, the identification of
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superior clinical models for challenging wounds remains a high priority for human wound healing
research. A successful, translational wound healing model should function as a bilaterally flowing
intellectual ecosystem between basic science and clinical investigators. The porcine skin model
remains the gold standard as it shares many similarities in hair follicle and blood vessel patterns,
with slight hair distribution and density discrepancies. Biochemically, the porcine dermis has a col-
lagen and elastin content that is more similar to humans than the other mammal models (Heinrich et
al., 1971). Additionally, pigs survive long enough to be functional for long term studies into wound
healing and are of sufficient size to provide multiple samples. It is true that as yet, no mammal has
been found to be truly representative of human skin. As porcine skin exhibits the closest sem-
blance, with a concordance of 78% (Sullivan et al., 2001) it is the superior in vivo pre-clinical mod-
el available.

Animal models have been used quite successfully to provide insight into cutaneous wound healing
and the to examine the efficacy of wound healing adjuncts. Many endeavours to create and simu-
late a challenging wound in large mammals have made significant contributions to the characterisa-
tion of such wounds as well as to the assessment of healing adjuncts. However, to date, such a
model which is cost-effective and easily reproducible while conforming to ethical guidelines re-

mains to be elucidated.

1.7.7 Conclusion

This review revealed a paucity of pre-clinical animal wound models that reliably represent the hu-
man challenging wound. The ideal chronic wound model would use the pig in a cost-effective, reli-

able safe and easily reproducible manner.

65



Chapter 2: Aims of research

The aim of this research is to evaluate the wound healing behaviour of Smart Matrix™ in in a range

of applicable contexts.

This will be achieved through:

1 The investigation of the long-term (six weeks and six months) healing trajectory and surviv-
ability of a split thickness skin graft (STSG) applied as a single stage procedure onto the
Smart Matrix™ scaffold in a porcine acute wound healing model, and the comparison with
that of STSG alone and wounds allowed to heal by secondary intention.

2 The comparison of wound healing of SM + STSG with that of Matriderm™ + STSG and
Integra™ + STSG in the acute wound.

3 The evaluation of a novel porcine wound model of attenuated wound healing — the partial
thickness excision of a full thickness burn.

4 The evaluation of the wound healing trajectory of SM + STSG in the attenuated wound
model and its comparison to that of MD + STSG.
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Chapter 3: Methods and Materials

The majority of methods and materials are common to the four experiments reported in this thesis.

To avoid repetition they are described in detail in this chapter.

3.1 Smart Matrix™ manufacture

The production of porous dermal scaffolds from human fibrin/alginate for pre -clinical assessment
was performed in sterile conditions in RAFT’s laboratory. While exact formulation details are con-
fidential, fibrinogen and alginate were blended together with thrombin, and then incubated at 37C
for 30 minutes. Cross-linking of scaffolds was achieved by glutaraldehyde. Scaffolds were then
washed with sodium borohydride for 12 hours, followed by water and finally soaked in sorbitol

then freeze dried.

3.2 The in vivo porcine model
Pre-clinical evaluation of tissue scaffolds was performed in the porcine full thickness wound heal-
ing model for experiments 1 and 2, and in the porcine partial thickness excision of a full thickness

burn model in experiments 3 and 4.

3.2.1 Regulatory Guidelines

The UK Home Office controls scientific procedures on animals in the UK and does so by the issue
of licences under the Animal (Scientific Procedures) Act 1986. The regulations conform to the Eu-
ropean Convention for the protection of Vertebrate Animals Used for Experimental and Other Sci-

entific Purposes (Strasbourg, Council of Europe).
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3.2.2 Species

Large White/Landrace female crossbred pig (Sus scrofa domestica) were used, weighing approxi-

mately 50-55kg on arrival. These were supplied by Hygene Pigs, Redwood Farm, Caxton Road,

Great Gransden, Sandy, Bedfordshire, SG19 3BQ.

3.2.3 Site

All porcine in vivo studies were carried out at Northwick Park Institute for Medical Research

(NPIMR), Harrow, UK.

3.2.4 Justification of test system

The current state of scientific knowledge did not provide acceptable alternatives, in vitro or other-
wise, to the use of live animals to accomplish the purpose of this study. Pigs are the most represent-
ative species of humans (Sullivan et al., 2001) in which to undertake this work and for regulatory
purposes it was essential that data were comparative to those produced in porcine models by other
workers. Furthermore, the pig is a recognised species for the assessment of wound repair materials
(Middelkoop et al., 2004) and enabled the assessment of wound healing parameters and the evalu-

ation of Smart-Matrix™ on the same scale as would have been used in the human application.
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3.2.5 Justification of number of animals for study

The studies were designed to use the lowest number of animals possible, consistent with the objec-
tive of the study, the scientific needs of the Sponsor (RAFT and SML Limited) and contemporary
scientific standards. Therefore this study was designed to use the lowest number of animals possible
that allowed sufficient group sizes for meaningful statistical analysis of data.

The Home Office Licence governing this study and the personal licences of the author (Raina Zarb
Adami) and her then supervisor (Dr Julian Dye) directly specified the limits of severity of effects on
the animals. Unless otherwise specified, all animal procedures described were the subject of de-
tailed standard operating procedures (SOP) which are contained in the SOP manuals of the operat-
ing departments of RAFT and NPIMR. PROJECT LICENCE under Dr Julian Dye filed with the
UK Home Office in May 2010 PPL no. 80/2215, and Personal Licence obtained for Raina Zarb

Adami in May 2010.

3.2.6 Selection for Study

All animals were examined for general health status by the Named Animal Care and Welfare Offi-
cer (NACWO) on arrival and by the Named Veterinary Surgeon (NVS) before inclusion into the

study.

3.2.7 Method of Identification

The animals were housed at NPIMR and identified by a unique number tattooed on the outer aspect

of both ears .The individual animal number and the NPIMR study number comprised a unique iden-
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tification for each animal. Each animal pen at NPIMR was identified by a pen label containing

study number, animal number, group and sex.

3.2.8 Acclimatisation, housing and diet

Prior to assignment to the study, all animals completed an acclimatisation period of at least 1 week
prior to surgery. Animals were singly housed for the whole period of the study. Accommodation
was in concrete pens with straw and woodchip/straw bedding and metal bar gates. The ambient
temperature range was 15.7 - 21.0 degrees Celsius in the animal housing area and the humidity
range was 42 - 67%. Light cycles were natural and artificial except when procedures were taking
place at which time artificial light was used for the duration of the procedure.

Super Grow Pig Pellets (Manufacturer: Attlee Diets; Supplier: William Lillico & Son; Batch Num-
ber: 60542P3) were provided to all animals once daily as their diet. Water was available ad libitum
to all animals. The water for NPIMR was sourced from a potable water supply by Three Valleys

Water.

3.2.9 Surgery

The first day of surgery for each animal was considered as day 0. The surgical procedure was per-

formed in the operating theatres of NPIMR (see photo) as follows:
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Figure 3.2.9: The operating theatre at NPIMR in which the porcine experiments took place.

3.2.10 Pre-medication and anaesthesia

Pigs were appropriately pre-medicated with Ketamine (Pfizer or Vetoquinol) 5 mg/kg / Xylazine
(Bayer) 1 mg/kg intramuscularly. General anaesthesia (GA) was induced with isoflurane over oxy-
gen and nitrous oxide delivered via a close fitting face mask. Pigs were transferred to the operating
suite on a trolley, and intubated with a cuffed endotracheal tube. Following intubation, anaesthesia
was maintained with isoflurane over oxygen and nitrous oxide, and respiration was controlled via a
ventilator. Oxygen saturation, pulse rate, core/rectal temperature and respiratory rate were mea-
sured and recorded. Intramuscular antibiotic ampicillin long acting (Amfipen LA, Intervet) 25 mg/

kg, subcutaneous analgesia Carprofen (Rimadyl, Pfizer) 4 mg/kg and subcutaneous anthelmintic
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(Ivermectin, Merial) 1 mL standard dose were given. Hartmann’s fluid (Baxter) was administered

intravenously throughout the procedure.

3.2.11 Operative site marking

Once anaesthetised, the flanks of each animal were shaved. Six circles with a 4cm diameter to de-
fine the selected wound were marked on each flank using a silicon strut as a template and surgical
marker. Two circles were marked on the more dorsal surface of either flank and another wound was
created between these two wounds and placed more inferiorly on the flank, so that the arrangement
was triangular. These wounds were numbered 1-6. A further circle was tattooed on the right shoul-

der using the same silicon strut as a template, in order to measure the pig’s growth.

3.2.12 Tattoo procedure

The marked circle was re-marked using black tattoo ink. An electrical tattoo machine (property of

NPIMR) was then used to embed the pigment into the dermis.
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Figure 3.2.12: Line drawing depicting wound distribution on the pig'’s flanks. Wounds are
numbered 1 to 6, T=tattoo.

3.2.13 Skin preparation

The tattoo sites were cleaned with an isopropyl alcohol soaked swab. After the surgeons gloved and
gowned, the flanks were then cleaned with alcoholic povidone iodine (Ecolab Ltd) and chlorhexi-
dine 20% (Ecolab Ltd) solutions and the animal draped with sterile cotton drapes held together us-

ing surgical towel forceps. Aseptic technique was used from this point on.
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Figure 3.2.13: The anaesthetised pig after skin preparation and sterile draping in preparation for
surgery.

3.2.14 Acute wound creation: full thickness excision wound

Three circular full-thickness wounds of 4 cm diameter down to muscle fascia were made on the
flank of the animal. A full-thickness excision wound (down to muscle fascia) was surgically creat-
ed within the dimension of each of the tattooed circles. The wounds were made by scalpel incision
demarcating the wound margin following a skin marking, through the depth of dermis, followed by
dissection at the tissue plane at the dermal base. Each wound was identified by a wound number
which was recorded on the anaesthesia and surgical report form. Meticulous haemostasis was

achieved using saline —soaked gauze swabs and bipolar diathermy.
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Dermal scaffold + STSG
8mm punch biopsy
4 cm PTFE flanged ring
_——epidermis
dermis
Subcutaneous fat

Muscle

Figure 3.2.14.1.: A schematic representation of the acute full thickness excision wound created on
the animal’s flank without using a silicon strut to splint to wound edges.

Silicon strut insertion

A silicon strut was inserted into the wounds of half the pigs in Experiment 1. Four small full thick-
ness incisions (approximately 1 cm) were made at 90 angles to the strut and to each other (see fig-

ure)

Dermal matrix + STSG
8mm punch biopsy
4 cm PTFE flanged ring
_——epidermis
dermis
Subcutaneous fat

Muscle

Figure 3.2.14.2: A schematic representation of the acute full thickness excision wound created on
the animal’s flank using a silicon strut to splint to wound edges.
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Figure 3.2.14.3: The use of a circular silicon strut to hold open the wound edges.

3.2.15 Burn wound creation

At the end of experiment 2, just prior to termination, the last 2 pigs were used to verify the unifor-
mity and depth of burn to be used for experiment 3. Immediately prior to euthanasia, a burn was
created on the pigs’ flank using a cylindrical solid stainless steel metal block with a diameter of 4cm
(specifically created for tis purpose) that had been heated in vegetable oil to 150 degrees Celsius for
60 seconds. 4 burns were made, each varying the length of time of contact with the pig’s skin (30
seconds, 60 seconds, 90 seconds and 120 seconds. The pig’s life was immediately terminated there-
after, and the 4 wounds were excised. A full thickness burn down to superficial fascia but not in-
cluding subcutaneous tissue, was created by the 60 second contact burn. (the 30 second contact burn
did not produce a full thickness burn, while the 90 second and 120 second burns burnt underlying

muscle and fat).
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3.2.16 Attenuated wound healing model creation

(used in experiments 3 and 4)

Six full thickness burns were created under aseptic techniques as described above on day -1, in pigs
that were anaesthetised and their skin shaved. They were recovered from anaesthesia (as described
below). On day 0 of the experiments, the pigs were anaesthetised again and underwent similar skin
preparation and sterile draping. The central necrotic (obviously burnt) plug of skin was excised,
leaving the zone of stasis intact (see figures 3.2.16.1-5). This was identified as the zone that was
not obviously congealed but had very sluggish blood flow when cut into. This was confirmed using
the Moor FPLI system.

Skin grafts were harvested and wound treatments and dressings were applied as described below.

Zone of Coagulation

Normal Skin
(Epidermis)

Zone of Stasis

v
Normal Skin
(Dermis) Zone of Hyperaemia

v
Underlying Tissue

Figure 3.2.16.1: A schematic diagram showing Jackson's model of zones of a burn injury.
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Zone of Coagulation excised

Normal Skin
(Epidermis)

Normal Skin Zone of Stasis

(Dermis) Zone of Hyperaemia

A4
Underlying Tissue

Figure 3.2.16.2: A schematic diagram showing the partial thickness excision of a full thickness burn
model

Figure 3.2.16.3: The cylindrical solid stainless steel metal block vegetable oil being heated to 150
degrees Celsius for 1 minute, confirmed using a mercury thermometer
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Figure 3.2.16.4: The heated cylindrical solid stainless steel metal block applied to the aseptic an-
aesthetised pig s flank and held for 60 seconds.

Figure 3.2.16.5: The resulting burn wound after the application of the heated cylindrical solid
stainless steel metal block.

3.2.17 Split thickness skin graft harvest

Split thickness (130um to 1300um) skin grafts were harvested from the paravertebral and gluteal
areas, using the Zimmer air dermatome under aseptic conditions. Sufficient skin was taken to pro-
vide cover for a maximum of six 4cm diameter chambers. Split thickness skin grafts (STSG) were

prepared by harvesting thin (Zimmer air dermatome set on 0.01” setting; giving approximately 0.2
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mm STSG) epidermal autografts from the paravertebral dorsal skin. The harvested STSG was iden-
tified for orientation (epidermal side down, dermal side up), spread out onto saline saturated sterile
gauze and covered with a second saline soaked gauze swab until use. Puncture incisions, approxi-
mately 1-5 mm long, were made with a scalpel tip at approximated 1 c¢cm intervals to allow wound
fluid transudation. When Integra™ (I) was used (in Experiment 2), sufficient STSG was harvested
for 4 wounds on day 0, and further STSG for another 2 wounds was harvested when the wounds
treated with I were ready for grafting at day 14.

The wounds were then treated as per the experiment in question.

3.2.18 Wounds allowed to heal by secondary intention

Wounds allowed to heal by secondary intention received no dermal matrix or skin graft and were

simply dressed as described below.

3.2.19 Grafting procedure

Split thickness skin grafting was carried out at Day 0 for all wounds, (as a single stage procedure
when used with Matriderm™ and Smart Matrix™) except when used with Integra™ when it was
carried out on day 14. The STSG was overlaid directly on to the wound bed or onto the applied
dermal scaffold. Any excess was graft trimmed off. The STSG was placed with dermis facing
down, i.e. in direct contact with the wound bed or the scaffold. The epithelial surface of the graft

was 1in direct contact with the wound dressing.
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The STSG (together with the dermal matrix, when used) was secured to the wound edges using ab-
sorbable 3/0 Vicryl (Ethicon) sutures. Additional sutures and staples (Skin Stapler, Covidien) were

used, at 2 cm spacings to quilt the construct to the wound bed for secure anchorage.

3.2.20 Wounds treated with Smart Matrix™ and split thickness skin graft

After removal from its secondary packaging, SM was rehydrated in its tray for 5 minutes with gen-
erous amounts of sterile saline (approximately 60 mL/scaffold), and transferred to the wound bed
using a sterile gauze swab as a carrier. Orientation of SM into the wound was such that the lower
surface of SM in the packaging was in direct contact with the wound surface (although the orienta-
tion of the scaffold does not actually influence wound healing). Once in place, SM was cut to fit the
recipient wound bed, as necessary. Details of scaffolds used for each wound were recorded. The

STSG was then applied as detailed above.

3.2.21 Wounds treated with Matriderm™ and split thickness skin graft

After removal from its secondary packaging, Matriderm™ (MD) was rehydrated in its tray for 5
minutes with generous amounts of sterile saline (approximately 60 mL/scaffold), and transferred to
the wound bed using a sterile gauze swab as a carrier. Orientation of MD into the wound was such
that the lower surface of MD in the packaging was in direct contact with the wound surface (al-
though the orientation of the scaffold does not actually influence wound healing). Once in place,
MD was cut to fit the recipient wound bed, as necessary. Details of scaffolds used for each wound

were recorded. The STSG was then applied as detailed above.
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3.2.22 Wounds treated with Integra™ and split thickness skin graft

After removal from its secondary packaging, Integra™ (Integra™ LifeSciences, Plainsboro, NJ (I)
was transferred to the wound bed using a sterile gauze swab as a carrier. Orientation of I into the
wound was such that the silicon backing layer (evident by its black line running through it) was on
the external surface, while the dermal matrix itself was in contact with the wound bed directly.
Once in place, it was cut to fit the recipient wound bed, as necessary. Wounds treated with I did not
undergo STSG as a single stage procedure, but as per the package insert directions (and accepted
clinical practice), at day 14, the silicon backing was removed, leaving the dermal matrix in place,

and STSG was applied. Details of scaffolds used for each wound were recorded.

3.2.23 Wound dressings

When dressing the wounds, and subsequent nursing, prolonged pressure on the wound site was
avoided. The wounds were dressed with ‘Mepilex Border™” (Molnlycke) 15 x 17 cm self-adhesive
foam absorbent dressing, which was secured around the wound margins by stapling. On the second
dressing change at day 14, wounds were dressed with ‘Mepitel One™’ (Molnlycke) perforated sili-
cone in place of ‘Mepilex Border’, secured around the wound margins by stapling. Wound sites
were covered by Velband (S&N 10 cm x 2.75 m), Mefix (Molnlycke 10 cm x 10 m) and Elastoplast
(10 cm x 4.5 m), and protected by a rigid jacket with integral foam padding. This was secured in
place with Velcro straps (see figure) Dressings were changed weekly until sacrifice, for the first 42
days of the experiment. At day 42 (for the animals that weren’t sacrificed) the final dressing was

removed.
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3.2.24 Recovery

Animals were recovered from anaesthesia following each procedure and returned to the animal ac-
commodation. Post-operative pain relief Carprofen (Rimadyl, Pfizer) 4 mg/kg was given as re-

quired.

3.2.25 Sacrifice

At the end of each study, the animals were pre-medicated and induced to GA as for the original sur-
gical procedure. At the end of the procedure, the animals were then euthanised using intravenous

Sodium Pentobarbitone (JML) 200 mg/mL (as per Home Office Guidelines).

3.2.26 Change of dressings and observations

Wounds were inspected and re-dressed on post op day 7, 14, 21, 28, 35 and 42, in the six week stud-
ies and at days 84 and 180 in the 6 month studies. The pig was anaesthetised and dressings were
removed. At each time point, the wounds were observed for graft take and photographed. Wound
area was measured using the Eykona system and vascularity was measured using the Moor FPLI
system. An 8mm punch biopsy (down to fascia) sample was taken for histology at each of these
inspections, before dressings (as above) were re-applied. In Experiment 1, the wound chamber in

wound 6 was removed after the dermal scaffold was partially or completely integrated, at day 21.
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3.2.27 Punch biopsy

A standard 8mm punch biopsy (see figure 3.2.27) was used to sample the healing tissue. Another
biopsy was taken from the tattooed area to sample normal skin, as a control. This was done at each
dressing change under aseptic surgical conditions. The biopsy was taken from the centre or just off
the centre (but not from the wound seam) and was a full thickness sample (down to, and including
wound bed). It was ensured that subsequent biopsies were not taken from previous biopsy site, in
order to be sure that the actual sample did consist of the regenerative skin (and not the granulation
tissue which formed from healing previous biopsies. Haemostasis was achieved afterwards using

compression with a gauze swab soaked in saline or when necessary, using bipolar diathermy.

Figure 3.2.27: The 8mm punch biopsy being taken from a wound

3.2.28 Photography

Digital photographs of each wound of each animal at surgery were taken and digitally filed (stored

at RAFT).
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3.2.29 Graft take observation

Graft take manifests macroscopically as the adherence of the split thickness skin graft to the under-
lying wound bed with signs of vascularity in the graft, ie pink in colour. (Richards, 2002). Graft
take was assessed by the surgeon (RZA) and her assistant (JFD). This was a measure of the per-
centage wound area of the skin graft adherent to the wound bed and of a similar pinkish-red colour
to the wound bed (due to inosculation and vascularisation) (Converse et al., 1975). A skin graft was
deemed successful if greater than 80% of the wound area showed “take” on examination (Reddy et
al., 2014). Graft take refers to the skin graft adherent to the wound bed and of a similar pinkish-red

colour to the wound bed (due to inosculation and vascularisation) (Converse et al., 1978, Pope

1988, Swaim 1990).

3.2.30 Wound area measurement

The Eykona Wound Measurement System (Eykona Medical Ltd, Oxford , UK) is a 3D imaging sys-
tem used to create a digital image of each study wound. This system allowed the measurement of
wound area, curved volume and volume (see Figure 3.2.30). Data analysis was carried out as fol-
lows: the images from the Eykona were downloaded on to the computer. Measurements of the area
were performed by selecting the full perimeter of the wound on the computer image and the soft-
ware then calculated the above parameters. These measurements were taken after the wound dress-
ings were taken down, and after the wound areas (and tattoo) were cleaned and draped, and before

the biopsies were taken. As the surgeons were in sterile gown and gloves at this point, these images
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were taken by the other RAFT scientists: Amir Taheri and Viabhav Sharma. The mean values of

these measurements were calculated and plotted in a graph.

Figure 3.2.30: A photographic image of the wound area measurement on a pig flank using the
Eykona camera. The wound area measured in this example is highlighted in red and outlined in
white. The central white disc with a black rectangle is the target needed for recognition by the
device.

3.2.31 Wound contraction measurement

In order to assess wound contraction, wound area measurements were calculated as a percentage of
the wound area of the tattoo per time point in each pig. The mean values of these measurements

were calculated and plotted in a graph.
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3.2.32 Vascularity measurement

Moor FPLI )Moor Instruments Ltd, Axminster, UK) is a full-field blood flow imager that uses the
laser speckle contrast technique to deliver real-time, high-resolution blood flow images. Differ-
ences in flow from different regions are assessed, or flow changes expressed as a percentage change
from baseline over a period of time. The contrast image is processed to produce a colour-coded
image that correlates with blood flow in the tissue. When there is a high level of movement (fast
flow) the changing pattern becomes more blurred and the contrast in that region reduces according-
ly. Therefore low contrast is related to high flow, high contrast to low flow. A blue colour denotes
a low blood flow and conversely, red denotes a high blood flow (see figure 3.2.32). As the surgeon

was in sterile gown and gloves at this point, these images were taken by the RAFT scientists, Amir

Taheri and Viabhav Sharma.
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Figure 3.2.32: A representative scale for vascular perfusion, using the Moor FPLI laser Doppler
machine, where red denotes increased perfusion and blue denotes a paucity of perfusion. This col-
our scale is then automatically translated into numerical values.

3.2.33 Histopathology and immunohistostaining

Tissue samples from the 8mm punch biopsies were placed into 10% NBF for a minimum of 48
hours. These were then processed and embedded to paraffin wax by routine automated procedures,
with excised skin, STSG and wound tissue oriented for cross-section microtomy. H&E staining
was mainly carried out at NPIMR by their staff, while all other immunohisto-staining was carried
out at RAFT’s laboratories by the author of this thesis (RZA) and other RAFT scientists (Dr Keith
Blackwood, Nirosheeha Ragunathan and Nivedita Ravindran, with the help of Philippa Franke and

Nimesha Patel). Sequential fragments of each specimen were cut at 5 um intervals. Representative
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sections of each sample were prepared for immunohistochemical staining by deparaffinisation with
xylene and rehydration through a graded ethanol series. Slides were first treated with antigen re-
trieval buffer (Bullseye) at 115C under 1 atmosphere pressure for 10 seconds before being washed
with PBS and treated with the Novolink polymer kit. Immunohistostaining was performed via the
Shandon Sequenza staining system, following which, the endogenous peroxide activity was blocked
with 3% hydrogen peroxide for 30 minutes followed by a block with 10% PBS and an incubation
with primary antibodies. One section per batch of slides was incubated with 1% PBS instead of the
primary antibody to provide a negative control for the reaction. After washing, the sections were
incubated with a secondary antibody (Shandon Sequenza, Thermo Scientfic, US). Finally, the sec-
tions were washed in distilled water and counterstained with haematoxylin. To assess neovasculari-
sation and to count the number of blood vessels, sections were stained for von Willebrand factor
(VWB) (see figure 3.2.33.1.1). Pico Sirius red was combined with Miller’s elastin for collagen, Vo-
erhoff-van Gieson staining for elastin, Extra Domain A-fibronectin (EDA-FN) and a-Smooth Mus-
cle Actin (a-SMA) for myofibroblast activity to help assess wound contractile markers. See figures

3.2.33.1-5.

Figure 3.2.33.1: von Willebrand staining of capillaries. (purple stain). Black arrows point to capil-
lary lumina.
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Figure 3.2.33.2: A representative scale for pico-Sirius red staining for collagen, with scores out of
5, where 0/5 would represent no staining whatsoever, and 5/5 would represent 100% of the slide
showing staining, at x10 magnification.

Red staining denotes fibrillar collagen fibres.

Figure 3.2.33.3: A representative scale for van Gieson staining for elastin, with scores out of 5,
where 0/5 would represent no staining whatsoever, and 5/5 would represent 100% of the slide show-
ing staining, at x10 magnification.
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Figure 3.2.33.4: A representative scale for EDA-fibronectin staining, with scores out of 5, where 0/5
would represent no staining whatsoever, and 5/5 would represent 100% of the slide showing stain-
ing, at x10 magnification.
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Figure 3.2.33.5: A representative scale for ®-SMA staining, with scores out of 5, where 0/5 would
represent no staining whatsoever, and 5/5 would represent 100% of the slide showing staining, at
x10 magnification.
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3.2.34 Measurement of wound vascularity

Wound vascularity was measured using 3 different methods. Moor FPLI was used (as described
above) and vWF factor staining was used to delineate blood vessels and capillaries. VWF staining
density was measured as a score out of 5 similar to other staining measurements) and capillary lu-
mina counted per visual field.

For the purpose of this thesis, some of the histology slides were photographed using the Microsoft

Research Image Composite Editor (ICE).

3.2.35 Macroscopic observations

Microscopic observations were carried out by twice, once each by 2 individuals separately. These
were the author (RZA), and a suitably qualified and experienced scientist (Dr Sorousheh
Samizadeh) who were both blinded to the subject, time point and wound treatment method of the
histology slide, through coded labelling by a third individual (NPIMR staff). Three observations
were made per slide, in different areas of the sample. Thus each slide underwent 6 readings. After
the values were documented, the origin of the slides was revealed and the mean of each treatment
method at each specific time point was calculated (for example: in order to calculate the mean col-
lagen staining density of wounds treated with SM + STSG at day 14, 6 readings were taken from all
48 wounds in experiment, and the mean value was then calculated.) The slides were analysed using

an Axioskop 2-Mot Plus Microscope (Carl Zeiss, Jena, GR).
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3.2.36 Scaffold presence

On H+E staining, wounds were observed for the presence of the dermal scaffold. (See figure
3.2.36). Scaffold persistence was observed, as in the optimal acellular dermal matrix, the scaffold
would persist in the wound for a time period sufficient to redirect neodermal tissue formation while
being recognised as living tissue, and not persist as a foreign body and its associated immune re-
sponse (deVries et al., 1993). The dermal scaffold was considered to be present if a reddish-orange
pattern of structures, dissimilar to cellular and ECM structures was present between the wounds bed

and overlying skin graft and parallel to the wound bed was present.

Day 7: SM + STSG | + STSG

Figure 3.2.36: Photographic images showing examples of the presence of the dermal scaffold (blue
arrow) on H&E staining at x10 magnification, for different reconstructive options at day 7. The
dashed black line shows the interface of the wound bed and dermal scaffold.

3.2.37 Wound cellular density, neodermal thickness and inflammatory cell density

Neodermal (wound thickness) (micrometers) and cellular density were measured as indicators of
formation of neodermis and neo-cellularisation. Wound depth was measured using a graticule in-
serted into the eyepiece of the light microscope at x10 magnification. Measurements were made
from the superficial aspect of the subcutaneous fascia (or underlying muscle or fat) to the epidermal

surface. H&E staining was used.
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Cellular density was measured in terms of cellular structure density (score out of 5) in the extracel-

lular matrix, in the same slides, at the same magnification (x10). All cells were included (see figure

3.2.37.1).

0.25/5 1/5 2/5 3/5 4/5 5/5

Figure 3.2.37.1: A representative scale for wound dermal cellular density (H&E staining), with
scores out of 5, where 0/5 would represent no cells seen whatsoever, and 5/5 would represent 100%
of the slide populated by cells, at x10 magnification.

Wound inflammation was measured in terms of neutrophil (identified by large dark staining nuclei)

density (score out of 5 of all cellular structures in the field) in the extracellular matrix, in the same

slides, at the same magnification (x10). (See figure 3.2.37.2).
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0.5/5 1/5 2/5 3/5 4/5

Figure 3.2.37.2: A representative scale for wound inflammatory cell density (H&E staining), with
scores out of 5, where 0/5 would represent no cells seen whatsoever, and 5/5 would represent 100%
of the slide populated by cells, at x10 magnification.

3.2.38 Analysis of data: statistics

Analyses were performed using GraphPad PRISM version 6.0 for Mac. Analysis of variance (AN-
OVA) was performed with Tukey’s multiple comparison test. This was used to account for multiple
post-hoc comparisons between wound treatments. Where matched data analyses were not appropri-
ate ordinary one way ANOVA was performed. Where data sets were matched by animal, repeated
measures ANOVA was performed. Statistical significance was defined as p <0.05. The values re-
ported in the brackets following the means refer to the standard error of the measurement (SEM).
Where p values were deemed significant the actual p value was quoted, unless it was less than
0.0001, where it was documented as p<0.0001. A subset of the data (Experiment 1) was tested for
normality and homogeneity of variance using the Shapiro-Wilk and the Kolmogorov-Smirnov tests.
This revealed a violation of the assumption of normality in (p>0.05) in 55% and 53% respectively.

As the variables measured represent complex natural processes, an a priori normal distribution of
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the means (rather than of the data) of the underlying population mean was assumed (Frank 2009,
Norman 2010). Given this, the First Known Property of the normal distribution is expected to be
valid for the samples analysed here (Mordkoff, 2016). With large (>30 observations) the distribu-
tion of the data can be ignored (Altman ef al., 1995) as the violation of the normality assumption
should not cause major problems (Ghasemi et al., 2012). Additionally, the Central Limit Theorem
shows that, for sample sizes greater than 5 or 10 per group, the means are approximately normally
distributed regardless of the original distribution. Hence, parametric methods examining differ-
ences between means, for sample sizes greater than 5, do not require the assumption of normality,
and will yield correct answers even for manifestly non-normal and asymmetric distributions like
exponentials (Norman 2000). Given the above facts, an a priori decision was made to use para-
metric statistics studies. Furthermore, using parametric statistics allowed Tukey’s Honest Signific-
ant Difference test to be used for post-hoc analysis of multiple comparisons, which is less prone to
alpha slippage than non-parametric alternatives such as Duncan’s test as the latter is based on the
Newman-Keuls method. (Jaykaran 2010). As a result, non-parametric tests may have a greater risk

of type 1 error in the post-hoc analyses performed here.
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Chapter 4: Experiment 1: The Long-term Evaluation of the
Smart Matrix™ fibrin-alginate scaffold in the acute full
thickness porcine wound

4.1 Hypothesis

Smart Matrix™ supports the long-term survival of the overlying split thickness skin graft when ap-

plied to the acute full thickness porcine wound as a single stage procedure.

4.2 Aims

The aim of this study was to evaluate the long term wound healing trajectory of Smart Matrix™
applied in tandem with split thickness skin graft as a single stage procedure to an acute porcine
wound healing model, while comparing it to wounds allowed to heal by secondary intention and
those treated with the current gold standard, split thickness skin grafting alone.

Specifically this study aimed to examine the quality of the resulting skin in terms of wound area and
contraction, and to establish long-term evidence of graft integration and neovascularisation of Smart
Matrix™ in an in vivo acute wound healing porcine model.

This study aimed to objectively quantify the differences in healing outcome through histological

and macroscopic observations.

4.3 Methods and materials

Please refer to Chapter 3: Methods and Materials for further detail.

Six acute full thickness excision wounds were created on the flanks of anaesthetised pigs. Three
circular full-thickness wounds of 4 cm diameter (using a silicon template) down to muscle fascia
were made on either flank of the animal. The wounds of 9 pigs (in the 42 day study) were fitted

with a silicon strut to splint the wound edges, in order to observe wound bed healing without lateral
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epidermal creep. The other 9 subjects (3 in the 42 day study and 6 in the 180 day study) did not
have silicon struts, in order to observe wound contraction (see figure 6.2). Hence for the wound
area and contraction observations in the 42 day study, n=54 with 18 per wound group and in the 180

days study n=36, with 12 per wound group.

4.4 Study outline

For this study, a total of 18 animals were used (and therefore 108 wounds). All animals monitored
for a period of 42 days. Of these, 12 pigs were sacrificed after day 42, while the remaining 6 pigs
were monitored up to day 180 (therefore 36 wounds). The surgical procedures were carried out by
the same surgeon (RZA) and senior project licence holder, JFD. Two wounds per animal were
treated with SM+STSG, another two wounds by STSG alone and another two wounds allowed to
heal by secondary intention. The wounds were randomly assigned. The minimum number of pigs
sufficient to yield statistically significant results was used for this study, as per Home Oftice regula-

tions and project license restrictions.

42 day Study:

Eighteen pigs were used in the 42 days study with 6 wounds per subject. One hundred and eighteen
wounds were created with 36 wounds per wound group. (See table 4.4.1).

subjects = 18

wounds (n) = 108, 36 per wound group
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Treatment method Number of wounds

Healing by secondary intention 36
STSG alone 36
SM + STSG 36

Table 4.4.1: Wound treatment distribution in a 42 day study (n=108, 36 per wound group)

180 day Study:

Six pigs were used in the 42 days study with 6 wounds per subject. Thirty six wounds were created
with 12 wounds per wound group. (See table 4.4.2).

subjects = 6

Wounds (n) =36

Treatment method Number of wounds
Healing by secondary intention 12
STSG alone 12
SM + STSG 12

Table 4.4.2: Wound treatment distribution in a 180 day study (n=36, 12 per wound group)

Two wounds per animal were allowed to heal by secondary intention and two were treated with
split thickness skin graft alone. The Smart Matrix™ scaffold was applied to the remaining two
wound beds with overlying split thickness skin grafts applied as a single stage procedure. Macro-
scopic and microscopic observations were made at five short term time points, day 7, day 14, day
21, day 28 and day 35 three long term time points: day 42, day 84 and day 180. Macroscopic ob-
servations included colour, texture and adnexal observations, graft take, wound area and contraction

and wound vascularity. Microscopic studies included Haematoxylin and Eosin (H&E) staining to
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assess wound depth, cellular ingress and the presence of inflammatory cells. Microscopic observa-
tions included parameters pertaining to contractile preoperties (Extra-Domain A-fibronectin (EDA-
FN) and a-smooth-muscle actin (a-SMA)), collagen and elastin, neodermal thickness, cellular den-
sity and inflammatory cells and parameters pertaining to vascularity (capillary lumen count and von

Willlebrand factor staining).

4.5 Results

4.5.1 Graft take
Please see figures 4.5.2.1-3 and figures 4.5.3.1-3.

Wounds treated with Split thickness skin graft alone

Of the 36 wounds, 4 showed 100% (of the total wound surface area) graft take, 6 showed 95% graft
take, 8 showed 90% graft take, 6 showed 85%, 4 showed 80% , 2 showed 75% , 4 showed 60% , 1
showed 45% graft take and 1 showed complete graft failure (0%take). This gives a total of 28
wounds showing 80% graft take or more and 8 wounds showing less than 80% graft take. The
wound of the skin graft that was completely lost (at day 7) was allowed to heal by secondary inten-
tion. For statistical reasons this wound was then evaluated with the wound group ”wounds allowed

to heal by secondary intention”. No further grafts were lost thereafter.

Wounds treated with Smart Matrix™ and Split thickness skin graft.

Of the 36 wounds, 6 showed 100% (of the total wound surface area) graft take, 9 showed 95% graft

take, 2 showed 90% graft take, 9 showed 85%, 7 showed 80% 1 showed 75% and 2 showed 60%

graft take. This gives a total of 33 wounds showing more than 80% graft take, and 3 wounds show-
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ing less than 80% graft take. No total graft loss occurred in this group.

Graft take

N
[e]

(O8]
(e

B <80% graft take
M >80% graft take

number of wounds showing
graft take
—_ )
(=) (=)

STSG alone SM + STSG

Figure 4.5.1: Wounds showing more than 80% graft take and wounds showing less than 80% graft
take (n=72, 36 per wound group) for different reconstructive options.

4.5.2 Macroscopic observations

Please see figures 4.5.2.1-3

Wounds allowed to heal by secondary intention

Wounds allowed to heal by secondary intention showed signs of granulation tissue at day 7. Granu-
lation tissue is identified macroscopically as moist pink vascular (Bhat ef a/.,2013). Granulation
tissue was most proliferative at day 14 (in 31% of wounds) and day 21 (in 36 wounds) and persisted
in the wound bed until day 28 in all wounds. The area of granulation tissue decreased from the
periphery towards the centre of the wound between days 14 and 28. Epithelialisation (a dry wound
bed) occurred thereafter. 64% of the wounds were completely epithelialised by day 35 and 100%
were epithelialised by day 42, and remained so thereafter. Between days 42 and 180, the wound
colour became gradually paler (from dark red-pink) to pale pink, but was still slightly darker than

surrounding skin at day 180. No adnexal structures were present in this wound group. Adnexal
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structures include hair follicles, sebaceous glands, apocrine and eccrine glands. (Alsaad et al., 2007)
No infection was observed in any of the wounds at any of the dressing changes or at termination.
The area of the punch biopsy taken the previous week was not included in the macroscopic assess-

ment.

Wounds treated by split thickness skin graft alone

At day 7, all the wounds treated by STSG alone (except for the wound that suffered graft loss,
which was then included in the “allowed to heal by secondary intention” wound group) showed a
pink vascularised graft on a bed of granulation tissue. At day 14, 18 wounds were still moist, while
18 were dry. All wounds were dark pinkish-red in colour. At day 21, 31 of wounds were dry. The
remainder showed small moist patches. The dark pinkish-red colour persisted. At day 35, all
wounds in this groups were dry and epithelialised, but a slightly paler pink. At day 42, the colour
was a paler pink. By day 84 all wounds were healed and fully epithelialised with full apparent graft
integration. The scars became paler in colour from day 42 until day 180. At day 180, the colour
closely resembled that of neighbouring native skin. At day 180, the wounds were completely
healed and epthelialised. No adnexae were present at any time point. No infection was observed in
any of the wounds at any of the dressing changes or at termination. The area of the punch biopsy
taken the previous week was not included in the macroscopic assessment.

By day 180 the only slight difference apparent in the macroscopic appearances of wounds allowed
to heal by secondary intention and those treated with STSG alone was that the former wound group

was a slightly darker pink than the latter.

Wounds treated by Smart Matrix™ and split thickness skin graft

At day 7, all the wounds treated by SM + STSG alone showed a pink vascularised graft adherent to

a bed of granulation tissue. At day 14, 6 wounds were still moist, while 30 were dry. All wounds
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were dark pinkish-red in colour. At day 21, all wounds were largely dry with occasional very small
patches of moist granulation tissue (less than 10% of wound area). The dark pinkish-red colour
persisted. At day 35, all wounds in this groups were dry and epithelialised, but a slightly paler pink.
At day 42, the colour was a much paler pink, paler than the surrounding native skin. The wound
colour approximated that of surrounding skin at day 84, and remained so until day 180, when the
wounds were completely healed and epithilialised. No adnexae were present at any time point. No
infection was observed in any of the wounds at any of the dressing changes or at termination. The

area of the punch biopsy taken the previous week was not included in the macroscopic assessment.

When compared to wounds allowed to heal by secondary intention, wounds treated with SM +
STSG epithelialised earlier and became the colour of normal skin earlier.
When compared with wound treated with STSG alone, these wounds were macroscopically similar

to the two above groups but a slightly lighter pink than surrounding skin.

Interpretations of macroscopic wound observations and graft take

Wounds treated by secondary intention appeared to heal through the formation of granulation tissue
— moist, red, velvet-like texture - apparent from day 7, most proliferative at day 14 through to day
21 and then by epithelialisation, which started peripherally and moved towards the centre of the
wound thereafter. The wounds were dry from day 28 onwards, though darker and more red in
colour than both the two other wound groups. By day 42 all wounds were epithelialised. Wounds
allowed to heal by secondary intention were slightly darker in colour than wounds in the other
groups.

By days 84 and 180 there were no macroscopic differences between all wound groups. No adnexal

structures were observed in any of the wound groups.
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Macroscopic appearances of the wounds in a 42 day study

Day 0 Day 7 Day 14

Day 28 Day 35 Day 42

Figure 4.5.2.1:An example of the macroscopic appearances of the full thickness excision wounds
allowed to heal by secondary intention in a 42 day study.
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Day 7 Day 14

Day 28 Day 35 Day 42

Figure 4.5.2.2: An example of the macroscopic appearances of the full thickness excision wounds
treated by split thickness skin graft alone in a 42 day study.

Day 21

Day 35 Day 42

Figure 4.5.2.3: An example of the macroscopic appearances of the full thickness excision wounds
treated by Smart Matrix™ split thickness skin graft in a 42 day study.
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4.5.3 Wound area and contraction
Please see table 4.5.3 and figures 4.5.3.1-7

Tattooed area

The tattoo area measurements showed a statistically significant difference in wound area
(p<0.0001) increase from each time point to the next, except between days 21 and 28 and days 21
and 28. The mean wound area difference was an increase of 2.92cm? from day 0 to day 7, 3.00cm?
from day 7 to day 14, 1.93cm? from day 14 to day 21, 0.16cm? from day 21 to day 28, 0.16cm?
from day 28 to day 35, 2.13cm? from day 35 to day 42, 3.80cm? from day 42 to day 84 and 6.93cm?

from day 84 to day 180.

Wounds allowed to heal by secondary intention

From day 7 through to day 180, wounds allowed to heal by secondary intention decreased in size
over time overall. Statistically significant (p<0.0001) decreases in wound area occurred between
day 0 and day 7 (mean difference of 3.19cm?) days 14 and 21 (mean difference of 1.49cm?), days
28 and 35 (mean difference of 0.49c¢m?2) and days 35 and 42 (mean difference of 7.61cm?2). The dif-
ferences between remaining consecutive time points were not significant.

At day 7, wounds allowed to heal by secondary intention were 61% of the tattooed area, 54% at day

14, 41% at day 21, 39% at day 28, 37 % at day 35, 30% at day 42, 23% at day 84 and 15% at day
180. The wounds allowed to heal by secondary intention were significantly smaller (p<0.0001) at

each post-operative time point.

Wounds treated by STSG alone

These wounds showed an initial decrease in size from 12.562 cm at day 0 to 11.48cm? at day 7,

10.71cm? at day 14, and 11.07cm? at day 21. All differences were statistically significant
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(p<0.0001), except between days 14 and 21. Wound area increased in from day 21 onwards to
12.48cm? at day 28, 14.73cm? at day 35, 17.75cm? day 42, 23.9cm? at day 84 and 27.41cm? at day
180.

When compared to the tattooed areas, wounds treated with STSG alone were significantly smaller
at each post-operative time point (p<0.0001). At day 7, these wounds were 74% of the tattooed area,
59% at day 14, 54% at day 21, 61% at day 28, 71% at day 35, 78% at day 42, 90% at day 84 and
82% at day 180. The mean wound area difference was 3.99cm?2 at day 7, 7.76cm? at day 14, 9.34cm?
at day 21, 8.09cm? day 28, 5.96cm? at day 35, 5.07cm? at day 42, 2.73cm? at day 84 and 6.14cm?
day 180.

When compared to the wounds allowed to heal by secondary intention, wounds treated by STSG
alone were significantly larger (p<0.0001) at every time point. This difference in size increased
over time and was greatest after day 21. The mean wound area difference was 2.11cm? at day 7,
0.88cm? at day 14, 2.75cm? at day 21, 4.39cm? day 28, 7.13cm? at day 35, 10.93cm? at day 42,

17.77cm? at day 84 and 21.82cm? day 180.

Wounds treated with SM + STSG

All differences between consecutive time points were statistically significant (p<0.0001) except be-
tween days 7 and 14. When compared to the tattooed areas, wounds treated with SM + STSG were
significantly smaller at each post-operative time point (p<0.0001). At day 7, these wounds were
89% of the tattooed area, 69% at day 14, 65% at day 21, 74% at day 28, 79% at day 35, 85% at day
42, 91% at day 84 and 85% at day 180. The mean wound area difference was 2.38cm? at day 7,
5.84cm? at day 14, 7.06cm? at day 21, 5.35cm? day 28, 4.37cm? at day 35, 4.36cm? at day 42,
2.50cm? at day 84 and 5.05cm? day 180.

Wounds treated with SM+STSG were larger than those allowed to heal by secondary intention at

each post-operative time point. The mean wound area difference was 3.73cm? at day 7, 2.81cm? at
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day 14, 5.00cm? at day 21, 7.12cm? day 28, 8.72cm? at day 35, 11.64cm? at day 42, 18cm? at day 84
and 22.91cm? day 180. These differences were statistically significant (p<0.0001) at each post-op-
erative time point.

Wounds treated with SM + STSG were larger in area than those treated with STSG alone at each
time point. The mean wound area difference was 1.61cm?2 at day 7, 1.93cm? at day 14, 2.26cm?2 at
day 21, 2.74cm? day 28, 1.59cm? at day 35, 0.71cm? at day 42, 0.26cm? at day 84 and 1.09cm? day
180. These differences were statistically significant (p<0.0001) at each time point except at day 84
(p=0.225).

Macroscopic appearances of the wounds in a 42 day and 180 day study

Day 28 Day 35 Day 42 Day 84 Day 180

Figure 4.5.3.1: An example of the macroscopic appearances of the full thickness excision wounds
allowed to heal by secondary intention™® in a 42 day and 180 day study. The “nodule’ apparent in
the pictures (blue arrow) is the scar resulting from the Smm punch biopsy.
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Day0 Day7 Day 21
. .
Day 28 Day 35 Day 42 Day 84 Day 180

Figure 4.5.3.2: An example of the macroscopic appearances of the full thickness excision wounds
treated with split thickness skin graft alone* in a 42 day and 180 day study.

Day0 Day7 Day 21

Day 28 Day 35 Day 42 Day 84 Day 180

Figure 4.5.3.3: An example of the macroscopic appearances of the full thickness excision wounds
treated with Smart Matrix™ + split thickness skin graft* in a 42 day and 180 day study.

*Wound area was measured quantitatively using Eykona. For the purpose of this illustration, ap-

proximate scale bars have been added to aid interpretation of the images which have been scaled

differently (according to camera zoom).
109



Day 0 (Day 7 [Day |Day (Day |Day |Day (Day |Day
14 21 28 35 42 84 180

SM+STSG 13 (x0) 13 13
(+0.05) (+0.08) (i011) (io 08) (:I:Oll) (:I:O 08) (:I:O 21) (iO 40)

e T 13 (20) 15 11 1 12 15 18 24 27
(£0.08) (£0.08) (£0.08) (£0.09) (£0.09) (£0.11) (£0.28) (20.34)

secondary 13(x0) 9 10 8 8. 8(=0.1 7 6 5
intention (#0.10) (£0.12) (£0.11) (#0.11) 0) (£0.10) (£0.16) (£0.16)
normal skin 13 (£0) 13 13 13 15 16 18 24 28

(£0.12) (£0.10) (£0.08) (£0.10) (£0.09) (£0.11) (£0.24) (+0.40)

Table 4.5.3: Mean wound area (cm?) as a percentage of the tattooed area versus time (n=54, 18 per
wound group) for different reconstructive options, in a 180 day study.
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Wound Area
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SM+ STSG (n=18)

STSG alone (n=18)
secondary intention (n=18)
normal skin

Figure 4.5.3.4: mean wound area versus time (n=54, 18 per wound group) for different recon-
structive options, in a 42 day study.

Wound area contraction
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Figure 4.5.3.5: Mean wound area as a percentage of the tattooed area versus time (n=54, 18 per

wound group) for different reconstructive options, i

na 42 day study.
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Figure 4.5.3.6: mean wound area versus time (n=36, 12 per wound group) for different recon-
structive options, in a 180 day study.

Wound area contraction
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Figure 4.5.3.7: mean wound area as a percentage of the tattooed area versus time (n=36, 12 per
wound group) for different reconstructive options, in a 180 day study.

Interpretations for mean wound area and contraction
The tattooed area increased in size over time. Wounds treated with SM+STSG showed the smallest
degree of contraction throughout the study. Wounds treated with STSG alone contracted less than

those allowed to heal by secondary intention and more than those treated by SM+STSG. All
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wounds were smaller at each post-operative time point than the tattooed area. These area differ-

ences were all statistically significant (p<0.0001).

4.5.4 EDA-Fibronectin (EDA-FN) staining
Please see Table 4.5.4 and Figures 4.5.4.1-2

Normal skin

EDA-FN content of normal skin showed no significant changes over time.

Wounds allowed to heal by secondary intention

The changes in density between individual time points from days 7 to 84 were not statistically sig-
nificant. Statistically significant (p<0.0001) changes occurred between days 42 to 84 (mean differ-
ence of 0.19) and days 84 to 180 (mean difference of 1.51).

Wounds allowed to heal by secondary intention showed higher levels of EDA-FN than normal skin
throughout the entire study. The mean difference was 2.41 at day 7, 2.36 at day 14, 2.76 at day 21,
2.52 at day 28, 2.52 at day 35, 2.42 at day 42, 2.21 at day 84 and 0.92 day 180. These differences

were statistically significant (p<0.0001) at each time point.

Wounds treated by STSG alone

These changes were statistically significant (p<0.0001) between days 7 and 14 (mean difference of
0.184) and days 28 and 35 (mean difference of 0.644).

Wounds treated with STSG alone showed statistically significantly (p<0.0001) higher levels of
EDA-FN staining than normal skin throughout the entire study. The mean difference was 1.42 at

day 7, 2.46 at day 14, 2.64 at day 21, 2.94 at day 28, 2.62 at day 35, 1.93 at day 42, 1.74 at day 84
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and 1.53 at day 180.

Wounds treated with STSG showed lower levels of EDA-FN staining compared to wounds allowed
to heal by secondary intention, at day 7, which then increased to similar levels throughout the rest
of the study before decreasing after day 28. The mean difference was 0.98 at day 7 (statistically sig-
nificant, p<0.0001), 0.095 at day 14 (not statistically significant) 0.13 at day 21 (not statistically
significant), 0.42 at day 28 (statistically significant, p=0.0004), 0.76 at day 35 (not statistically sig-
nificant), 0.49 at day 42 (statistically significant, p<0.0001), 0.46 at day 84 (not statistically signifi-

cant) and 0.61 at day 180 (statistically significant, p=0.0002).

Wounds treated with SM + STSG

The changes in EDA-FN staining between consecutive time post-operative time points were statis-
tically significant only between days 42 and 84 (a difference of 0.42, p=0.0197).

Wounds treated with SM+STSG showed higher levels of EDA-FN staining than normal skin
throughout the entire study. These differences were statistically significant at each time point except
days 84 and 180. The mean difference was 1.12 at day 7 (p<0.0001), 0.8 at day 14 (p<0.0001), 0.83
at day 21 (p<0.0001), 0.81 at day 28 (p<0.0001), 0.52 at day 35 (p=0.0003), 0.51 at day 42
(p=0.0006), 0.07 at day 84 and 0.06 at day 180.

Wounds treated with SM+STSG showed lower levels of EDA-FN staining than wounds allowed to
heal by secondary intention throughout the entire study. These differences were statistically signif-
icant (p<<0.0001) at days 7, 28, 42 and 84. The mean difference was 0.98 at day 7, 0.09 at day 14,
0.13 at day 21, 0.42 at day 28, 0.26 at day 35, 0.49 at day 42, 0.46 at day 84 and 0.61 at day 180.
Wounds treated with SM+STSG showed lower levels of EDA-FN staining than wounds treated with
STSG alone throughout the entire study. The mean difference was at 0.30 day 7, 1.65 at day 14,

1.81 at day 21, 2.13 at day 28, 1.74 at day 35, 1.42 at day 42, 1.67 at day 84 and 1.47 at day 180.
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These differences were statistically significant (p<0.0001) at each time point except at day 7.

Day (Day |Day |[Day (Day |Day [Day

14 21 28 35 42 84 180

SM+STSG 1.81 164 156 154 129 132 090  0.61
(*0.05)  (£0.06) (+0.05) (20.05) (£0.05) (+0.04) (0.05) (+0.05)

SRle e 211 181 337 367 303 274 257 214
(£0.04) (£0.05) (£0.09) (£0.03) (£0.05) (£0.12) (x0.10) (£0.07)

secondary 309 320 349 325 329 324 304 153
et (£0.11) (£0.05) (£0.04) (20.04) (20.04) (+0.06) (£0.07) (+0.06)

normal skin 0.69 0.84 0.73 0.73 0.76 0.82 0.83 0.61
(£0.5)  (#0.5) (£0.06) (£0.05) (20.05) (£0.05) (+0.05) (+0.05)

Table 4.5.4: Mean EDA-Fibronectin staining density (score out for 5), where n=108 (36 per wound
group) for the 42 day study and n=36 (12 per wound group) for the 180 day study

EDA-fibronectin

3.75
¥ SM + STSG (n=36)
= 4 STSG alone (n=36)
o 55 += secondary intention (n=36
S ¢ normal skin

1.25 - \

mean EDA-FN staining (score out

e
0 | | | 1
0 13 25 38 50
Time (days)

Figure 4.5.4.1 : mean EDA-Fibronectin staining density versus time (n=108, 36 per wound group)
for different reconstructive options in a 42 day study.

115



EDA-fibronectin

5
on
=
£
g 375
£ T @ SM +STSG (n=12)
§ 5 ! @ STSG alone (n=12)
°3 25 4 secondary intention (n=12)
2 o >« normal skin
Aol
< 2
5 1.25 I
=
g
=}

0 T T T 1

0 45 90 135 180
Time (days)

Figure 4.5.4.2: mean EDA-Fibronectin staining density versus time (n=36, 12 per wound group)
for different reconstructive options in a 180 day study.

Interpretations of mean EDA-fibronectin staining

EDA-fibronectin staining was lowest in normal skin (the tattooed area), followed by wounds treated
by SM+STSG. In this group, an initial peak occurred at day 7 which gradually reduced over time
and reached that of normal skin by day 84. Wounds treated with STSG alone exhibited significant-
ly higher levels of staining than wounds treated with SM+STSG with a peak at day 21, which the
gradually decreased over time but remained significantly higher than wounds treated with
SM+STSG and normal skin. Wounds allowed to heal by secondary intention showed the highest

levels of EDA-fibronectin staining throughout the study, peaking at day 28.
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4.5.5 Alpha-smooth muscle actin (®-SMA)
Please see table 4.5.5 and figures 4.5.5.1-2

Normal skin

®-SMA content of normal skin showed no significant changes over time (p>0.999 at each time in-
terval).

Wounds allowed to heal by secondary intention

The changes in density between individual time points throughout the entire study were statistically
significant between days 7 and 14 (mean difference of 0.58, p<0.0001), days 14 and 21 (mean dif-
ference of 0.37, p<0.0001), days 35 and 42 (mean difference of 0.29, p=0.0125), 42 and 84, (mean
difference of 0.48, p<0.0001) and day 84 and 180 (mean difference of 0.6, p<0.0001).

Wounds allowed to heal by secondary intention showed significantly (p<0.0001) higher levels of X-
SMA than normal skin throughout the entire study. The mean difference was 1.96 at day 7, 2.56 at
day 14, 2.96 at day 21, 2.94 at day 28, 2.95 at day 35, 2.73 at day 42, 2.19 at day 84 and 1.66 at day

180.

Wounds treated by STSG alone

The changes in X-SMA staining were statistically significant between days 7 and 14 mean differ-
ence of 1.02, p<0.0001), days 28 and 35 (mean difference of 0.92, p<0.0001), days 35 and 42 (mean
difference of 0.37, p<0.0001), days 42 and 84 (mean difference of 0.43, p=0.0002) and days 84 and
180 (mean difference of 0.94, p<0.0001).

Wounds treated with STSG alone showed higher levels of ®-SMA staining than normal skin
throughout the entire study. The mean difference was 1.97 at day 7, 0.45 at day 14, 0.22 at day 21,
1.97 at day 28, 2.11 at day 35, 1.81 at day 42, 1.31 at day 84 and 0.44 at day 180. These differ-

ences were statistically significant (p<0.0001) at each time point, except at days 28 and 180.
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The mean differences between wounds treated with STSG compared to wounds allowed to heal by
secondary intention were 0.02 at day 7, 0.45 at day 14, 0.22 at day 21, 0.03 at day 28, 0.85 at day
35, 0.49 at day 42, 0.88 at day 84 and 1.22 at day 180. These differences were significant

(p<0.0001) at days 14, 35, 42, 84 and 180.

Wounds treated with SM + STSG

The changes in ®-SMA staining between consecutive time post-operative time points were statisti-
cally significant (p<0.0001) between days 21 and 28 (a mean difference of 0.68) and days 35 and 42
(a mean difference of 0.75).

Wounds treated with SM+STSG showed very slightly higher levels of ®-SMA staining when com-
pared to normal skin at days 7 and 14. The mean differences were 0.01 at day 7, 0.02 at day 14,
0.17 at day 21, 0.78 at day 28, 0.88 at day 35, 0.20 at day 42, 0.10 at day 84 and 0.01 at day 180.
These differences were only significant at day 35 (p<0.0001).

Wounds treated with SM+STSG showed lower levels of ®-SMA staining than wounds allowed to
heal by secondary intention throughout the entire study. The mean difference was 1.93 at day 7,
2.67 at day 14, 2.78 at day 21, 2.17 at day 28 at day 35, 2.07 at day 42, 2.30 at day 84 and 1.67 at
day 180. These differences were statistically significant (p<0.0001) at each time point.

Wounds treated with SM+STSG showed lower levels of 2-SMA staining than wounds treated with
STSG alone throughout the entire study. The mean difference was at 1.98 day 7, 3.01 at day 14, 2.9
at day 21, 2.19 at day 28, 1.23 at day 35, 1.60 at day 42, 1.42 at day 84 and 0.45 at day 180. These
differences were statistically significant at each time point (p<0.0001 at each point except day 180,

significant at 0.0021).
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Day |Day |Day (Day (Day |[Day |Day

14 21 28 35 42 84 180

SM+STSG 0.53 0.51 0.66 1.34 1.39 0.64 0.40 0.42
(£0.04) (£0.04) (£0.03) (£0.06) (£0.03) (£0.03) (£0.04) (+0.04)

SN e e 251 352 366 353 267 224 181 087
(£0.05) (£0.05) (£0.15) (£0.03) (20.04) (+0.05) (£0.07) (+0.06)

secondary 249 207 344 351 346 317 269 204
ST ST (£0.05) (£0.05) (£0.05) (20.04) (20.04) (+0.06) (+0.04) (+0.07)

k)i 053 051 049 057 051 044 050 043
(£0.05) (£0.05) (£0.05) (20.05) (20.05) (£0.05) (£0.05) (+0.05)

Table 4.5.5: Mean Alpha- Smooth Muscle Actin staining density (score out for 5), where n=108 (36
per wound group) for the 42 day study and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.5.1: mean a-smooth muscle actin staining density versus time (n=108, 36 per wound
group) for different reconstructive options, in a 42 day study.

119



Alpha smooth muscle
actin
- 5
(=]
s
(=]
S 375
2 T ¢ SM+ STSG (n=12)
80 4 STSG alone (n=12)
E@ 25 - I secondary intention (n=12)
8 I ¢ normal skin
<
£
¢ 125
<
=
g
g
O T T T 1
0 45 90 135 180
Time (days)

Figure 4.5.5.2: Mean o-smooth muscle actin staining density versus time (n=36, 12 per wound
group) for different reconstructive options in a 180 day study.

Interpretations for mean EDA-Fibronectin and Alpha Smooth Muscle Actin staining density

Alpha Smooth Muscle Actin staining followed that of EDA-fibronectin temporally, with a lag phase
of about 7 days, in all the wounds. EDA-FN and a-SMA staining was lowest in normal skin, fol-
lowed by wounds treated by SM+STSG. These wounds approached staining levels of normal skin
by day 84. Wounds treated with STSG alone exhibited higher levels of EDA-FN and a-SMA stain-
ing than wounds treated with SM+STSG. Wounds allowed to heal by secondary intention showed
the highest levels of both EDA-FN and a-SMA staining. In wounds treated with SM + STSG, a-
SMA and EDA-FN staining appeared closer to the wound bed (in the reticular dermis) investing

pericytes, than to the wound surface.
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4.5.6 Collagen
Please see table 4.5.6 and Figures 4.5.6.1-2

Normal skin
Collagen content of normal skin showed no significant changes over time between days 7 and 180.

Wounds allowed to heal by secondary intention

The changes in density between individual time points throughout the entire study were statistically
significant (p<<0.0001) between days 14 and 21 (mean difference of 0.75), days 28 and 35 (mean
difference of 0.84) and days 35 and 42 (mean difference of 1.03).

Wounds allowed to heal by secondary intention showed lower levels of collagen than normal skin
from throughout the study. These differences were statistically significant at all consecutive post-
operative time point between days 7 and 42 (p<0.0001). The mean difference was 3.11 at day 7,
2.88 at day 14, 2.23 at day 21, 2.44 at day 28, 1.56 at day 35, 1.02 at day 42, 0.67 at day 84 and

0.58 at day 180.

Wounds treated by STSG alone

The changes in collagen staining were statistically significant (p<0.0001) between days 14 and 21
mean difference of 0.75), days 28 and 35 (mean difference of 0.84,) and days 35 and 42 (mean dif-
ference of 10.3).

Wounds treated with STSG alone showed levels of collagen staining than normal skin throughout
the entire study. The mean difference was 3.11 at day 7, 2.88 at day 14, 2.23 at day 21, 2.44 at day
28, 1.56 at day 35, 1.02 at day 42, 0.67 at day 84 and 0.58 at day 180. These differences were sta-

tistically significant (p<0.0001) at each time point, except at days 84 and 180.

Wounds treated with STSG showed higher levels of collagen staining compared to wounds allowed
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to heal by secondary intention, throughout the study. The mean difference was 0.87 at day 7, 0.75 at

day 14, 0.91 at day 21, 1.2 at day 28, 0.81 at day 35, 0.04 at day 42, 0.41 at day 84 and 0.36 at day
180. These differences were statistically significant (p<0.0001) at each time point, except at days

42, 84 and 180.

Wounds treated with SM + STSG

The changes in collagen staining between consecutive time post-operative time points were statisti-
cally significant only between days 7 and 14 (p<0.0001), days 14 and 21 (p=0.01), days 21 and 28
(p<0.0001) and days 28 and 35 (p=0.0015).

Wounds treated with SM+STSG showed lower levels of collagen staining when compared to nor-
mal skin throughout the entire study. The mean differences were 1.99 at day 7, 1.12 at day 14, .88 at
day 21, 0.25 at day 35, 0.5 at day 42, 0.06 at day 84 and 0.15 at day 180. These differences were
significant (p<0.0001 at each time point except at day 42 where p=0.0007) at each time point except
at days 35, 84 and 180.

In wounds treated with SM+STSG, collagen fibrils appeared more organised into a fibril formation
after day 28 closer to the surface, and slightly more haphazard closer to the wound bed. Over time,
the collagen fibrils appeared more organised into a fibrillar structure homogenously throughout the
wound. This was similar in wounds treated by STSG alone. Wounds allowed to heal by secondary
intention showed an initially homogenously disorganised network with subsequent signs of organi-
sation by day 84.

Wounds treated with SM+STSG showed higher levels of collagen staining than wounds allowed to
heal by secondary intention throughout the entire study. The mean difference was 1.12 at day 7,
1.76 at day 14, 1.35 at day 21, 1.77 at day 28, 1.36 at day 35, 0.54 at day 42, 0.61 at day 84 and
0.47 at day 180. These differences were statistically significant (p<0.0001) at each time point ex-

cept at day 180 (p=0.06).
122



Wounds treated with SM+STSG showed higher levels of collagen staining than wounds treated with
STSG alone throughout the entire study. The mean difference was at 0.25 at day 7, 1.00 at day 14,
0.43 at day 21, 0.57 at day 28, 0.51 at day 35, 0.51 at day 42, 0.20 at day 84 and 0.07 at day 180.
These differences were statistically significant (p<0.0001) at each time point except at days 7, 84

and 180.

Day |Day |Day (Day (Day |[Day |Day

14 21 28 35 42 84 180

SM+STSG 149 225 259 322 360 38 392 391
(£0.03) (£0.04) (£0.05) (+0.04) (£0.04) (£0.03) (£0.03) (0.03)

STSG alone 1.24 1.24 2.15 2.65 3.09 3.36 3.72 3.84
(£0.03) (£0.03) (£0.04) (£0.05) (£0.04) (£0.04) (£0.05) (£0.04)

secondary 037 049 124 145 229 332 337 349
Gt (£0.03) (20.03) (£0.03) (£0.04) (20.03) (£0.11) (£0.23) (£0.05)

Al | 348 337 345 389 384 434 399 426
(£0.06) (20.06) (£0.03) (£0.04) (£0.04) (£0.03) (£0.01) (+0.08)

Table 4.5.6: Mean Collagen staining density (score out for 5), where n=108 (36 per wound group)
for the 42 day study and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.6.1: A graph showing mean collagen staining density versus time (n=108, 36 per wound
group) for different reconstructive options in a 42 day study.
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Figure 4.5.6.2: A graph showing mean collagen staining density versus time (n=36, 12 per wound
group) for different reconstructive options in a 180 day study.

Interpretations for mean collagen staining density
Wounds treated by SM + STSG showed an increase in staining levels for Collagen from day 7.
This trajectory was similar to wounds treated with STSG alone. Wounds treated with SM+STSG

showed higher levels of collagen staining than those treated with STSG alone. Wounds allowed to
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heal by secondary intention followed by a lag phase of 14 days (at day 21). By day 42, all wounds
had reached their mature state of collagen quantity. Total staining was similar for all wounds with
wounds treated by SM+STSG exhibiting similar amounts to that of normal skin (the tattooed area),
followed closely by those treated with STSG alone, with smaller scores for wounds allowed to heal

by secondary intention.

4.5.7 Elastin
Please see table 4.5.7 and Figures 4.5.7.1-2

Normal skin
Elastin content of normal skin showed no significant changes over time except between days 14 and

21 (mean difference of 0.36, p=0.0002) and days 28 and (mean difference of 0.31, p=0.0047).

Wounds allowed to heal by secondary intention

The changes in density between individual time points were statistically significant (p<0.0001) be-
tween days 35 and 42 (mean difference of 0.34), days 42 and 84 (mean difference 0.74) and days 84
and 180 (mean difference 0.42).

Wounds allowed to heal by secondary intention showed statistically significant (p<0.0001) lower
levels of elastin than normal skin from throughout the study. The mean difference was 1.90 at day 7,
2.20 at day 14, 1.70 at day 21, 1.62 at day 28, 1.81 at day 35, 1.63 at day 42, 1.06 at day 84 and

1.15 at day 180.
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Wounds treated by STSG alone

The changes in elastin staining density were statistically significant between days 14 and 21 (mean
difference of 0.2, p=0,0156), days 21 and 28 (mean difference of 0.71, p<0.0001) and days 42 and
84 (mean difference of 0.53, p<0.0001).

Wounds treated with STSG alone showed lower levels of elastin staining than normal skin through-
out the entire study. The mean difference was 2 at day 7, 2.20 at day 14, 1.70 at day 21, 1.62 at day
28, 1.81 at day 35, 1.63 at day 42, 1.06 at day 84 and 1.15 at day 180. These differences were sta-
tistically significant (p<0.0001) at each time point.

Wounds treated with STSG showed no significant difference in elastin staining levels compared to
those allowed to heal by secondary intention at equivalent time points between days 7 and 21. Sta-
tistically significant (p<0.0001) higher levels were seen in wounds treated with STSG alone com-
pared to wounds allowed to heal by secondary intention, throughout the study thereafter. The mean
difference was 0.07 at day 7, 0.10 at day 14, 0.18 at day 21, 0.88 at day 28, 0.93 at day 35, 0.59 at

day 42, 0.80 at day 84 and 0.92 at day 180.

Wounds treated with SM + STSG

The changes in elastin staining between consecutive time post-operative time points were statisti-
cally significant only between days 7 and 14 (mean difference of 0.98, p<0.0001), days 14 and 21
(mean difference of 0.65, p=0.01) and days 35 and 42 (mean difference of 0.34, p<0.0001).

When comparing wounds treated with SM+STSG to normal skin, the mean differences were 1.8 at
day 7, 1.03 at day4, 0.02 at day 21, 0.09 at day 28, 0.22 at day 35, 0.03 at day 42, 0.24 at day 84 and

0.05 at day 180. These differences were only significant (p<<0.0001) at days 7 and 14.

Wounds treated with SM+STSG showed higher levels of elastin staining than wounds allowed to
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heal by secondary intention throughout the entire study. The mean difference was 0.15 at day 7,
1.17 at day 14, 1.67 at day 21, 1.71 at day 28, 1.60 at day 35, 1.60 at day 42 , 0.82 at day 84 and
1.19 at day 180. These differences were statistically significant (p<<0.0001) at each time point ex-
cept at day 7 (p=0.4152).

Wounds treated with SM+STSG showed higher levels of elastin staining than wounds treated with
STSG alone throughout the entire study. The mean difference was at 0.22 at day 7, 1.06 at day 14,
1.50 at day 21, 0.83 at day 28, 0.66 at day 35, 1.01 at day 42, 0.44 at day 84 and 0.28 at day 180.
These differences were statistically significant (p<0.0001 for all except day 180, where p=0.0324)

at each time point except at day 7 (p=0.0058).

Day7 |Day |Day |Day |Day |Day |Day |Day

14 21 28 35 42 84 180

SM+STSG 054 152 216 220 222 256 252 248
(£0.03) (£0.03) (£0.04) (20.04) (20.04) (+0.04) (£0.04) (+0.04)

STSG alone 032 045 033 137 155 155 208 220
(£0.03) (£0.03) (£0.04) (20.03) (20.03) (£0.04) (£0.06) (+0.06)

secondary 0.39 0.36 0.48 0.50 0.62 0.96 1.70 1.30
intention (£0.03) (£0.03) (£0.03) (£0.04) (£0.04) (£0.04) (£0.05) (£0.06)

Tenp IS 232 254 218 212 243 259 276 243
(£0.05) (£0.05) (£0.06) (£0.05) (20.06) (+0.06) (+0.11) (+0.11)

Table 4.5.7: Mean Elastin staining density (score out for 5), where n=108 (36 per wound group) for
the 42 day study and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.7.1: Mean elastin staining density versus time (n=108, 36 per wound group) for different
reconstructive options in a 42 day study.

Elastin

375
SM + STSG (n=12)
STSG alone (n=12)

© 25 - secondary intention (n=12)
> normal skin

"eé

125 - ;!

mean Elastin staining (score out of
)

0 T T T 1
0 45 90 135 180

Time (days)

Figure 4.5.7.2: Mean elastin staining density versus time (n=36, 12 per wound group) for different
reconstructive options in a 180 day study.

Interpretations for mean elastin staining density
Wounds treated with SM + STSG showed a rapid increase in elastin staining over the first 42 days.

This remained at a similar level thereafter, which was higher than wounds treated with STSG alone
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and those allowed to heal by secondary intention. Wounds treated with STSG alone showed a less
steep increase over 84 days, which continued to increase slowly up to day 180. Wounds allowed to
heal by secondary intention showed the least increase in elastin staining which peaked at day 84

with a small decline thereafter.

4.5.8 Neodermal thickness
Please see table 4.5.8 and figures 4.5.8.1-2

Normal skin
These measurements showed no significant changes over time except between days 28 and 35

(mean difference of 45.22um, p=0.0181).

Wounds allowed to heal by secondary intention

The increases in wound thickness between individual time points were statistically significant
(p<0.0001) between all consecutive time points except between days 42 and 84 and days 84 and
180.

Wounds allowed to heal by secondary intention were less thick than normal skin between days 7
and 28. These differences were statistically significant (p<0.0001). The mean difference was
394.21um at day 7, 299.14um at day 14, 255.42um at day 21 and 91pum and day 28. Between days
35 and 180, wounds allowed to heal by secondary intention were thicker than normal skin. These
differences were statistically significant (p<0.0001 at each time point except at day 3 where

p=0.0171). The mean difference was 39.71um at day 35, 100um at day 42, 132.21um at day 84 and
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122.04pm at day 180.

Wounds treated by STSG alone

The changes (increasing between days 7 and 35 and decreasing thereafter) in neodermal thickness
between consecutive time points were statistically significant at each reading (p<0.0001).

Wounds treated with STSG alone were less deep than normal skin between days 7 and 21. These
differences were all statistically significant. The mean differences were 325.05um at day 7
(p<0.0001), 90.22um at day 14 (p<0.0001) and 45.45um at day 21 (p=0.0009). Between days 28
and 84, wounds treated with STSG were thicker than normal skin. These differences were statisti-
cally significant (p<0.0001). The mean differences were 193.08um at day 28, 248.76pum at day 35,
206.00pum at day 42 and 104.92um at day 84. At day 180, wounds treated with STSG were less
deep than normal skin. The mean difference was 84.03um. This difference was statistically signifi-
cant (p=00006).

Wounds treated with STSG were thicker than those allowed to heal by secondary intention through-
out the entire study. These differences were all statistically significant (p<0.0001) except at day 84.
The mean difference was 70.23um at day 7, 208.60um at day 14, 210.93um at day 21, 284.32um at

day 28, 287.74um at day 35, 90.23um at day 42, 28.07um at day 84 and 206.11pum at day 180.

Wounds treated with SM + STSG

The changes in wound depth between consecutive time post-operative time points were statistically
significant throughout the study, p<0.0001), except between days 21 and 28. The mean difference
was 330.05um between days 7 and 14, 242.24um between days 14 and 21, 16.5um between days 21
and 28, 42.23um between days 28 and 35, 53.57um between days 35 and 42, 65.22um between
days 42 and 84 and 228.65um between days 84 and 180.

Wounds treated with SM+STSG were less thick than normal skin at day 7, but then thicker from
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days 14 to 180. All these differences were statistically significant (p<0.0001), except at day 180.
The mean difference was 222.24um at day 7, 120.54pum at day 14, 332.27um at day 21, 389.14pum
at day 28, 302.78um at day 35, 278.43um at day 42, 218.46pum at day 84 and 3um at day 180.
Wounds treated with SM+STSG were thicker than those allowed to heal by secondary intention
throughout the study, except at day 180. All these differences were statistically significant at the
same post-operative time points (p<0.0001). The mean difference was 173.27um at day 7,
419.43um at day 14, 587.2um at day 21, 480.67um at day 28, 341.24um at day 35, 176.56um at
day 42, 87.15um at day 84 and 119.83pum at day 180.

Wounds treated with SM+STSG were deeper than those treated with STSG alone throughout the
study. All these differences were statistically significant at the same post-operative time points
(p<0.0001). The mean difference was 103.21um at day 7, 211.54um at day 14, 378.26um at day 21,
196.34um at day 28, 51.06um at day 35, 88.24um at day 42, 115.67um at day 84 and 87.22um at

day 180.

Day Day Day Day
14 21 28 35

Day Day
84 180

SM+STSG 321.13  650.08 892.98 908.63 866.47 81322 748.64 519.26
(£1.37) (£0.98) (£3.05) (£1.17) (£0.99) (£1.09) (£1.63) (%1.48)

STSG alone 218.12 43931 51422 71229 811.14 725.64 633.08 432.87
(£6.25) (£0.94) (£1.71) (3.85) (#2.61) (£1.05) (£1.29) (£1.23)

secondary 147.15 231.76 30523 428.81 52553 635.67 66132 638.73
intention (£5.27) (*7.10) (£1.47) (£1.77) (+0.86) (£1.09) (£1.40 (+1.17)

normal skin 54224 530.18 560.62 52023 564.42 53533 530.17 516.23
(£0.06) (£3.62) (£1.75) (#3.31) (£5.83) (£3.39) (£1.29) (+1.23)

Table 4.5.8: Mean neodermal thickness (micrometers) where n=108 (36 per wound group) for the
42 day study and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.8.1: Mean wound thickness versus time (n=108, 36 per wound group) for different re-
constructive options in a 42 day study.
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Figure 4.5.8.2: Mean wound thickness versus time (n=36, 12 per wound group) for different recon-
structive options in a 180 day study.

Interpretations for mean neodermal thickness

Wounds treated with SM + STSG showed a rapid increase in wound depth peaking at days 14 and
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21. This gradually decreased to the level of that of normal skin by day 180. Wounds treated with
STSG alone showed a less steep increase over 42 days, which then decreased until the end of the
study. Wounds treated by SM+STSG were significantly thicker than those treated by STSG alone
(p<0.0001). Wounds allowed to heal by secondary intention showed the least increase in wound
depth, which peaked at day 42 and remained at a steady state thereafter. This depth was significant-

ly larger than the other wound groups and normal skin at day 180.

4.5.9 Wound cellular density
Please see table 4.5.9 and figures 4.5.9.1-2

Normal skin

Cellular density of normal skin showed no significant changes over time except between days 14

and 21 (mean difference of 0.65, p<0.0001).

Wounds allowed to heal by secondary intention

The changes in density between individual time points were statistically significant (p<0.0001) ex-
cept between days 35 and 42.

When comparing wounds allowed to heal by secondary intention to normal skin, the former showed
a lower cellular density than the latter at day 7 (mean difference of 0.125). Between days 14 and 84,
mean cellular density was higher in wounds allowed to heal by secondary intention then in normal
skin. The mean difference was 0.88 at day 14, 0.87 at day 21, 0.63 at day 28, 0.23 at day 35, 0.49 at
day 42, 0.56 at day 84 and 0.02 at day 180. These differences were statistically significant

(0<0.0001) at each time point except at days 7, 35 and 180.
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Wounds treated by STSG alone

The changes in cellular density were statistically significant between days 7 and 14 (mean differ-
ence of 0.80, p<0.0001), days 21 and 28 (mean difference of 0.38, p=0.0061) days 42 and 84 (mean
difference of 0.34, p=0.0358) and days 84 to 180 (mean difference of 0.48, p=0.0396).

Wounds treated with STSG alone showed higher levels of cellular density than normal skin
throughout the entire study. The mean difference was 0.57 at day 7, 1.47 at day 14, 0.78 at day 21,
0.27 at day 28, 0.31 at day 35, 0.15 at day 42, 0.56 at day 84 and 0.11 at day 180. These differ-

ences were statistically significant only at days 7, 14 and 21 (p<0.0001).

Wounds treated with STSG were compared to those allowed to heal by secondary intention (at
equivalent time points). The mean difference was 0.64 at day 7, 0.04 at day 14, 0.09 at day 21,
0.36 at day 28, 0.09 at day 35, 0.34 at day 42, 0.00 at day 84 and 0.14 at day 180. These differences

were statistically significant at days 7 (p<0.0001), 28 (p=0.0137) and 42 (p=0.031).

Wounds treated with SM + STSG

The changes in cellular density between consecutive time post-operative time points were statisti-
cally significant between days 14 and 21 (mean difference of 0.76, p<0.0001) and days 35 and 42
(mean difference of 0.35, p=0.0272).

Wounds treated with SM+STSG were compared to normal skin. The mean difference was 1.82 at
day 7, 1.67 at day 14, 0.27 at day 21, 0.13 at day 28, 0.14 at day 35, 0.38 at day 42, 0.08 at day 35

and 0.23 at day 180 These differences were statistically significant at days 7 and 14 (p<0.0001).

Wounds treated with SM+STSG showed higher levels of cellular density than wounds allowed to
heal by secondary intention at days 7, 14 and 180, and lower levels at other time points. The mean

difference was 1.32 at day 7, 0.79 at day 14, 0.60 at day 21, 0.77 at day 28, 0.37 at day 35, 0.11 at
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day 42, 0.49 at day 84 and 0.25 at day 180. These measurements were statistically significant

(p<0.0001 for all except day 84, where p=0.0293) at every time point except at days 42 and 180.

Wounds treated with SM+STSG showed higher levels of cellular density than wounds treated with
STSG alone at days 7, 14 and 180, and lower levels at other time points. The mean difference was
at 0.68 at day 7, 0.21 at day 14, 0.51 at day 21, 0.41 at day 28, 0.45 at day 35, 0.23 at day 42, 0.48
at day 84 and 0.12 at day 180. These differences were statistically significant (p<0.0001 for all ex-
cept day 28, where p=0.0015 and day 84 where p=0.0324) at each time point except at days 14, 42

and 180.

Day |(Day |Day Day |Day

14 21 28 84 180

SM+STSG 3.84 4.16 341 3.13 3.05 3.40 2.55 2.67
(£0.04) (£0.14) (£0.04) (£0.04) (£0.05) (£0.04) (£0.07) (£0.07)

SUNle e 316 396 3.92 354 351 317 303 256
(£0.09) (£0.04) (£0.03) (20.15) (20.03) (£0.04) (£0.06) (+0.04)

secondary 2.51 3.37 4.01 3.90 3.42 3.51 3.03 242
intention (#0.03) (£0.04) (#0.03) (%0.03) (£0.04) (£0.11) (*0.7) (£0.7)

normal skin 2.64 2.49 3.14 3.27 3.19 3.02 2.47 2.44
(£0.06) (+0.06) (£0.06) (£0.06) (+0.06) (£0.07) (+0.13) (+0.14)

Table 4.5.9: Mean wound cellar density (score out of 5), where n=108 (36 per wound group) for the
42 day study and n=36 (12 per wound group) for the 180 day study
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Figure: 4.5.9.1: Mean cellular density versus time (n=108, 36 per wound group) for different re-
constructive options in a 42 day study.
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Figure 4.5.9.2: Mean cellular density versus time (n=36, 12 per wound group) for different recon-
structive options in a 180 day study.

Interpretations for mean wound cellular density
Wounds treated with SM + STSG showed the highest increase in cellular density over the first 14
days. This then decreased to levels similar to that of normal skin thereafter. This remained at a

similar level thereafter. Wounds treated with STSG alone showed a similar increase. This persisted
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until day 21 and slowly decreased to levels similar to that of normal skin by 180. Wounds allowed

to heal by secondary intention showed a later peak in cellular density at day 21, then followed a

similar trajectory to that of wounds treated with STSG alone.

Wound depth and cellular density: Interpretations

Wounds allowed to heal by secondary intention were thicker and showed higher levels of cellular
density compared to normal skin at days 7, 14 and 21, but statically no significant difference there-
after. Wounds treated by STSG alone were initially thicker and more cellularly dense than normal
skin (up to day 14), but there was no statistically significant difference thereafter. Compared to
wounds allowed to heal by secondary intention, wounds treated with STSG alone were less deep yet
more dense at day 180. Wounds treated with SM+STSG were deeper than all other treatment
modalities at days 7 and 14, but resembled normal skin in terms of wound depth and cellular densi-

ty for the remainder of the study, while being deeper than wounds treated with STSG alone.

4.5.10 Inflammation
Please see table 4.5.10 and figures 4.5.10.1-2

Normal skin

Cellular density of normal skin showed no statistically significant changes over time.

Wounds allowed to heal by secondary intention

The changes in density between individual time points were all statistically significant (p<<0.0001

for each, except between days 21 and 28, where p=0.0004) except between days 14 and 21.
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Wounds allowed to heal by secondary intention showed a higher inflammatory cell density than
normal skin throughout the study. These differences were statistically significant (p<0.0001 for each

time point) between days 7 and 42, except at days 84 and 180.

Wounds treated by STSG alone

The changes in inflammatory cell density were statistically significant between days 14 and 21
(mean difference of 0.49, p<0.0001), days 21 and 28 (mean difference of 0.89, p<0.0001), days 28
and 35 (mean difference of 1, p<0.0001) and days 42 and 84 (mean difference of 0.34, p=0.0358).
All other differences between consecutive time points were not statistically significant.

Wounds treated with STSG alone showed higher levels of inflammatory cell density than normal
skin throughout the entire study. The mean difference was 2.61 at day 7, 2.63 at day 14, 2.12 at day
21, 1.26 at day 28, 0.29 at day 35, 0.16 at day 42, 0.09 at day 84 and 0.07 at day 180. These differ-
ences were statistically significant only at days 7, 14, 21 and 28 (p<0.0001).

Wounds treated with STSG showed lower density levels in inflammatory cell density than those
allowed to heal by secondary intention (at equivalent time points) throughout the entire study, ex-
cept at day 7. The mean differences were 0.07 at day 7, 0.36 at day 14, 0.8 at day 21, 1.36 at day 28,
1.87 at day 35, 1.56 at day 42, 0.46 at day 84 and 0.07 at day 180. These differences were statisti-
cally significant (p<0.0001 from days 14 to 42, p=0.0006 at day 84), at all time points except at

days 7 and 180

Wounds treated with SM + STSG

The changes in inflammatory cell density between consecutive time post-operative time points were
statistically significant between days 7 and 14 (mean difference of 0.28, p=0.0072), days 21 and 28

(mean difference of 0.79, p<<0.0001) and days 28 and 35 (mean difference of 0.64, p<0.0001).
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Wounds treated with SM+STSG showed higher levels of inflammatory cell density when compared
to normal skin throughout the study. The mean difference was 1.90 at day 7, 2.21 at day 14, 2.00 at
day 21, 1.24 at day 28, 0.64 at day 35, 0.13 at day 42, 0.48 at day 84 and 0.07 at day 180. These
differences were all statistically significant (p<0.0001 for all except at day 84 where p=0.0003) ex-

cept at days 42 and 180.

Wounds treated with SM+STSG showed lower levels of inflammatory cell density than wounds al-
lowed to heal by secondary intention throughout the study, except at day 180. The mean difference
was 0.65 at day 7, 0.78 at day 14, 0.92 at day 21, 1.38 at day 28, 1.52 at day 35, 1.59 at day 42, 0.48
at day 84 and 0.07 at day 180. These measurements were statistically significant (p<0.0001) at all
time points except at days 84 and 180.

Wounds treated with SM+STSG showed lower levels of inflammatory cell density than wounds
treated with STSG alone at each post-operative time point, except at day 35. The mean difference
was at 0.71 at day 7, 0.42 at day 14, 0.12 at day 21, 0.02 at day 28, 0.35 at day 35, 0.03 at day 42,
0.02 at day 84 and 0.00 at day 180. These differences were statistically significant (p<0.0001) at

days 7, 14 and 28 and not statistically significant at the other time points.
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Day |Day |Day |Day |Day

28 35 42 84 180

SM+STSG 2.31 2.60 2.41 1.61 0.98 0.47 0.38 0.39
(£0.05) (£0.04) (£0.09) (£0.04) (£0.10) (£0.09) (£0.04) (£0.04)

Slel iy 302 302 253 163 063 050 040  0.39
(£0.05) (20.05 (£0.04) (20.11) (£0.04) (£0.03) (£0.04) (£0.04)

secondary 296 339 333 299 249 206 086 031
o (£0.05) (£0.05) (£0.04) (£0.04) (£0.04) (£0.07) (£0.06) (+0.06)

Tenpibdii 041 040 041 038 034 034 031 032
(£0.07) (£0.04) (£0.04) (20.04) (£0.04) (£0.04) (£0.08) (0.07)

Table 4.5.10: Mean wound inflammatory cell density (score out of 5), where n=108 (36 per wound
group) for the 42 day study and n=36 (12 per wound group) for the 180 day study
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. mean inflammatory cell density versus time (n=108, 36 per wound group) for different recon-
structive options in a 42 day study.
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Figure 4.5.10.2: mean inflammatory cell density versus time (n=36, 12 per wound group) for differ-
ent reconstructive options in a 180 day study.

Interpretations for mean wound inflammatory cell density

Wounds allowed to heal by secondary intention were thicker and showed highest levels of inflam-
matory cell density, which peaked at days 14 and 21 and declined thereafter. The presence of in-
flammatory cells persisted to day 180. Wound treated with STSG alone reached their peak in-
flammatory levels at day 7 and persisted until day 21 before the levels decreased to that of normal
skin by day 180. Wounds treated by SM+STSG peaked (to a lower level than wounds treated with
STSG alone at day 14. This peak persisted until day 21, and declined on a similar trajectory to that
of wounds treated by STSG alone through to day 180. Wounds allowed to heal by secondary inten-
tion showed the largest and most persistent inflammatory cell response, followed by wounds treated

by STSG alone, followed by those treated with SM+STSG.
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4.5.11 Vascular perfusion
Please see table 4.5.11 and figures 4.5.11.1-2

Normal skin

Vascular perfusion of normal skin showed no significant changes over time throughout the entire

study.

Wounds allowed to heal by secondary intention

The changes (increases) in vascular perfusion between individual time points were statistically sig-
nificant (p<0.0001) at each post-operative time interval, except between days 7 and 14.

Wounds allowed to heal by secondary intention were compared to normal skin. The mean differ-
ences were 19PU at day 7, 7.64PU at day 14, 198.82PU at day 21, 393.93PU at day 28, 494.95PU
at day 35, 911.12PU at day 42, 69.46PU at day 84 and 170.32PU at day 180. These differences
were statistically significantly (p<<0.0001) higher for wounds allowed to heal by secondary intention

from day 21 onwards.

Wounds treated by STSG alone

The changes in vascular perfusion were statistically significant between each consecutive time point
(p<0.0001).

Wounds treated with STSG alone showed higher levels of vascular perfusion than normal skin
throughout the entire study. This difference increased gradually from day 7 until day 42, and de-
creased thereafter. The mean difference was 90.14PU at day 7, 133.32PU at day 14, 218.56PU at
day 21, 269.41PU at day 28, 732.22PU at day 35, 800.76PU at day 42, 171.83PU at day 84 and

49.21 at day 180. These differences were all statistically significant (p<0.0001).
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Wounds treated with STSG showed higher levels of vascular perfusion than those allowed to heal
by secondary intention (at equivalent time points) between days 7 and 35, and lower levels there-
after. The mean difference was 109.83PU at day 7, 125.72PU at day 14, 218.56PU at day 21,
269.43PU at day 28, 237.57PU at day 35, 110.31PU at day 42, 524.30PU and day 84 and 141PU at

day 180. All these differences were statistically significant (p<0.0001).

Wounds treated with SM + STSG

The changes in perfusion between consecutive time post-operative time points were statistically
significant throughout the study (p<0.0001 for each time interval except between day 28 and 35,
where p=0.0025).

Wounds treated with SM+STSG were compared to normal skin. showed lower levels of vascular
perfusion when compared to normal skin at days 7, and higher levels thereafter. Wound vascularity
in this wound group increased until day 42, and decreased thereafter, reaching levels similar to that
of normal skin. The mean difference was 267.11PU at day 7, 378.30PU at day 14, 624.67PU at day
21 750.64PU at day 28, 780.93PU at day 35, 855.82PU at day 42 147.43PU at day 84 and 8.52PU

at day 180. All differences were statistically significant (p<0.0001) except at day 180.

Wounds treated with SM+STSG showed increasingly higher levels of vascular perfusion than
wounds allowed to heal by secondary intention between days 7 and 35, and lower levels thereafter.
The mean difference was 286.10PU at day 7, 370.61PU at day 14, 425.94PU at day 21, 285.9PU at
day 35, 55.3PU at day 42, 548.74PU at day 84 and 161.52PU at day 180. These measurements
were all statistically significant (p<0.0001).

Wounds treated with SM+STSG showed higher levels of vascular perfusion than wounds treated
with STSG alone at between days 7 and 42, and lower levels at days 84 and 180. The mean differ-

ence was at 176.33PU at day 7, 244.92PU at day 14, 207.31PU at day 21, 82.36PU at day 28,
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46.67PU at day 35, 55.18PU at day 42, 24.43PU at day 84 and 20.52PU at day 180. These differ-

ences were statistically significant (p<0.0001) at each time point except at days 84 and 180.

- Day14 |Day2l |Day28 |Day35 |Day42 |Day84 |Day180

SM+STSG 40342 515413 76045 88342 91691  993.66 28521  147.87
(:I:ll 17)  (2.11)  (£2.88) (&3.74) (£245) (@&7.01) (£6.94) (+8.81)
STSG alone 22712 27013 553.12  796.13 86829 93856  309.55 16833

(£3.75)  (23.44) (+4.82) (#332) (#329) (#2.79) (#5.51)  (£5.53)

T an o 117.41 14443 33465 52674  631.02 104892 833.86  309.33
(£2.89)  (2239)  (£4.40)  (£10.05) (+4.07)  (£14.98) (+4.04)  (£9.03)

normal skin 136.82 13634 13686 13582  132.88  136.14 13783  139.38
(£1.65) (2231) (£1.82) (x1.70) (£1.79) (+2.03) (£3.94) (£9.58)

Table 4.5.11: Mean wound perfusion (PU), where n=108 (36 per wound group) for the 42 day study
and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.11.1: mean wound vascular perfusion versus time (n=108, 36 per wound group) for dif-
ferent reconstructive options in a 42 day study.
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Figure 4.5.11.2: Mean wound vascular perfusion versus time (n=36, 12 per wound group) for dif-
ferent reconstructive options in a 180 day study.

Interpretations for mean wound vascular perfusion

Wounds treated with SM + STSG showed an early neovascularisation, by day 7 with a sharp incline
that continued to increase by until day 42. This then gradually decreased over time to match that of
normal skin by day 180. Wounds treated with STSG alone showed an increase in vascularity at day
14, peaking at day 42 to similar levels to wounds treated by SM + STSG, then approaching that of
normal skin in the long term. Wounds allowed to heal by secondary intention showed a relatively

late peak in neovascularisation which declined slowly over time.

4.5.12 Capillary lumen count
Please see table 4.5.12 and figures 4.5.12.1-2

Normal skin
Capillary lumen count of normal skin (measured as tattooed areas) showed little variation over time

throughout the study (26/28 comparisons between time points statistically non-significant on
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Tukey’s multiple comparison test of all time points for all reconstructions).

Wounds allowed to heal by secondary intention

At day 7 the mean capillary lumen count was 2.28 (+0.06), 4.42 (+0.12) at day 14, 5.94 (£0.16) at
day 21, 5.07 (£0.13) at day 28, 7.20 (£0.14) at day 35, 6.32 (+0.12) at day 42, 9.13 (+£0.27) at day
84 and 10.71 (£0.26) at day 180. The changes in capillary lumen count between individual time
points were statistically significant at each post-operative time interval, (p<0.0001 at each time in-
terval, except between days 21 and 28, p=0.0481, days 35 and 42, p=0.0481 and day 84 and 180,
p=0.0006).

Wounds allowed to heal by secondary intention showed a lower capillary lumen count than normal
skin throughout the study. The mean difference was 8.02 and day 7, 5.71 at day 14, 3.92 at day 21,
4.44 at day 28, 3.12 at day 35, 4.23 at day 42, 0.41 at day 84 and 0.03 and day 180. These differ-

ences were all statistically significant (p<0.0001), except at days 84 and 180.

Wounds treated by STSG alone

The mean difference was 1.4 between days 7 and 14, 3.12 between days 14 and 21, 0.96 between
days 21 and 28, 0.00 between days 28 and 35, 1.93 between days 35 and 42, 0.23 between days 42
and 84, and 0.52 between days 84 and 180. These differences were significant between days 7 and
14, days 14 and 21, days 21 and 28, and between days 35 and 42 (p<0.0001 for each except be-
tween days 21 and 28 where p=0.027).

Wounds treated with STSG alone showed lower capillary lumen counts than normal skin between
days 7 and 42. This difference decreased gradually from day 7 until day 42. Wounds treated with
STSG alone then showed a higher capillary lumen count than that of normal skin. The mean differ-
ence was 7.28 at day 7, 5.84 at day 14, 2.48 at day 21, 0.99 at day 28, 1.80 at day 35, 0.12 at day 42,

1.13 at day 84 and 0.06 at day 180. These differences were statistically significant at days 7, 14,
146



21, 28 and 42 (p<0.0001 for all, except p=0.0178 at day 28).

Wounds treated with STSG were compared to those allowed to heal by secondary intention. The
mean difference was 0.71 at day 7, 0.10 at day 14,1.52 at day 21, 3.42 at day 28, 1.21 at day 35,
4.03 at day 42, 1.13 day 84 and 0.10 at day 180. These differences were statistically significant at

days 21, 28, 35 and 42 (p<0.0001 for each except at day 35 where p=0.0003).

Wounds treated with SM + STSG

The changes in capillary lumen count between consecutive time post-operative time points were
statistically significant between days 7 and 14 and between days 14 and 21 (p<0.0001 for each time
interval).

Wounds treated with SM+STSG showed a lower capillary lumen count when compared to normal
skin at days 7 and 14, and higher levels thereafter. The mean difference was 4.15 at day 7 (statisti-
cally significant, p<0.0001), 2.21 at day 14 (statistically significant, p<0.0001), 1.10 at day 21(sta-
tistically significant, p=0.0028), 1.11 at day 28 (statistically significant, p=0.0023), 0.92 at day 35
(statistically significant, p=0,0981), 0.83 at day 42 (not significant), 1.51 at day 84 (statistically sig-
nificant, p=0.0031), and 0.42 at day 180 (not significant).

Wounds treated with SM+STSG showed a higher capillary lumen count than wounds allowed to
heal by secondary intention throughout the study. The mean difference was 5.71 at day 7, 3.53 at
day 14, 5.11 at day 21, 5.54 at day 28, 3.92 at day 35, 4.91 at day 42, 2.03 at day 84 and 0.42 at day
180. These measurements were all statistically significant (p<0.0001), except at day 180.

Wounds treated with SM+STSG showed a higher capillary lumen count than wounds treated with

STSG throughout the study. The mean difference was at 3.11 at day 7, 3.62 at day 14, 3.61 at day
21, 2.14 at day 28, 2.76 at day 35, 0.92 at day 42, 0.9 1at day 84 and 0.50 at day 180. These differ-

ences were statistically significant (p<0.0001) at each time point except at days 42, 84 and 180.
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Day Day Day Day Day

14 21 28 35 84 180

SM+STSG 6.02 792  11.14 1055 11.13 1126  11.03  11.12
(£0.10) (£0.15) (£0.20) (£0.16) (£0.17) (£0.18) (£0.25) (+0.24)

STSG alone 293 434 741 840 848 1033 10.12  10.61
(£0.08) (20.19) (£)0.13 (£0.16) (£0.14) (£0.16) (£0.16) (+0.13)

secondary 228 442 594 507 720 632 913 1071
intention (£0.06) (£0.12) (£0.16) (£0.13) (£0.14) (£0.12) (£0.27) (+0.26)

normal skin 1021  10.25(= 9.97 942 1025 1042 953  10.70
(£0.19) 0.20)  (£0.19) (£0.20) (£0.18) (£0.20) (+0.26) (£.25)

Table 4.5.12: Mean capillary lumen count, where n=108 (36 per wound group) for the 42 day study
and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.12.1: mean capillary lumen count versus time (n=108, 36 per wound group) for different
reconstructive options in a 42 day study.
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Figure 4.5.12.2: mean capillary lumen count versus time (n=36, 12 per wound group) for different
reconstructive options in a 180 day study.

Interpretations for mean capillary lumen count

Wounds treated with SM + STSG showed a sharp increase in capillary formation by day 7 that con-
tinued to increase by until day 42. This then gradually decreased over time to approximate that of
normal skin by day 180. Wounds treated with STSG alone showed a slightly slower increase in
vascularity at peaking at day 42 to levels similar to treated by SM + STSG, then approaching that of
normal skin in the long term. Wounds allowed to heal by secondary intention showed a relatively

late peak in neovascularisation which increased over time.

4.5.13 von Willebrand factor
Please see table 4.5.13 and figures 4.5.13.1-2

Normal skin

vWEF content of normal skin showed no statistically significant changes over time.
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Wounds allowed to heal by secondary intention

The mean difference was 0.36 between days 7 and 14 (statistically significant, p=0.0002), 0.23 be-
tween days 14 and 21 (not significant), 0.36 between days 21 and 28 (statistically significant,
p=0.0002), 0.39 between days 28 and 35 (statistically significant, p<0.0001), 0.19 between days 35
and 42 (not significant), 0.18 between days 42 and 84 (not significant), and 0.09 between days 84
and 180 (not significant).

Wounds allowed to heal by secondary intention showed lower levels of vWF staining than normal
skin from throughout the study. The mean difference was 1.91 at day 7, 2.24 at day 14, 1.72 at day
21, 1.62 at day 28, 1.81 at day 35, 1.63 at day 42, 1.06 at day 84 and 1.15 at day 180. These differ-
ences were all statistically significant (p<0.0001 at each time point except at day 180 where

p=0.0053).

Wounds treated by STSG alone

The mean difference was 0.41 between days 7 and 14, 0.72 between days 14 and 21, 0.44 between
days 21 and 28, 0.21 between days 28 and 35, 0.34 between days 35 and 42, 0.22 between days 42
and 84 and 0.11 between days 84 and 180. These differences were significant between days 7 and
14, 14 and 21 and 21 and 28 (p<0.0001).

Wounds treated with STSG alone showed lower levels of vVWF staining than normal skin through-
out the entire study. The mean difference was 2.03 at day 7, 1.51 at day 14, 0.80 at day 21, 0.72 at
day 28, 0.31 at day 35, 0.12 at day 42, 0.01 at day 84 and 0.02 at day 180. These differences were
significant at days 7, 14, 21, 28 at 35 (p<0.0001 for each, except at day 28 where p=0.0002 and day
35 where p=0.0286).

Wounds treated with STSG showed higher levels of vWF staining levels compared to those allowed
to heal by secondary intention at equivalent time points throughout the study. The mean difference

was 0.03 at day 7, 0.41 at day 14, 0.82 at day 21, 0.91 at day 28, 0.75 at day 35, 0.90 at day 42, 0.93
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at day 84 and 0.72 at day 180. All these differences were statistically significant (p<0.0001 for all

time points except day 7, where p=0.0007).

Wounds treated with SM + STSG

The changes in vWF staining between consecutive time post-operative time points were statistically
significant only between days 7 and 14 (mean difference of 0.4, p<0.0001) and days 14 and 21
(mean difference of 0.4, p<<0.00001).

Wounds treated with SM+STSG showed statistically significant (p<0.0001) lower levels of vVWF
staining when compared to normal skin at day 7 (mean difference of 0.7). All mean differences at

other equivalent time points were not statistically significant.

Wounds treated with SM+STSG showed higher levels of vVWF staining than wounds allowed to heal
by secondary intention throughout the entire study. The mean difference was 1.61 at day 7, 1.75 at
day 14, 1.92 at day 21, 1.71 at day 28, 1.24 at day 35, 1.21 at day 42, 1.13 at day 84 and 1.01 at day
180. These differences were statistically significant (p<0.0001) at each time point.

Wounds treated with SM+STSG showed higher levels of vWF staining than wounds treated with
STSG alone throughout the entire study. The mean difference was at 1.31 at day 7, 1.34 at day 14,
1.04 at day 21, 0.82 at day 28, 0.50 at day 35, 0.41 at day 42, 0.22 at day 84 and 0.44 at day 180.
These differences were statistically significant (p<0.0001 for all except day 180, where p=0.0324)

at each time point except at days 84 (p=0.998) and 180 (p=0.0406).
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Day (Day |Day |Day (Day |Day |Day

14 21 28 35 42 84 180

SM+STSG 231 272 311 320 321 341 345 352
(£0.04) (£0.05) (£0.05) (x0.11) (20.05) (+0.04) (+0.06) (+0.06)

STSG alone 1.00 140 212 225 272 302 321  3.10
(£0.05) (£0.04) (£0.05) (20.05) (20.05) (+0.04) (£0.06) (+0.06)

secondary 062 1.02 121 160 201 224 236 241
T (£0.04) (£0.05) (£0.04) (£0.05) (+0.05) (£0.05) (£0.06) (+0.07)

e R 3.00 291 283 312 300 310 324 3.4
(£0.08) (£0.06) (£0.07) (20.06) (20.06) (£006) (£0.06) (+0.11)

Table 4.5.13: Mean vWF staining density (score out of 5)where n=108 (36 per wound group) for the
42 day study and n=36 (12 per wound group) for the 180 day study
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Figure 4.5.13.1: mean von Willebrand staining density versus time (n=108, 36 per wound group)
for different reconstructive options in a 42 day study.
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Figure 4.5.13.2: mean von Willebrand staining density versus time (n=36, 12 per wound group) for
different reconstructive options in a 180 day study.

Interpretations for mean von Willebrand factor staining density
Wounds treated with SM + STSG showed higher levels of vWF staining at day 7 which continued

to increase until day 42, where it plateaud thereafter, at levels similar to that of normal skin by day

180. Wounds treated with STSG alone showed a lesser degree of staining which started later and

peaked at day 84 with a small gradual decrease by day 180. Wounds allowed to heal by secondary
intention showed vWF staining relatively late with a lower total amount of staining than the other

wounds groups throughout the 180 days.

Wound vascularity: Interpretations
Wounds treated with SM+STSG showed the most pronounced vascular response with statistically

significant higher levels of wound perfusion, capillary lumen count and vWF staining compared to
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wounds treated with STSG alone, and in turn the latter group showed higher levels than wound al-
lowed to heal by secondary intention. There were no significant differences in all these parameters

(except for vWF staining) when compared to normal skin at day 180.

4.5.14 Summary of findings

Graft take rate was similar in wounds treated with STSG alone and those treated with SM + STSG.
Wounds treated by secondary intention were darker than wounds treated by STSG alone and those
treated by SM+STSG by day 42. There were no macroscopic differences between all three wound
groups by day 180 (except for wound contraction). No adnexal structures were present in any of
the wounds.

Wounds treated by SM+STSG contracted less than those treated by STSG alone, which in turn con-
tracted less than wounds allowed to heal by secondary intention. EDA-FN and a-SMA staining was
attenuated in wounds treated by SM+STSG compared with those treated by STSG alone and in
those allowed to heal by secondary intention. Levels normalised for all three wound groups towards
the end of the study.

Collagen and elastin levels remained lower than those of normal skin for all three wound groups
throughout the study before reaching those of normal skin at day 180. It was noted that collagen
deposition followed cellular ingress both temporally and spatially.

Wounds treated with SM+STSG initially showed higher neodermal thickness and cellular density,
which approached that of normal skin by day 35. Wounds allowed to heal by secondary intention
showed lower maximal wound thickness throughout the study but significantly thicker wounds at
day 180. Wounds allowed to heal by secondary intention showed the highest levels of inflamma-

tion, followed by wounds treated with STSG alone and then by those treated with SM + STSG.
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Wounds treated with SM+STSG showed the most pronounced and earliest vascular response with
statistically significant higher levels of wound perfusion, capillary lumen count and vWF staining
compared to wounds treated with STSG alone, and in turn the latter group showed higher levels
than wound allowed to heal by secondary intention. There were no significant differences in all

these parameters (except for vWF staining) when compared to normal skin at day 180.

4.6 Conclusions from this study

Wounds treated with SM support long-term STSG survival in the acute full thickness porcine
wound (as a single step procedure). As wounds treated with SM + STSG contracted less, and
showed lower levels of EDA-FN and a-SMA than those treated with STSG alone, it can be inferred
that SM attenuates wound contraction, especially in the earlier phases of wound healing. It may also
be concluded that SM stimulates a stronger and earlier angiogenic response, with a deceased in-
flammatory reaction. Wounds treated with SM + STSG showed very similar parameters to normal

skin in the long term.

4.7 Subsequent steps

As SM was proven to support long-term survival of the STSG, and to show some improvement on
wounds treated by STSG alone and those allowed to heal by secondary intention, the next logical
step would be to compare the behaviour of SM to other commercially available and popular dermal
scaffolds currently in use. SM+STSG was compared Matriderm™ and Integra™. Similar parame-

ters were measured. This study is reported in the next section of this chapter.
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Chapter 5: Experiment 2: A Comparison of the wound healing
properties of Smart Matrix™ with the Commercially Avail-
able Dermal Scaffolds Matriderm™ and Integra™-

5.1 Introduction

In the previous section of this chapter, the wound healing properties of Smart Matrix™ and its long
term trajectory in the pre-clinical porcine model were characterised. The wound healing properties
of Smart Matrix™ with a split thickness skin graft as a single stage procedure was compared with
acute wounds allowed to heal by secondary intention and those treated with a split thickness skin
graft alone. Wounds treated with SM + STSG exhibited less wound contraction and earlier vascu-
larisation than the other the wound groups, while skin graft take was similar between wounds treat-
ed with STSG alone and SM + STSG.

In order to assess its clinical efficiency and its position in the commercial arena, studies were car-
ried out comparing Smart Matrix™ with two commercially available and widely used dermal re-
placement scaffolds. Integra™ Dermal Replacement Template™, (Integra™)- Integra™ life Science
is a dermal regeneration template consisting of bovine collagen, chondroitin-6-sulphate and a silas-
tic membrane collagen matrix layer with a silicon oversheet. Matriderm™ (Eurosciences) is a

structurally intact matrix of bovine type I collagen with elastin.

5.2 Hypothesis

Acute porcine full thickness wounds treated with Smart Matrix™ and overlying split thickness skin

graft as a single stage procedure exhibit a similar wound healing trajectory to similar wounds treat-

ed with Matriderm™ and overlying split thickness skin graft as a single stage procedure and those
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treated with Integra™ and overlying skin graft and a two stage procedure.

5.3 Aims

The primary objective of this study was to obtain information on the healing trajectories of two
commercially available dermal replacement scaffolds, Integra™ and Matriderm™ in order to assess
Smart Matrix™’s performance in similar pre-clinical scenarios. The aim was to establish whether
Smart Matrix™ is at least non inferior to these dermal replacement scaffolds and whether it offers

any clinical advantages over these two established and widely accepted matrices.

5.4 Methods and materials

Please refer to Chapter 3: Methods and Materials for further detail.

The acute porcine full thickness excision wound again was utilised in a 42 day and 180 day study to
compare the acute response using the three different scaffolds with overlying split thickness skin
grafts. Three circular full-thickness wounds of 4 cm diameter down to muscle fascia were made on
either flank of the animal, similar to those described inExperiment 1. Wounds were inspected and
re-dressed on post op day 3, 7, 14, 21, 28, 35, 42, 84 and 180. The same observations as the previ-

ous studies were carried out in this study. Additionally, scaffold persistence was observed.

5.5 Study outline

For this study, a total of 8 animals were used (and therefore 48 wounds). All animals monitored for
a period of 42 days. Of these, half were sacrificed after day 42, while the remaining half were mon-
itored up to day 180 (therefore 24 wounds). The surgical procedures were carried out by the same
surgeon (RZA) and senior project licence holder, JFD. Two wounds per animal were treated with

SM+STSG, another two wounds by Matriderm™ + STSG (MD+STSG) and another two wounds
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by Integra™ + STSG (I+STSG). While Matriderm™ and Smart Matrix™ (after hydration of the
scaffold in 0.9% physiological saline) were applied in tandem with the skin graft as a single step
procedure at day 0, Integra™ was applied to the wound bed at day 0, and the STSG applied at day
14, after removal of the silicon backing layer, as a two-step procedure. The wounds were randomly
assigned. The minimum number of pigs sufficient to yield statistically significant results was used

for this study, as per Home Office regulations and project license restrictions.

42 day Study:

Eight pigs were used in the 42 day study with 6 wounds per subject. Forty eight wounds were cre-
ated with 16 wounds per wound group.
subjects =8

wounds (n) = 48

Treatment method Number of wounds
Smart Matrix™ + STSG 16
Matriderm™ + STSG 16
Integra™ + STSG 16

Table 5.5.1: Wound treatment distribution in a 42 days study (n=48, 16 per wound group)

180 day Study:

Four pigs were used in the 42 days study with 6 wounds per subject. Twenty four wounds were
created with 8 wounds per wound group.

subjects = 4

Wounds (n) = 24
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Treatment method Number of wounds
Smart Matrix™ + STSG 8
Matriderm™ + STSG 8
Integra™ + STSG 8

Table 5.5.2: Wound treatment distribution in a 180 days study (n=24, 8 per wound group)

5.6 Results

5.6.1 Graft take
Please see figure 5.6.1

Wounds treated with Smart Matrix™ and split thickness skin graft.

Of the 16 wounds, 6 showed 100% (of the total wound surface area) graft take, 4 showed 95% graft

take, 2 showed 90% graft take, 2 showed 85%, 1 showed 75% and 1 showed 60% graft take. This
gives a total of 14 wounds showing more than 80% graft take, and 2 wounds showing less than 80%

graft take. No total graft loss occurred in this group.

Wounds treated with Matriderm™ and split thickness skin graft.

Of the 16 wounds, 5 showed 100% graft take, 4 showed 95% graft take, 1 showed 90% graft take, 4
showed 85%, and 2 showed 80% graft take. This gives a total of 16 wounds showing more than

80% graft take. No total graft loss occurred in this group.

Wounds treated with Integra™ and split thickness skin graft.

Of the 16 wounds, 4 showed 100% graft take, 2 showed 95% graft take, 1 showed 90% graft take, 3

showed 85%, 3 showed 80% graft take and 3 showed 75% graft take. This gives a total of 16
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wounds showing more than 80% graft take. No total graft loss occurred in this group.
When comparing the three wounds groups, there was no statistically significant difference in graft

take.

Graft Take

—_
=)}

—_
[\

B <80% graft take
[ >80% graft take

number of wounds showing
graft take
I o)

SM+STSG I+STSG MD+STSG

Figure 5.6.1: Wounds showing more than 80% graft take and wounds showing less than 80% graft
take for different reconstructive options.

5.6.2 Macroscopic observations

Please see figures 5.6.2.1-3

Wounds treated with Smart Matrix™ and split thickness skin graft

At day 7, all the wounds treated by SM + STSG alone showed a pink vascularised graft adherent to
a bed of granulation tissue. At day 14, 6 of the wounds were still moist, while 10 were dry. All
wounds were dark pinkish-red in colour. At day 21, all wounds were largely dry with occasional
very small patches of moist granulation tissue (less than 10% of wound area, excluding the site of
the punch biopsy taken 7 days prior). The dark pink-red colour persisted. At day 35, all wounds in
this groups were dry and epithelialised, and slightly paler pink in colour. At day 42, the colour was

a much paler pink, resembling that of the surrounding native skin. This remained so until day 180,
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when the wounds were completely healed and epthelialised. No adnexae were present at any time
point. No infection was observed in any of the wounds at any of the dressing changes or at termina-

tion.

Wounds treated with Matriderm™ and split thickness skin graft

At day 7, all the wounds treated by SM + STSG alone showed a pink vascularised graft adherent to
a bed of granulation tissue. At day 14, 4 of the wounds were still moist, while 12 were dry. All
wounds were dark pinkish-red in colour. At day 21, all wounds were largely dry with occasional
moist patches. The wounds in this group became pale pink by day 28, but were still slightly darker
than neighbouring native skin at this time point. At day 35, all wounds in this groups were dry and
epithelialised, and their colour resembled that of surrounding normal skin. This remained so until
day 180, when the wounds were completely healed and epthelialised. No adnexae were present at
any time point. No infection was observed in any of the wounds at any of the dressing changes or at
termination.

When compared to wounds treated with SM + STSG, wounds treated with MD + STSG showed a

very similar macroscopic healing trajectory.

Wounds treated with Integra™T™ and split thickness skin graft

At days 7 and 14, all the wounds treated with I + STSG alone showed a dark red (often described as
redcurrant jelly red in the literature) wound bed adherent to the overlying dermal matrix and silicon
backing. When the backing was peeled off at day 14, the wound beds had a dark red velvet-like
texture. At days 21 and 28, the wounds showed a moist pink vascularised graft adherent to a bed of
granulation tissue. By day 35, most wounds were dry, with occasional small patches (less than
10%) of granulation tissue. All wounds were dry and epithelialised by day 42. At this time point,

the wounds were a slightly darker pink than the surrounding skin. This remained so until day 180,
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when the wounds were completely healed and epthelialised. No adnexae were present at any time
point. No infection was observed in any of the wounds at any of the dressing changes or at termina-
tion.

When compared with wounds treated with SM + STSG, wounds treated with I + STSG, took 14
days longer to become dry and to epithelialise and remained slightly darker in colour.

When compared with wounds treated with MD + STSG, wounds treated with I + STSG, took 14

days longer to become dry and to epithelialise and remained slightly darker in colour.

Macroscopic appearances of the wounds in a 42 day and 180 day study

Day 0 Day 7 Day 14 Day 21
Day 28 Day 35 Day 42 Day 84 day 180

Figure 5.6.2.1: An example of the macroscopic appearances of the full thickness excision wounds
treated with Smart Matrix™ + split thickness skin graft™ in a 42 day and 180 day study.
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Day 0 Day 7 Day 14 Day 21

Day 28 Day 35 Day 42 Day 84 Day 180

Figure 5.6.2.2: An example of the macroscopic appearances of the full thickness excision wounds
treated with Matriderm™ + split thickness skin graft* in a 42 day and 180 day study.

Day 0 Day 7 Day 14 Day 21
Day 28 Day 35 Day 42 Day 84 Day 180

Figure 5.6 2.3: An example of the macroscopic appearances of the full thickness excision wounds
treated with Integra™ + split thickness skin graft* in a 42 day and 180 day study.

*Wound area was measured quantitatively using Eykona. For the purpose of this illustration, scale
bars have been added to aid interpretation of the images which have been scaled differently (accord-

ing to camera zoom).
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Interpretations of macroscopic wound observations and graft take

Wounds treated with SM + STSG and those treated with MD + STSG followed a very similar heal-
ing trajectory, with those treated by MD + STSG approaching the colour of normal skin 7 days ear-
lier. Wounds treated with I + STSG showed a 14 day delay in epithelialisation. The resulting
wound colour was slightly darker than the other wound groups and than normal native skin at day

180.

5.6.3 Wound area and contraction
Please see Table 5.6.3 and figures 5.6.3.1-4

Serial wound measurements were taken at each time point using the Eykona camera device. (See
Methods and Materials chapter). The tattooed area was measured. This served as a control, to mea-
sure pig growth (if at all) and to take this into account when assessing wound contraction. Wound
area measurements were calculated as a percentage of the wound area of the tattoo per time point in

each pig. All wounds were of identical area measurement at day 0: 12.56cm?.

Tattooed area

The mean tattoo area showed statistically significant increases (p<0.0001) between days 0 and 7
(mean difference of 2.78cm?), 7 and 14 (mean difference of 2.97cm?), 14 and 21 (mean difference
of 2.11cm?), 35 and 42 (mean difference of 1.78cm?, 42 and 84 (mean difference of 4.57cm?) and

84 and 180 (mean difference of 6.74cm?).
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Wounds treated with Smart Matrix™+ split thickness skin graft

The mean wound area showed a statistically significant decrease in wound area between days 7 and
14 (mean difference of 0.40cm?2, p<0.0001). Throughout the remainder of the study, the wound area
increased significantly (p<0.0001) between consecutive time points. The mean differences were
0.49cm? between days 0 and 7, 1.64cm2 between days 14 and 21, 2.40cm? between days 21 and 28,
1.51cm? between days 28 and 35, 2.12cm? between days 35 and 42, 3.69cm? between days 42 and
84 and 5.21cm? between days 84 and 180.

When compared to the tattoo, wounds treated with SM + STSG were statistically significantly
(p<0.0001) smaller at each time point between days 7 and 180. The mean differences were 2.29cm?
(85% of tattoo area) at day 7, 5.70cm? (69% of tattoo area) at day 14, 6.18cm? (70% of tattoo area)
at day 21, 3.76cm? (82% of tattoo area) at day 28, 2.49cm? (88% of tattoo area) at day 35, 2.15cm?
(90% of tattoo area) at day 42, 3.04cm? (89% of tattoo area) at day 84 and 4.56cm? (87% of tattoo

area) at day 180.

Wounds treated with Matriderm™ + split thickness skin graft

A significant decrease occurred between days 7 and 14 (mean difference of 0.61, p<0.0001). Be-
tween days 14 and 180, significant (p<0.0001) increases in wound area occurred. The mean differ-
ences were 0.62cm? between days 14 and 21, 2.16cm? between days 21 and 28, 1.27cm? between
days 28 and 35, 1.93cm? between days 3 and 42, 5.84cm? between days 42 and 84 and 4.37cm? be-
tween days 84 and 180.

When compared to the tattoo, wounds treated with MD + STSG statistically significantly
(p<0.0001) smaller at each time point between days 7 and 180. The mean differences were 2.38cm?
(84% of tattoo area) at day 7, 5.96cm? (67% of tattoo area) at day 14, 7.46cm? (64% of tattoo area)
at day 21, 5.53cm? (73% of tattoo area) at day 28, 4.55cm? (78% of tattoo area) at day 35, 4.4 cm?

(81% of tattoo area) at day 42, 3.13cm? (88% of tattoo area) at day 84 and 5.51cm? (84% of tattoo
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area) at day 180.

When compared to wounds treated with SM + STSG, wounds treated with MD + STSG showed
statistically significantly smaller wound areas at days 14 (mean difference of 0.26cm2, p=0.0338),
21 (mean difference of 1.28cm?2, p<0.0001), 28 (mean difference of 1.77cm2, p<0.0001), 35 (mean
difference of 2.06cm2, p<0.0001), and 42 (mean difference of 2.25cm?2, p<0.0001). There were no

significant differences in wound area at days 0,7, 84 and 180.

Wounds treated with Integra™ + split thickness skin graft

A significant decrease occurred between days 7 and 14 (mean difference of 1.37cm2, p<0.0001).
Between days 0 to 7 and between consecutive time points between days 14 and 180, significant
(p<0.0001) increases in wound area occurred. The mean differences were 1.26cm? between days 0
and 7, 0.52cm? between days 14 and 21, 1.21cm?2 between days 21 and 28, 2.07cm? between days
28 and 35, 1.65cm? between days 35 and 42, 4.87cm? between days 42 and 84 and 3.71cm? between

days 84 and 180.

When compared to the tattoo, wounds treated with I + STSG statistically significantly (p<0.0001)
smaller at each time point between days 7 and 180. The mean differences were 1.52cm? (90% of
tattoo area) at day 7, 5.86cm? (68% of tattoo area) at day 14, 7.45cm? (69% of tattoo area) at day
21, 6.47cm? (78% of tattoo area) at day 28, 4.63cm? (79% of tattoo area) at day 35, 4.76cm? (81%
of tattoo area) at day 42, 4.46cm? (84% of tattoo area) at day 84 and 7.47cm? (78% of tattoo area) at

day 180.

When compared to wounds treated with SM + STSG, wounds treated with I + STSG showed a sta-
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tistically significantly larger wound area at day 7 (mean difference of 0.77cm2, p<0.0001). Between
days 21 and 180, wounds treated with I + STSG were significantly smaller (p<0.0001) than those
treated with SM + STSG. The mean differences were 1.27cm? at day 21, 2.71cm? at day 28,
2.14cm? at day 35, 2.61cm? at day 42, 1.43cm? at day 84 and 2.93cm? at day 180.

When compared to wounds treated with MD + STSG, wounds treated with I + STSG showed a sta-
tistically significantly larger wound area at day 7 (mean difference of 0.87cm2, p<0.0001). At days
21, 42, 84 and 180, wounds treated with I + STSG were significantly smaller (p<0.0001) than those
treated with MD + STSG. The mean differences were 0.94cm? at day 21, 0.36cm? at day 42,

1.33cm? at day 84, 2.61cm? and 1.99cm? at day 180.

Day 0 [Day 7 (Day |Day |Day (Day |Day |Day [Day

14 21 28 35 42 84 180

SM+STSG 13 (+0) 13 (x0) 13 14 17 18 21 24 29
(£0.03) (£0.05) (£0.03) (+0.03) (+£0.04) (£0.05) («0.18)

I+STSG 13 (x0) 14 12 13 (+0) 14 16 18 23 26
(£0.03) (£0.03) (£0.11) (£0.03) (£0.04) (£0.07) (£0.04)

MD+STSG 13 (£0) 13 (x0) 12 13 15 16 18 24 28
(£0.03) (£0.04) (£0.04) (£0.02) (£0.03) (+0.05) (£0.06)

T T (3 0) 15 18 20 21 21 23 27 34
(+0.14) (£0.09) (£0.07) (+0.04) (£0.06) (£0.11) (£0.14) (%0.10)

Table 5.6.3: Mean wound area (cm?) where n=48 (16 per wound group) for the 42 day study and
n=24 (8 per wound group) for the 180 day study
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Figure 5.6.3.1:Mean wound area versus time (n=48, 16 per wound group) for different reconstruct-
ive options, in a 42 day study.
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Figure 5.6.3.2: Mean wound area as a percentage of the tattooed area versus time (n=48, 16 per
wound group) for different reconstructive options, in a 42 day study.
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Figure 5.6.3.3: Mean wound area versus time (n=24, 8 per wound group) for different reconstruct-
ive options, in a 180 day study.
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Figure 5.6.3.4: Mean wound area as a percentage of the tattooed area versus time (n=24, 8 per
wound group) for different reconstructive options, in a 180 day study.

Interpretations for mean wound area and contraction

The tattooed area increased in size over time. Wounds treated with [+STSG showed the greatest

degree of contraction. =~ Wounds treated with SM +STSG and those treated with MD + STSG
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showed no significant long-term differences in wound area and contraction. Both these groups
were larger than wounds treated with [ + STSG, and smaller than the tattooed area. These area dif-

ferences were all statistically significant (p<0.0001).

5.6.4 Extra Domain A-Fibronectin
Please see table 5.6.4 and figures 5.6.4.1-2

Normal skin

The mean EDA-FN staining density of normal skin showed no statistically significant changes over

time.

Wounds treated with Smart Matrix™ + split thickness skin graft

The mean EDA-FN staining density showed no statistically significant changes over time. Howev-
er, a significant gradual decrease occurred between days 28 and 180 (mean difference of 1.42,
p<0.0001).

When compared to normal skin, wounds treated with SM + STSG showed no statistically signifi-

cantly different scores of EDA-FN staining density throughout the course of the experiment.

Wounds treated with Matriderm™ + split thickness skin graft

A significantly decrease occurred between days 28 and 35 (mean difference of 1.76, p=0.0049).
When compared to normal skin, wounds treated with MD + STSG showed a statistically signifi-
cantly higher score of EDA-FN density staining at day 14 (mean difference of 1.94, p=0.03). There
were no other significant differences throughout the rest of the study,

When compared to wounds treated with SM + STSG, wounds treated with MD + STSG showed
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statistically significant higher scores of EDA-FN staining density at day 28 (mean difference of
1.71, p=0.0085). There were no significant differences between the two groups throughout the rest

of the study.

Wounds treated with Integra™ + split thickness skin graft

There were no statistically significant differences between consecutive time points. A statistically
significant (p<0.0001) gradual decrease occurred between days 14 and 180 (mean difference of
2.75).

When compared to normal skin, wounds treated with I + STSG showed significantly higher mean
EDA-FN staining density at days 7 (mean difference of 2.09, p=0.0084), 14 (mean difference of
3.01, p<0.0001), 21 (mean difference of 2.67, p<0.0001), 28 (mean difference of 2.9, p<0.0001),
and 35 (mean difference of 2.37, p<0.0001).

When compared to wounds treated with SM + STSG, wounds treated with I + STSG, showed sig-
nificantly higher mean EDA-FN staining density at days 14 (mean difference of 2.29, p<0.0001), 21
(mean difference of 1.72, p=0.0076), 28 (mean difference of 1.65, p=0.0158) 35, (mean difference
of 2.48, p<0.0001) and 42 (mean difference of 1.81 p=0.0387). There were no significant differ-
ences between the two groups at days 84 and 180.

When compared to wounds treated with MD + STSG, wounds treated with I + STSG showed no

statistically significant differences.
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Day |Day |Day |Day |[Day (Day |Day |Day
7 14 21 28 RE 42 84 180

SM+STSG &l 1.53 1.58 188 0.7 0.42 038 046
(#0.07)  (+0.08) (+0.08) (+0.08) (+0.08) (+0.07) (£0.15) (+0.13)

I+STSG 293 38 329 352 318 223 108  1.07
(#0.08)  (10.09) (+0.09) (£0.08) (£0.10) (20.09) (£0.15) (0.14)

MD+STSG EY 275 2.29 3.58 1.82 1.64 067 03
(#0.10)  (£0.11) (20.08) (+0.09) (£0.09) (£0.10) (£0.13) (+0.07)

normal skin BREE 081  0.63 063 081 048 083 068
(#0.15)  (£0.15) (*0.14) (#0.13) (0.14) (£0.11) (£0.19) (£0.17)

Table 5.6.4: Mean EDA-fibronectin staining density (score out of 5), where n=48 (16 per wound
group) for the 42 day study and n=24 (8 per wound group) for the 180 day study

EDA-Fibronectin staining
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Figure 5.6.4.1: mean EDA-Fibronectin staining density versus time (n=48, 16 per wound group) for
different reconstructive options in a 42 day study.
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Figure 5.6.4.2: mean EDA-Fibronectin staining density versus time (n=24, 8 per wound group) for
different reconstructive options in a 180 day study.

Interpretations for mean EDA-fibronectin staining density

EDA-fibronectin staining was lowest in normal skin (the tattooed area) which showed no significant
changes over time. There were no statistically significant differences between normal skin and
wounds treated with SM + STSG throughout the study. Wounds treated with MD + STSG and
those treated with I + STSG showed no significant differences throughout the study. EDA-FN
staining was however significantly higher in these two groups when compared with wounds treated
with SM + STSG and in normal skin until day 42. There were no significant long-term differences

between all groups.

5.6.5 Alpha-smooth muscle actin
Please see table 5.6.5 and figures 5.6.5.1-2

Normal skin
The mean a-SMA staining density of normal skin showed no statistically significant changes over

time.
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Wounds treated with Smart Matrix™ + split thickness skin graft

The mean a-SMA staining density in this group showed no statistically significant changes between
consecutive time points or over time.
When compared to normal skin, wounds treated with SM + STSG showed no statistically signifi-

cantly different scores of a-SMA staining density throughout the course of the experiment.

Wounds treated with Matriderm™ + split thickness skin graft

The mean a-SMA staining density in this group showed no statistically significant changes between
consecutive time points or over time.

When compared to normal skin, wounds treated with MD + STSG showed statistically significantly
higher scores of a-SMA density staining at days 21 (mean difference of 1.32, p=0.0327) and 35
(mean difference of 1.31, p-0.0365).

When compared to wounds treated with SM + STSG, wounds treated with MD + STSG showed
statistically significant (p=0.0062) higher scores of a-SMA staining density at day 42 (mean differ-
ence of 1.2). There were no significant differences between the two groups throughout the rest of

the study.

Wounds treated with Integra™ + split thickness skin graft

There were no statistically significant differences between consecutive time points, except for a
significant (p<0.0001) decrease between days 35 and 42 (mean difference of 1.55). A statistically
significant (p<0.0001) increase occurred between days 7 and 35 (mean difference of 3.12) and a
statistically significant (p<0.0001) decrease occurred between days 42 and 180 (mean difference of

2.3).
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When compared to normal skin, wounds treated with I + STSG showed significantly (p<0.0001)
higher mean a-SMA staining density at days 14 (mean difference of 1.32), 21 (mean difference of
1.78), 28 (mean difference of 2.69), 35 (mean difference of 3.85) and 42 (mean difference of 2.18).
When compared to wounds treated with SM + STSG, wounds treated with I + STSG, showed sig-
nificantly higher mean a-SMA staining density at days 7 (mean difference of 1.27, p=0.0019), 14
(mean difference of 1.12, p=0.0206), 21 (mean difference of 1.24, p=0.0032), 28 (mean difference
of 1.92, p<0.0001) 35, (mean difference of 3.5, p<0.0001) and 42 (mean difference of 2.24
p<0.0001). There were no significant differences between the two groups at days 84 and 180.

When compared to wounds treated with MD + STSG, wounds treated with I + STSG showed a sig-
nificantly (p<0.0001) higher mean a-SMA staining density at day 35 (mean difference of 2.54).

There were no other significant differences between the two groups throughout the rest of the ex-

periment.

Day |Day |Day |Day |[Day (Day |Day |Day
7 14 21 28 RE 42 84 180
SM+STSG 040  0.45 1.02 1.21 079 0.5 0.4 0.42
(+0.07) (20.07) (£0.11) (+0.08) (£0.11) (£0.08) (+0.10) (+0.09)
I+STSG 1.67 2.34 2.26 3.13 429 2.74 1.50 0.44
(+0.09) (£0.09) (£0.09) (+0.09) (£0.09) (£0.08) (+0.17) (+0.10)
MD+STSG 1.38 1.56 1.80 1.68 1.75 1.70 0.46 0.38
(£0.07) (20.08) (£0.08) (£0.08) (£0.09) (£0.09) (+0.11) (+0.10)

Oeubidklil 044 052 048 044 044 056 054  0.63
(£0.10) (20.11) (£0.11) (20.10) (£0.10) (£0.10) (£0.15) (£0.18)

Table 5.6.5: Mean alpha smooth muscle actin staining density (score out of 5), where n=48 (16 per
wound group) for the 42 day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.5.1: Mean Alpha—Smooth muscle actin staining density versus time (n=48, 16 per wound
group) for different reconstructive options in a 42 day study.
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Figure 5.6.5.2: Mean Alpha—Smooth muscle actin staining density versus time (n=24, 8 per wound
group) for different reconstructive options in a 180 day study.

Interpretations for mean Alpha Smooth Muscle Actin staining density
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Mean a-SMA staining was lowest in normal skin (the tattooed area) which showed no significant

changes over time. There were no statistically significant differences between normal skin and

wounds treated with SM + STSG throughout the study. Wounds treated with MD + STSG showed
no long term significant changes between normal skin and SM + STSG, except from levels in this
group being higher at days 21, 35 and 42. Wounds treated with I + STSG showed significantly
higher levels than all other wound groups until day 42, especially at day 35. There were no signifi-

cant differences between all groups by days 84 and 180.

5.6.6 Scaffold presence
Please see figures 5.6.6.1-3

On H+E staining, wounds were observed for the presence of the dermal scaffold. Scaffold persist-
ence was observed, as in the optimal acellular dermal matrix, the scaffold would persist in the
wound for a time period sufficient to redirect neodermal tissue formation while being recognised as
living tissue, and not persist as a foreign body and its associated immune response (deVries et al.,
1993). The dermal scaffold was considered to be present if a reddish-orange pattern of structures,

dissimilar to cellular and ECM structures was present between the wounds bed and overlying skin

graft and parallel to the wound bed was present.

Wounds treated with Smart Matrix™ + split thickness skin graft.

Of the 16 wounds, all showed the presence of the Smart Matrix™ scaffold at days 7, 14 and 21.
The dermal scaffold was still present in 5 of the wounds at day 28, 3 wounds at day 35, 1 wound at

day 42 and absent in all wounds at days 84 and 180.

Wounds treated with Matriderm™ + split thickness skin graft.
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Of the 16 wounds, all showed the presence of the Matriderm™ scaffold at days 7, 14 and 21. The
dermal scaffold was still present in 14 of the wounds at day 28, 13 wounds at day 35, 6 wounds at
day 42 and absent in all wounds at days 84 and 180.

When compared with wounds treated with SM + STSG, there were no significant differences at
days 7,14, 21, 84 and 180. There was a significant difference of 9 wounds (p<0.0001) at day 28 and

of 10 wounds at day 35 (p<0.0001).

Wounds treated with Integra™ + split thickness skin graft.

Of the 16 wounds, all showed the presence of the Integra™ scaffold at days 7, 14, 21, 28, 35 and
42. The dermal scaffold was still present in 12 of the wounds at day 84 and 3 of the wounds at day
180.

When compared with wounds treated with SM + STSG, there were no significant differences at
days 7, 14 and 21. There was a significant difference of 11 wounds (p<0.0001) at day 28, of 13
wounds at day 35 (p<0.0001), of 15 wounds at day 42 (p<0.0001), 12 wounds at day 84 (p<0.0001)
and of 3 wounds at day 180 (p=0.0435).

When compared to wounds treated with MD + STSG, wounds treated with I + STSG showed no
significant differences at day 7, 14, 21 and 28. There was a significant difference of 3 wounds
(p=0.0435) at 35, of 10 wounds at day 42 (p<0.0001), 12 wounds at day 84 (p<0.0001) and of 3

wounds at day 180 (p=0.0435).
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Day 7: SM +STSG MD + STSG I+ STSG

Figure 5.6.6.1: Photographic images showing examples of the presence of the dermal scaffold (blue
arrow) on H&E staining at x10 magnification, for different reconstructive options at day 7. The
dashed black line shows the interface of the wound bed and dermal scaffold.
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Figure 5.6.6.2: Number of wounds showing scaffold presence versus time (n=48, 16 per wound
group) for different reconstructive options in a 42 day study.
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Figure 5.6.6.3: Number of wounds showing scaffold presence versus time (n=24, 8 per wound
group) for different reconstructive options in a 180 day study.

Interpretations for scaffold presence
The time for dermal scaffold presence in the wound bed was shortest for wounds treated with SM +
STSG, followed by wounds treated with MD + STSG and the longest in wounds treated with I +

STSG.

5.6.7 Collagen
Please see table 5.6.7 and figures 5.6.7.1-2

Normal skin
The mean collagen staining density of normal skin showed no statistically significant changes over
time.

Wounds treated with Smart Matrix™ + split thickness skin graft

A statistically significant increase occurred between days 7 and 14 (mean difference of 0.67,
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p<0.0001) and between days 21 and 28 (mean difference of 0.54, p=0.0039). While no other statis-
tically significant increases occurred between consecutive time points, throughout the course of the

study there was a significant increase in elastin staining density. The mean difference between days

28 and 180 was 0.84, p<0.0001).

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly
lower scores of collagen staining density at days 7 (mean difference of 2.43, p<0.0001), 14 (mean
difference of 1.55, p<0.0001), 21 (mean difference of 1.27, p=0.0003) and 28 (mean difference of
0.67, p=0.0035.) There were no significant differences between the two groups throughout the rest

of the study.

Wounds treated with Matriderm™ + split thickness skin graft

Statistically significant increase in collagen staining density occurred between days 7 and 14 (mean
difference of 0.54, p=00039) and between days 21 and 28 (mean difference of 1.07, p<0.0001).
There were no statistically significant changes between consecutive time points, or throughout the
course of the study.

When compared to normal skin wounds treated with MD + STSG showed statistically significant
(p<0.0001) lower scores of collagen staining density at days 7 (mean difference of 2.20), 14 (mean
difference of 1.45), and 21. There were no significant differences between the two groups through-
out the rest of the study.

When comparing wounds treated with MD + STSG to those treated with SM + STSG, there were

no statistically significant differences in mean collagen staining density throughout the study.

Wounds treated with Integra™ + split thickness skin graft
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A statistically significant increase occurred between days 7 and 14 (mean difference of 0.57,
p=0.0012) and between days 21 and 28 (mean difference of 0.67, p<0.0001). While there were no
other significant changes between consecutive time points, a significant increase in collagen stain-

ing occurred between days 28 and 180 (mean difference of 0.58, p=0.001).

When comparing wounds treated with I + STSG to normal skin, the mean collagen staining density
was significantly lower (p<0.0001) at days 7 (mean difference of 2.28), 14 (mean difference of
1.50), and 21 (mean difference of 1.23).

When comparing wounds treated with I + STSG to those treated with SM + STSG, there were no
significant difference sin collagen staining over the course of the experiment.

When comparing wounds treated with I + STSG to those treated with MD + STSG, there were no

significant differences in collagen staining over the course of the experiment.

Day |Day |Day |Day |Day |Day |Day |Day
7 14 21 28 RE 42 84 180
SM+STSG 1.39 2.05 250  3.04 3.48 3.85 3.88 3.88
(+0.08) (£0.10) (20.11) (+0.10) (£0.10) (+0.07) (£0.09) (+0.09)
I+STSG 1.53 2.10 2.54 3.21 3.43 3.52 3.48 3.79
(+0.08) (+0.10) (£0.10) (£0.10) (£0.07) (+0.09) (+0.14) (+0.11)
MD+STSG 1.61 2.16 2.32 3.40 3.68 3.64 3.75 3.69
(+0.07) (x0.09) (£0.08) (£0.10) (£0.07) (+0.08) (+0.09) (+0.12)

Tenpibgelil | 3.82 360 377 371 371 346 342 354
(£0.10) (20.10) (£0.10) (£0.10) (£0.10) (£0.14) (£0.19) (£10.4)

Table 5.6.7: Mean collagen staining density (score out of 5), where n=48 (16 per wound group) for
the 42 day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.7.1: Mean collagen staining density versus time (n=48, 16 per wound group) for differ-
ent reconstructive options in a 42 day study.
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Figure 5.6.7.2: Mean collagen staining density versus time (n=24, 8 per wound group) for different
reconstructive options in a 180 day study.

Interpretations for mean collagen staining density
Mean collagen staining density (the tattooed area) showed no significant changes over time. Mean

collagen staining density increased over the course of the study for all three wound groups.
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Wounds treated with SM + STSG reached collagen levels similar to normal skin by day 35. Wounds
treated with MD + STSG reached collagen levels similar to normal skin by day 28. Wounds treated
with I + STSG reached collagen levels similar to normal skin by day 28. There were no statistically
significant differences between all wound groups in mean collagen staining density. From day 42

onwards, there were no significant differences between all four groups.

5.6.8 Elastin
Please see table 5.6.8 and figures 5.6.8.1-2

Normal skin

The mean elastin staining density of normal skin showed no statistically significant changes over

time.

Wounds treated with Smart Matrix™ + split thickness skin graft

Statistically significant increases occurred between days 7 and 14 (mean difference of 0.95,
p<0.0001) and between days 14 and 21 (mean difference of 0.6, p=0.007). While no other statisti-
cally significant increases occurred between consecutive time points, throughout the course of the
study there was a significant increase in elastin staining density. The mean difference between days
21 and 180 was 0.57, p=0.0029.

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly
lower scores of elastin staining density at days 7 (mean difference of 1.89, p<0.0001), 14 (mean dif-
ference of 1.23, p<0.000), 21 (mean difference of 0.69, p=0.0003) and 28 (mean difference of 0.79,
p<0.0001.) There were no significant differences between the two groups throughout the rest of the

study.
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Wounds treated with Matriderm™ + split thickness skin graft

There were no statistically significant changes in elastin staining density between consecutive time
points. However, there was a statistically significant increase over the course of the study of 0.89
(p<0.0001).

When compared to normal skin wounds treated with MD + STSG showed statistically significant
lower score of elastin staining density at day 14 (mean difference of 0.86, p<0.0001), and 28 (mean
difference of 0.63, p=0.0182). There were no significant differences between the two groups
throughout the rest of the study.

When comparing wounds treated with MD + STSG to those treated with SM + STSG, there were

no statistically significant differences in mean elastin staining density throughout the study.

Wounds treated with Integra™ + split thickness skin graft

The changes between consecutive time post-operative time points were not statistically significant.
However, there was a statistically significant (p<0.0001) increase in elastin staining over the course
of the experiment, with a mean difference of 2.16, (p<0.0001) between days 7 and 180.

When comparing wounds treated with I + STSG to normal skin, the mean elastin staining density
was significantly lower (p<0.0001) at days 7 (a mean difference of1.91), 14 (mean difference of
2.17), 21 (mean difference of 2.17), and day 28 (mean difference of 2.04). Throughout the rest of
the study, there were no significant differences.

When comparing wounds treated with I + STSG to those treated with SM + STSG, the mean elastin
staining density was significantly (p<0.0001) lower at days at day 14 (mean difference of 0.94), day
21 (mean difference of 1.48), 28 (mean difference of 1.25) and 35 (mean difference of 0.69).
Throughout the rest of the study, there were no significant differences.

When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean elastin
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staining density was significantly (p<0.0001) lower at days 7 (mean difference of 1.35), 14 (mean

difference of 1.3, 21 (mean difference of 1.69, 28 (mean difference of 1.42) and 35 (mean differ-

ence of 0.56, p=0.0033).

Day |Day |[Day
14 21 28

Day
35

Day |Day |Day
42 84 180

SMA+STSG 0.51 1.46 206  2.04
(£0.08)  (£0.07) (£0.10) (20.09)
0.49 0.52 058  0.79

LESTSG (#0.07) (£0.52) (£0.58) (20.10)

MD-+STSG 1.84 1.82 227 221
(£0.09)  (£0.10) (£0.11) (20.08)

normal skin 2.40 2.69 2.75 2.83
(£0.13)  (£0.13) (£0.15) (£0.13)

2.22
(£0.10)

1.53
(£0.08)

2.59
(£0.07)

2.38
(+0.14)

2.51 2.50 2.63
(£0.10)  (£0.10)  (+0.10)

2.04 2.25 2.65
(£0.10)  (£0.15) (0.15)

260 285 2.75
(£0.07) (£0.12) (£0.12)

2.48 2.79 2.96
(#0.11)  (20.13)  (£0.22)

Table 5.6.8: Mean elastin staining density (score out of 5), where n=48 (16 per wound group) for
the 42 day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.8.1: Mean elastin staining density versus time (n=48, 16 per wound group) for different

reconstructive options in a 42 day study.
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Figure 5.6.8.2: Mean elastin staining density versus time (n=24, 8 per wound group) for different
reconstructive options in a 180 day study.

Interpretations for mean elastin staining density

Mean elastin staining density in normal skin (the tattooed area) which showed no significant
changes over time. Mean elastin staining density increased over the course of the study for all three
wound groups. All three wound groups reached elastin levels similar to normal skin by day 35.
There were no statistically significant differences between all wound groups in mean elastin stain-

ing density. From day 42 onwards, there were no significant differences between all four groups.

5.6.9 Wound (neodermal) thickness
Please see table 5.6.9 and figures 5.6.9.1-2

Normal skin
The mean thickness of normal skin showed no statistically significant changes throughout the study.

Wounds treated with Smart Matrix™ + split thickness skin graft

The mean thickness of wounds treated with SM + STSG showed statistically significant increases
between days 7 and 14, (mean difference of 348.52um, p<0.0001) and between days 14 and 21
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(mean difference of 240.02um, p<0.0001). A statistically significant decrease occurred between
days 84 and 180 (mean difference of 220.13um (p<0.0001).

When compared to normal skin, wounds treated with SM + STSG showed a statistically significant
lower wound thickness at day 7 (mean difference of 215.64um, p<0.0001). Wounds treated with
SM + STSG were significantly (p<0.0001) thicker between days 21 and 84. The mean difference at
day 21 was 376.24um, 349.78um at day 28, 356.32um at day 35, 291.10um at day 42 and

204.14um at day 84.

Wounds treated with Matriderm™ + split thickness skin graft

Statistically significant increases in wound thickness occurred between days 7 and 14 (mean differ-
ence of 210.42um, p<0.0001), days 14 and 21 (mean difference of 253.81um, p<.0001) and days 21
and 28 (mean difference of 137.65um, p=0.0142). A statistically significant decrease in wound
depth occurred between days 42 and 84 (mean difference of 222.75um, p<0.0001).

When compared to normal skin, wounds treated with MD + STSG showed a statistically significant
lower wound depth at day 7 (mean difference of 200.91um, p=0.004). Wounds treated with MD +
STSG were significantly (p<0.0001) more deep between days 21 and 42. The mean difference at
day 21 was 266.52um, 392.55um at day 28, 369.42um at day 35, and 311.31um at day 42.

When comparing wounds treated with MD + STSG to those treated with SM + STSG, there were

no statistically significant differences in thickness throughout the study.

Wounds treated with Integra™ + split thickness skin graft

Statistically significant increases in wound thickness occurred between days 14 and 21 (mean dif-
ference of 145.22um, p=0.0055) and between days 21 and 28 (mean difference of 283.51um,
p<0.0001). A statistically significant decrease in wound thickness occurred between days 42 and 84

(mean difference of 157.53um, p=0.0388).
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When comparing wounds treated with I + STSG to normal skin, the wounds were significantly less
thick at days 7 (mean difference of 276.14um, p<0.0001), and 14 (mean difference of 241.75um,
p=<0.0001). The wounds were significantly thicker at days 28 (mean difference of 178.47um,
p=0.0053), 35 (man difference of 162.81um, p=0.0243) and at day 42 (mean difference of
253.77um, p<0.0001).

When comparing wounds treated with I + STSG to those treated with SM + STSG, the mean wound
thickness was significantly less at days 14 (mean difference of 375.00pm, p<0.0001), 21 (mean dif-
ference of 469.84um, p<0.0001), 28 (mean difference of 171.42um, p=0.0002) and 35 (mean dif-
ference of 193.61um, p<0.0001).

When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean
wound thickness was significantly (p<<0.0001) less at days 14 (mean difference of 251.57um), 21
(mean difference of 360.11um), 28 (mean difference of 214.12um) and 35 (mean difference of

206.73um).

Day 7 | Day Day Day Day Day Day Day

14 21 28 35 42 84 180
SM+STSG 309.00 657.54 897.50 882.63 887.98 820.48 740.64( 520.60(
(£2.02) (£2.40) (£2.74) (£2.82) (£2.34) (£1.55) £2.96) +8.95)
I+STSG 248.48 28252 427.73 711.27 694.42 783.08 618.06 526.76
(£1.74) (£4.90) (£2.83) (£2.06) (+2.40) (£2.75) (+3.40) (£3.71)
MD+STSG 323.67 534.02( 787.83 925.44 901.08 840.71 618.00 526.76
(£2.45) £1.90) (£2.83) (£2.06) (+2.40) (£2.75) (£3.40) (£3.71)

normal skin 524.58( 52425 52133 5329 531.67 529.42 536.58 548.83
+2.94)  (£4.13) (£3.64) 2(25.84 (£6.61) (£3.54) (£4.58) (3.93)

)

Table 5.6.9: Mean neodermal thickness (1), where n=48 (16 per wound group) for the 42 day study
and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.9.1: Mean wound thickness versus time (n=48, 16 per wound group) for different recon-
structive options in a 42 day study.
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Figure 5.6.9.2: Mean wound thickness versus time (n=24, 8 per wound group) for different recon-
structive options in a 180 day study.

Interpretations for mean wound thickness
Mean wound thickness showed no significant change throughout the study in normal skin (the tat-

tooed area). Wounds treated with SM + STSG were less thick than normal skin until day 14 and
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thicker until day 84. Wounds treated with MD + STSG were less thick than normal skin at day 7
and thicker from days 21 to 42. There were no significant differences between the two groups

thereafter. There were no significant difference in wound thickness between wounds treated with
SM + STSG and those treated with MD + STSG. Wounds treated with I + STSG were less thick
than normal skin until day 14 and thicker between days 28 and 42. These wounds were less thick
than those treated with SM + STSG and those treated with MD+STSG between days 14 and 35. By

day 180, there were no significant differences between all four groups.

5.6.10 Cellular density
Please see table 5.6.10 and figures 5.6..10.1-2

Normal skin

The mean cellular density of normal skin showed no statistically significant changes throughout the

study.

Wounds treated with Smart Matrix™ + split thickness skin graft

The mean cellular density of wounds treated with SM + STSG showed no statistically significant
changes between consecutive time points, except for a statistically significantly decrease from day
21 to day 28 (mean difference of 0.57, p=0.0149). There were no significant differences in mean
cellular density over between days 7 and 180.

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly
higher scores of cellular density at days 14 (mean difference of 0.77, p=0.01), and 180 (mean dif-
ference of 0.92, p=0.0472). There were no significant differences between the two groups through-

out the rest of the study.
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Wounds treated with Matriderm™ + split thickness skin graft

There were no statistically significant changes in cellular density between consecutive time points.
However, there was a statistically significant decrease of 0.84 (p<0.0001) between days 14 and 28
and further decreases thereafter. There were no significant differences between the consecutive

time points throughout the rest of the study.

When compared to normal skin wounds treated with MD + STSG showed a statistically significant-
ly higher score of cellular density at day 14 (mean difference of 0.86, p=0.002), and significantly
lower scores at days 35 (mean difference of 0.79, p=0.0016), 42 (mean difference of 0.87,

p=0.0007) and 180 (mean difference of 0.98, p=0.0184).

When comparing wounds treated with MD + STSG to those treated with SM + STSG, the former
group showed statistically significantly higher scores at days 35 (mean difference of 0.53, p=0.444)
and 42 (mean difference of 0.63, p=0.0022). There were no statistically significant differences in

mean cellular density throughout the rest of the study.

Wounds treated with Integra™ + split thickness skin graft

The changes between consecutive time post-operative time points were not statistically significant.
However, there was a statistically significant (p<0.0001) increase of 1.01 in cellular density be-

tween days 7 and 21.

When comparing wounds treated with I + STSG to normal skin, the mean cellular density was sig-
nificantly lower at days 7 (mean difference of 1.48, p<0.0001), and 14 (mean difference of 0.65,

p=0.0495). Throughout the rest of the study, there were no significant differences.
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When comparing wounds treated with I + STSG to those treated with SM + STSG, the mean cellu-
lar density was significantly higher at days 7 (mean difference of 1.29, p<0.0001), 14 (mean differ-

ence of 1.51, p<0.0001) and 21 (mean difference of 0.55, p=0.0263).

When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean cellu-
lar density was significantly lower at days 7 (mean difference of 1.32, p<0.0001), and 14 (mean dif-
ference of 1.51, p<0.0001), and significantly higher at day 42 (mean difference of 0.6, p=0.0006)

and 180 (mean difference of 0.81, p=0.0142).

Day |Day |Day |Day |Day (Day |Day |Day
7 14 21 28 35 42 84 180

SM+STSG 3.31 3.68 3.58 3.01 3.11 3.23 2.71 2.58
(+0.10) (20.09) (£0.07) (£0.11) (£0.10) (£0.10) (+0.14) (+0.10)
I+-STSG 2.02 231 3.03 3.10 3.02 3.20 3.04 3.33
(+0.11) (£0.10) (£0.11) (£0.11) (+0.10) (£0.08) (£0.14) (+0.14)
MD+STSG 3.34 3.82 3.24 2.98 2.58 2.59 2.52 2.52
(+0.10) (20.07) (£0.10) (£0.09) (£0.08) (£0.10) (+0.10) (+0.17)

eIl 350 296 323 3.06 338 342  3.08  3.50
(£0.17) (£0.16) (£0.16) (20.16) (20.15) (£0.15) (£0.19) (+0.19)

Table 5.6.10: Mean wound cellular density (score out of 5), where n=48 (16 per wound group) for
the 42 day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.10.1: Mean cellular density versus time (n=48, 16 per wound group) for different recon-
structive options in a 42 day study.
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Figure 5.6..10.2 Mean cellular density versus time (n=24, 8 per wound group) for different recon-
structive options in a 180 day study.

Interpretations for mean wound cellular density
Mean wound cellular density showed no significant change throughout the study in normal skin (the
tattooed area). Wounds treated with SM + STSG showed higher mean cellular density scores than

normal skin throughout the study. Wounds treated with MD + STSG showed higher mean cellular
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density scores than the former two groups at day 14. There were no significant long-term differ-
ences between wounds treated with SM + STSG and MD+STSG after day 42. Wounds treated with
I + SSG showed lower mean cellular density levels than normal skin until day 21. There were no
significant differences thereafter. At day 180, there were no significant differences between wounds
treated with SM + STSG and those treated with MD + STSG. These two wounds groups showed

significantly higher levels than wounds treated with I + STSG and normal skin.

5.6.11 Inflammation
Please see table 5.6.11 and figures 5.6.11.1-2

Normal skin

The mean inflammatory cell density of normal skin showed no statistically significant changes over

time.

Wounds treated with Smart Matrix™ + split thickness skin graft

The mean inflammatory cell density of wounds treated with SM + STSG showed no statistically
significant changes between consecutive time points.  There was a statistically significantly de-
crease from day 14 to day 84 (mean difference of 2.30, p<0.0001).

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly
higher scores of inflammatory cell density at days 7 (mean difference of 1.77, p=0.0348), 14 (mean
difference of 2.29, p=0.0002) and 21 (mean difference of 1.78, p=0.0321). There were no signifi-

cant differences between the two groups throughout the rest of the study.
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Wounds treated with Matriderm™ + split thickness skin graft

There were no statistically significant changes in inflammatory cell density between consecutive
time points. However, there was a statistically significant decrease of 1.47 (p<0.0001) between
days 35 and 42.

When compared to normal skin wounds treated with MD + STSG showed statistically significantly
higher scores of inflammatory cell density at days 7 (mean difference of 1.75, p=0.0409), 14 (mean
difference of 2.48, p<0.0001), 21 (mean difference of 2.1, p=0.0321) and 35 (mean difference of
1.74, p=0.0443). There were no significant differences between the two groups throughout the rest
of the study.

When comparing wounds treated with MD + STSG to those treated with SM + STSG, there were

no statistically significant differences in mean inflammatory cell density throughout the study.

Wounds treated with Integra™ + split thickness skin graft

The changes between consecutive time post-operative time points were not statistically significant.
However, there was a statistically significant (p<<0.0001) decrease in inflammatory cell density
throughout the study when comparing day 7 to days 42 (2.49), 84 (3.08) and 180 (3.49).

When comparing wounds treated with I + STSG to normal skin, the mean inflammatory density
was significantly higher at days 7 (a mean difference of 3.66, p<0.0001), 14 (mean difference of
2.71), p<0.0001), 21 (mean difference of 3.39, <0.0001), day 28 (mean difference of 2.12,
p=0.0016) and day 35 (mean difference of 1.74, p=0.0008). Throughout the rest of the study, there
were no significant differences.

When comparing wounds treated with I + STSG to those treated with SM + STSG, the mean in-
flammatory cell density was significantly higher at days 7 (1.89, p=0.0002), and day 21 (1.60,

p=0.0066). Throughout the rest of the study, there were no significant differences.
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When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean in-

flammatory cell density was significantly higher at day 7 (a mean difference of 1.91, p<0.00071).

Throughout the rest of the study, there were no significant differences.

Day 7 |Day |(Day (Day |[Day
14 21 28 35

SM+STSG 2.04 2.63 2.15 1.67 0.98

(£0.10) (£0.08) (£0.11) (+0.10) (+0.14)

393 304 376 249 234
(£0.09) (£0.09) (£0.09) (£0.07) (+0.09)

I+STSG

MD+STSG 2.02 2.81 2.48 2.09 1.91

(£0.11) (£0.65) (£0.08) (£0.12) (0.24)

normal skin 0.27 0.33 0.38 0.38 0.17

Day |Day |[Day

42 84 180
066 033 029
(£0.19) (£0.10) (+0.08)
144 085 044
(£0.07) (£0.15) (£0.09)
044 042 038
(£0.07) (£0.09) (+0.09)
033 033 021

(£0.09) (£0.08) (£0.09) (£0.09) (20.07) (+0.09) (+0.11) (+0.11)

Table 5.6.11: Mean inflammatory cell density (score out of 5), where n=48 (16 per wound group)
for the 42 day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.11.1: Mean inflammatory cell density versus time (n=48, 16 per wound group) for differ-

ent reconstructive options in a 42 day study.
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Figure 5.6.11.2: Mean inflammatory cell density versus time (n=24, 8 per wound group) for differ-
ent reconstructive options in a 180 day study.

Interpretations for mean wound inflammatory cell density

In normal skin, the mean wound inflammatory cell density showed no significant change through-
out the study. Wounds treated with SM + STSG showed a consistently (but decreasingly) signifi-
cantly higher inflammatory cell density than normal skin from day 7 until day 21. Wounds treated
with MD + STSG showed a similar trajectory to wounds treated with SM + STSG (there were no
significant differences in inflammatory cell density between these two wound groups throughout
the study), showing significantly higher inflammatory cell densities between days 7 and 35.
Wounds treated with I + STSG showed significantly higher levels of inflammatory cell density than
all other groups until day 21, reaching levels similar to normal skin by day 35. From day 35 on-

wards, all wound groups showed no significant differences to normal skin.
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5.6.12 Vascular perfusion
Please see table 5.6.12 and figures 5.6.12.1-2

Normal skin

The vascular perfusion of normal skin showed no statistically significant changes over time.

Wounds treated with Smart Matrix™ + split thickness skin graft

At day 7 the mean vascular perfusion was 426.39PU (+4.08), 485.09PU (£19.63) at day 14,
755.14PU (£37.63) at day 21, 892.65PU (+5.01) at day 28, 920.52PU (+4.21) at day 35, 980.18PU
(£5.07) at day 42, 239.61PU (£6.10) at day 84 and 162.24PU (£3.37) at day 180. The mean vascu-
lar perfusion of wounds treated with SM + STSG showed statistically significant increases between
consecutive time points up to day 42, except between days 28 and 35. There was a mean difference
of 58.69PU (p=0.0041) between 7 and 14, 270.1PU (p<0.0001) between days 14 and 21, and be-
tween 137.5PU (p<0.0001) between days 21 and 28. There was a significant decrease between
days 42 and 84 (mean difference of 740.6PU, p<0.0001) and between days 84 and 180 (mean dif-
ference of 77.38PU, p=0.0158).

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly
(p<0.0001) higher mean vascular perfusion measurements between days 7 and 42. The differences
were 267.82PU at day 7, 327.41PU at day 14, 591.22PU at day 21, 737.00PU at day 28, 753.54PU

at day 35 and 817.82PU at day 42.

Wounds treated with Matriderm™ + split thickness skin graft

There was a statistically significant (p<0.0001) increase between consecutive time points up to day
28. There was a mean difference of 116.6PU between days 7 and 14, 276.6PU between days 14 and

21, and 104.4PU between days 21 and 28. There was a significant decrease between days 42 and
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84 (mean difference of 727.92PU, p<0.0001) and between days 84 and 180 (mean difference of
78.14PU, p=0.0135). There were no significant differences at days 84 and 180.

When compared to normal skin, wounds treated with MD + STSG showed statistically significantly
(p<0.0001) higher mean vascular perfusion measurements between days 7 and 42. The differences
were 254.13PU at day 7, 371.62PU at day 14, 642.21PU at day 21, 754.65PU at day 28, 772.91PU
at day 35 and 804.90PU at day 42. There were no significant differences at days 84 and 180.

When compared to wounds treated with SM + STSG, a statistically significant difference only oc-
curred at day 21, where wounds treated with MD + STSG showed a higher vascular perfusion than

those treated with SM + STSG (mean difference of 50.79PU, p<0.0001).

Wounds treated with Integra™ + split thickness skin graft

There was a statistically significant increase between consecutive time points between days 2 and
35. There was a mean difference of 57.16PU (p=0.01) between days 7 and 14, 233.03PU
(p<0.0001) between days 14 and 21, 348.12PU (p<0.0001) between days 21 and 28, and 66.99PU
(p=0.003) between days 28 and 35. There were significant (p<0.0001) decreases between consecu-
tive time points between days 35 and 180. There was a mean difference of 192.6PU and between

days 35 and 42, 186.91PU between days 42 and 84 and 238.95PU between days 84 and 180.

When compared to normal skin, wounds treated with I + STSG showed no statistically significant
differences at days 7 and 14. Statistically significant (p<0.0001) higher mean vascular perfusion
measurements occurred between days 21 and 84. The mean differences were 222.63PU at day 21,
579.31PU at day 28, 634.12PU at day 35, 446.71PU at day 42, and 255.92PU at day 84. There was
no statistically significant difference at day 180.

When compared to wounds treated with SM + STSG, wounds treated with I + STSG showed statis-

tically significantly (p<0.0001) lower levels of vascular perfusion between days 7 and 84. The
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mean differences were 329.92PU at day 7, 331.46PU at day 14, 368.54PU at day 21, 158.02PU at
day 28, 118.92PU at day 35,371.11 PU at day 42 and 182.5PU at day 84. There was no statistically
significant difference at day 180.

When compared to wounds treated with MD + STSG, wounds treated with [ + STSG showed statis-
tically significantly (p<0.0001) lower levels of vascular perfusion between days 7 and 42. The
mean differences were 316.22PU at day 7, 375.71PU at day 14, 419.34PU at day 21, 175.62PU at
day 28, 138.93PU at day 35, and 358.13PU at day 42. At day 84, wounds treated with I + STSG
showed statistically significantly (p<0.0001) higher vascular perfusion levels than those treated
with MD + STSG (mean difference of 177.8PU). There was no statistically significant difference at

day 180.

Day 7 |Day |Day |Day (Day |Day |[Day |Day

14 21 28 35 42 84 180

SM+STSG 42639 485.09 755.14 892.65 920.52 980.18 239.61 162.24
(+4.08) (£19.6) (£37.6) (#5.01) (#4.21) (£5.07) (£6.10) (£3.37)

I+STSG 96.48 153.64 386.63 734.66 801.64 609.07 422.13 183.25

(£3.38) (£3.83) (£4.86) (£5.74) (24.90) (+4.78) (£7.87) (£5.31)

WD amed Bl6 | 412,68 52932 805.94 910.29 940.51 967.21( 24430 166.24
(£2.82) (£4.49) (£5.51) (*7.72) (23.82) +4.24) (£16.9) (+4.30)

ool | 15855 15773 163.98 15570 167.56 16234 16623 166.55
(+£2.88) (£7.38) (£6.09) (£4.08) (£3.14) (£3.50) (£5.39) (+5.00)

Table 5.6.12: Mean wound vascular perfusion (PU), where n=48 (16 per wound group) for the 42
day study and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.12.1: Mean vascular perfusion versus time (n=48, 16 per wound group) for different
reconstructive options in a 42 day study.

Vascular perfusion

1200 -
-
22 900 -
& & _
e 4 SMH+STSG (n=8)
2 & 1+STSG (n=8)
E z 600 - MD+STSG (n=8)
2.s > tattoo
£
S8 300 -
D
=

0 T T T 1
0 45 90 135 180
Time (days)

Figure 5.6.12.2: Mean vascular perfusion versus time (n=24, 8 per wound group) for different re-
constructive options in a 180 day study.

Interpretations for mean wound vascular perfusion
In normal skin, the mean wound vascular perfusion showed no significant change throughout the
study. Wounds treated with SM + STSG and those treated with MD + STSG showed an increase in

mean perfusion up to day 35 followed by a decrease over the rest of the study, to reach perfusion
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levels similar to that of normal skin after day 42. There were no significant differences between
these two wound groups. Wounds treated with I+STSG showed a 14 day delay in reaching peak
vascular perfusion levels, which then decreased to levels similar to those of normal skin by day 180.
Mean vascular perfusion in this wound groups was significantly lower than the other two wounds

groups until day 180. There were no significant differences in all four groups at day 180.

5.6.13 Capillary lumen count
Please see table 5.6.13 and figures 5.6.13.1-2

Normal skin
The mean capillary lumen count of normal skin showed no statistically significant changes over

time.

Wounds treated with Smart Matrix™ + split thickness skin graft

The mean capillary lumen count of wounds treated with SM + STSG showed statistically signifi-
cant increases (P<0.0001) between consecutive time points between days 7 and 28. There was a
mean difference of 2.73 between days 7 and 14, 1.90 between days 14 and 21 and 2.17 between
days 21 and 28. There was a further in significant increase between days 84 and 180 of 1.79.

When compared to normal skin, wounds treated with SM + STSG showed statistically significantly

(p<0.0001) lower mean capillary lumen counts at days 7 (7.02), 14 (4.60), 21 (2.23) and 180 2.80

(p=0.0004).

203



Wounds treated with Matriderm™ + split thickness skin graft

Statistically significant (p<0.0001) increases in mean capillary lumen count occurred between days
14 and 21 (mean difference of 2.00), days 21 and 28 (3.83) and days 35 and 42 (3.20). However,
there was a statistically significant increase (p<0.0001) throughout the study (8.15).

When compared to normal skin wounds treated with MD + STSG showed statistically significantly
(p<0.0001) lower mean capillary lumen counts between days 7 and 35. The mean difference was
8.81 atday 7, 9.13 and day 14, 6.63 and day 21, 3.54 at day 28 and 3.46 at day 35. Thereafter, there
were no significant differences between the two groups.

When compared to wounds treated with SM + STSG, wounds treated with MD + STSG showed
statistically significantly (p<0.0001) lower mean capillary lumen counts between days 7 and 35.
The mean difference was 1.79 at day 7, 4.5 and day 14, 4.40 and day 21, 2.73 at day 28 and 2.71 at

day 35. Thereafter, there were no significant differences between the two groups.

Wounds treated with Integra™ + split thickness skin graft

The changes between consecutive time post-operative time points were statistically significant be-
tween days 14 and 42 (p=0.0009 between days 14 and 21, p<0.0001 for all other measurements).
When comparing wounds treated with I + STSG to normal skin, the mean capillary lumen count
was significantly (p<0.0001) lower between days 7 and 42. The mean difference was 12 at day 7,
12.04 at day 14, 9.98 at day 21, 7.38 at day 28, 5.33 at day 35 and 2.94 at day 42. Throughout the
rest of the study, there were no significant differences.

When comparing wounds treated with I + STSG to those treated with SM + STSG, the mean capil-
lary lumen count was significantly (p<0.0001, for all except at day 42, where p=0.00037) lower be-

tween days 7 and 42. The mean difference was 4.94 at day 7, 7.42 at day 14, 7.75 at day 21, 6.56 at
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day 28, 4.58 at day 35 and 1.46 at day 42. At day 180, the mean capillary lumen count was signifi-
cantly higher (p<0.0001) in wounds treated with I + STSG (mean difference of 5.06).

When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean capil-
lary lumen count was significantly (p<0.0001) lower between days 7 and 84. The mean difference
was 3.15 at day 7, 2.92 at day 14, 3.35 at day 21, 3.83 at day 28, 1.89 at day 35, 1.85 at day 42 and

1.92 at day 84. At day 180 there was no significant difference.

Day Day Day Day Day Day

14 21 28 35 84 180

SM+STSG 494 767 956 1173 12.58 1148 1233 10.54
(£0.14) (20.09) (£0.16) (£0.09) (£0.08) (£0.07) (£0.12) (£0.13)

I+STSG 0(*0) 025 181 517 800 1082 11.16 15.67
(£0.09) (£0.15) (£0.15) (#0.21) (20.20) (+0.38) (+4.16)

MD+STSG 315 317 517 900 988  11.88 13.08 11.67
(£0.12) (£0.16) (£0.15) (£0.16) (20.20) (£0.22) (£0.25) (+0.42)

normal skin 1196 1229 1179 12.54 1333 1298 12.83  13.33

(£0.30) (£0.33) (£0.35) (20.65) (20.46) (£0.52) (£0.41) (+0.36)

Table 5.6.13: Mean capillary lumen count, where n=48 (16 per wound group) for the 42 day study
and n=24 (8 per wound group) for the 180 day study
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Figure 5.6.13.1: Mean capillary lumen count versus time (n=48, 16 per wound group) for different
reconstructive options in a 42 day study.
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Figure 5.6.13.2: Mean capillary lumen count versus time (n=24, 8§ per wound group) for different
reconstructive options in a 180 day study.

Interpretations for mean capillary lumen count
In normal skin, the mean capillary lumen count showed no significant change throughout the study.
Wounds treated with SM + STSG showed lower mean capillary lumen counts than normal skin at

days 7, 14 21 and 180. Those treated with MD + STSG showed lower capillary lumen counts than
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normal skin and than wounds treated with SM + STSG between days 7 and 35. Wounds treated
with I + STSG showed lower capillary lumen counts than normal skin and wounds treated with SM
+ STSG up to day 42, and up to day 84 in wounds treated with MD + STSG. There were no signif-
icant differences between all wounds groups at day 180, except for wounds treated with SM +

STSG which showed significantly lower mean capillary lumen counts than normal skin and wounds

treated with I + STSG.

5.6.14 Von Willebrand factor
Please see table 5.6.14 and figures 5.6.14.1-2

Normal skin

vWF content of normal skin showed no statistically significant changes over time.

Wounds treated with Smart Matrix™ + split thickness skin graft

Mean vWF content of wounds treated with SM + STSG showed no statistically significant changes
over time. When compared to normal skin, wounds treated with SM + STSG showed no statistical-

ly significant changes in vVWF staining density.

Wounds treated with Matriderm™ + split thickness skin graft

There were no statistically significant changes in vVWF staining between consecutive time points.
However, there was a statistically significant increase (p<0.0001) in vWF staining throughout the
study when comparing day 7 to days 21 (1.66), 28 (1.40), 35 (1.89), 42 (4.94), 84 (1.41) and 180
(1.40).

When compared to normal skin wounds treated with MD + STSG showed statistically significantly
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lower levels (mean difference of 1.52, p=0.012) at day 7. The differences throughout the rest of the
study were not statistically significant.
When comparing wounds treated with MD + STSG to those treated with SM + STSG, there were

no statistically significant differences in mean vWF staining density throughout the study.

Wounds treated with Integra™ + split thickness skin graft

The changes in vWF staining between consecutive time post-operative time points were not statisti-
cally significant. However, there was a statistically significant (p<0.0001) increase in mean VWF
staining density throughout the study when comparing day 7 to days 28 (1.22), 35 (1.80) 42 (3.02),
84 (2.42) and 180 (2.90).

When comparing wounds treated with I + STSG to normal skin, the mean vWF staining density
was significantly (p<0.0001) lower at days 7 (2.96), 14 (2.37), 21 (1.90), and day 28 (1.66,
p=0.0025). Throughout the rest of the study, there were no significant differences.

When comparing wounds treated with [ + STSG to those treated with SM + STSG, the mean vVWF
staining density was significantly (p<0.0001) lower at days 7 (2.18), 14 (2.5), 21 (2.02), 28 (1.74)
and day 35 (1.49, p=0.0003). Throughout the rest of the study, there were no significant differ-
ences.

When comparing wounds treated with I + STSG to those treated with MD + STSG, the mean vWF
staining density was significantly lower at days 7 (1.44, p=0.0007), 14 (1.66, p<0.0001), 21 (2.29,
p<0.0001), 28 (1.89, p<0.0001) and day 35 (1.53, p<0.0001). Throughout the rest of the study,

there were no significant differences.
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Day |Day |Day |[Day |Day |[Day |Day |Day
7 14 21 28 RE 42 84 180
SM+STSG 2.44 3.20 3.09 3.21 3.54 3.77 2.67 2.65
(£0.14) (£0.12) (£0.11) (£0.11) (£0.10) (£0.07) (+0.09) (+0.13)
I+STSG 0.25 0.69 1.06 1.47 2.05 2.77 2.61 3.15
(+0.08) (+0.08) (+0.23) (£0.07) (£0.23) (+0.42) (+0.16) (+0.15)
MD+STSG 1.69 2.35 3.35 3.09 3.58 3.24 3.10 3.06
(£0.09) (£0.08) (£0.04) (£0.09) (£0.04) (£0.10) (+0.06) (+0.14)

Tenplidia ] 321 306 296 313 327 292 279  3.04
(£0.15) (20.15) (£0.15) (£0.15) (£0.14) (£0.14) (£0.23) (£0.27)

Table 5.6.14: Mean vWF staining density (score out of 5), where n=48 (16 per wound group) for the
42 day study and n=24 (8 per wound group) for the 180 day study

von Willebrand factor
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Figure 5.6.14.1: mean von Willebrand staining density versus time (n=48, 16 per wound group) for
different reconstructive options in a 42 day study.
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Figure 5.6.14.2: Mean von Willebrand staining density versus time (n=24, 8 per wound group) for
different reconstructive options in a 180 day study.

Interpretations for mean von Willebrand factor staining density

In normal skin and in wounds treated with SM + STSG, the mean von Willebrand factor staining
density showed no significant change throughout the study. There were no significant differences
between these two wound groups throughout the study. Wounds treated with MD + STSG showed
lower levels than normal skin at day 7. There were no significant differences between these two
groups throughout the rest of the study. There were no significant differences between wounds
treated with SM + STSG and those treated with MD + STSG throughout the study. Wounds treated
with I + STSG showed lower mean vWF staining densities than normal skin up to day 42, and than
the other wound groups up to day 35. Between days 42 and 180, there no significant differences in

vWEF staining between all four groups.

5.6.15 Summary of findings

Graft take rate was similar in all wound groups. Wounds treated by I + STSG were a darker pink

than wounds treated by SM + STSG and MD + STSG. No adnexal structures were present in any
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of the wounds.

Wounds treated by SM+STSG and those treated with MD + STSG contracted less than those treated
by 1 +STSG. Wounds treated with SM + STSG and MD + STSG were smaller than the tattooed
area. There were no significant differences in wound area and contraction between wounds treated
with SM + STSG and those treated with MD + STSG. EDA-FN staining in wounds treated with
SM + STSG was similar throughout the study to that of normal skin, while significantly higher in
wounds treated with MD + STSG and I + STSG. There were no significant differences in a-SMA
staining in normal skin and wounds treated with SM + STSG. Wounds treated with MD + STSG
showed higher levels than these groups until day 28, while wounds treated with I + STSG showed
the highest levels, which decreased to those of normal skin by day 42. There were no significant
long term differences between all groups.

The dermal scaffold persisted from an average of 21 days in wounds treated with SM + STSG, 35
days in those treated with MD + STSG and 84 days in those treated with I + STSG.

Collagen levels increased from the beginning of the study in all wound groups. Wounds treated
with MD + STSG and with I + STSG reached collagen staining levels of normal skin by day 28,
while those treated with SM + STSG reached normal skin levels by day 35. There were no signifi-
cant differences between all four groups thereon. Similarly, mean elastin staining density increased
over the course of the study for all three wound groups, all reaching levels similar to normal skin by
day 35. From day 42 onwards, there were no significant differences between all four groups.
Wounds treated with SM + STSG and those treated with MD + STSG showed peaks in wound
thickness by day 21 and a decrease thereafter. Wounds treated with [+STSG showed a delay in
peak wound thickness by day 42. AT day 180 all three wound groups showed a similar neodermal
thickness to that of normal skin. Wounds treated with SM + STSG and those treated with MD +
STSG showed very similar levels of wound cellular density, which were higher than both those of

normal skin and wounds treated with [ + STSG at the end of the study. Wounds treated with SM +
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STSG and those treated with MD + STSG showed similar levels of inflammatory cell density,
which approached that of normal skin by ay 28. Wounds treated with I + STSG showed higher lev-
els of inflammation than the other two wound groups but approached that of normal skin by day 35.
Wounds treated with SM+STSG showed a very similar trajectory in terms of vascular parameters
(perfusion, capillary lumen count and vWF staining) to those treated with MD + STSG. Wounds
treated with I + STSG showed a delay until day 42. There were no significant differences between

the wound groups and when compared to normal skin at day 180.

5.7 Conclusions from this study

From this study, it can be concluded that acute full thickness porcine wounds treated with SM +
STSG show a very similar healing trajectory to those treated with MD + STSG, in terms of wound
contraction and vascularity. Vascularity and graft take are delayed in wounds treated with I +
STSG. However, the long-term outcome in all parameters for all three wound groups are very simi-

lar.

5.8 Subsequent steps

Following this study, the efficacy of SM+STSG in the acute wound was confirmed to be clinically
comparable to that of MD+STSG and [+STSG in the acute full thickness excision wound. Howev-
er, such acute wounds exhibit healthy wound healing properties. The real value of dermal scaffolds
and wound healing adjuncts would lie in their ability to expedite and improve the wound healing
trajectory of challenging wounds. As revealed through the systematic review described in the intro-
duction chapter, there is much difficulty in obtaining such a predictable and easily reproducible
wound healing model to study this. The next section in this chapter describes the evaluation of pos-

sible attenuated wound healing porcine model: the partial excision thickness of a full thickness
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burn.

213



Chapter 6: Experiment 3: The porcine attenuated wound heal-
ing model — the partial thickness excision of a full thickness
burn

6.1 Introduction

Relevant pre-clinical models are imperative to the development of new therapeutic strategies. Syn-
thetic dermal scaffolds have been commercially available for the last two decades. The develop-
ment of such matrices is dependent upon the simulation of such wounds in the pre-clinical model,
and this is where such research is often hampered. As discussed in the introduction chapter, while
the biology surrounding chronic and ischaemic wounds in human skin has been elucidated, to date,
an easily predictable and reproducible pre-clinical attenuated wound healing model in an animal is

not yet available (Seaton et al., 2015).

Currently the gold standard utilises full thickness excision wounds to evaluate experimental materi-
als and advanced therapies (Mclntyre et al, 2016, Middlekoop et al., 2004). Acute full thickness
wounds without systemic or local compromise and if not of critical size (larger than 2cm? in hu-
mans) tend to heal without complication or delay. The healing response in these models is acute
and vigorous, and hence, does not fully reflect clinical experience. Challenging wounds demon-
strate an inherent imbalance between synthesis and degradation of the extracellular matrix, which
leads to an attenuated healing response. There is a real paucity of pre-clinical models simulating
this challenging clinical scenario, as it is very difficult to reproduce such a wound model in the pig.
Porcine skin is known to heal faster than human skin and with a lower tendency to scarring (Wang
et al., 2010).

This means that our ability to simulate or predict the outcome of advances wound healing and re-

construction treatments and biomaterials is very limited. The real value of dermal scaffolds should
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lie in their ability to either activate regenerative type healing of chronic wounds or to expedite the
healing trajectory in complex wounds, as this would offer significant clinical benefit.

An approach to establishing a more chronic pathology in the pig was devised by extending the acute
porcine full thickness wound model using a burn wound.

Prior to this experiment, the method of creation of a full thickness (down to fascia) burn wound in
porcine skin was verified and confirmed at the end of previous porcine studies immediately prior to

termination of the anaesthetised animal, using the method described below.

6.2 Hypothesis
Partially excising - excision of the necrotic plug, leaving the zone of stasis in situ - a full thickness
burn will create a relatively easily reproducible wound model that is representative of some chal-

lenging wounds in humans.

6.3 Aim

The aim of this study was to characterise and to exploit the burn injury response - in particular that

of the zone of stasis - to create a predictable and reproducible attenuated wound healing model.

6.4 Methods and materials

Please refer to Chapter 3: Methods and materials for further detail.

A partial burn excision defect (see figures 6.4.1-4) was used 24 hours after the burn injury to simu-
late a challenging wound. An initial characterisation was performed and an evaluation of its beha-
viour was compared to the gold standard wound healing model, the acute wound: a full thickness

excision model (used in the two previous studies in this thesis).
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(Epidermis)
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Figure 6.4.1: A schematic diagram showing Jackson s model of zones of a burn injury.

This was created a delayed full-thickness burn wound bed achieved through partial excision. This
differs from the conventional surgical treatment for burn wounds, in which the wound is tangential-
ly debrided or excised to healthy bleeding tissue. The delayed wound model excises only the zone
of necrosis, leaving the zone of stasis intact, as a wound base. This zone of stasis manifests clini-
cally as an “ischaemic penumbra”. Its viability is precarious and often influenced by systemic and

local wound factors.
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Figure 6.4.2: A schematic diagram showing the partial thickness excision of a full thickness burn
model

Full thickness burn wounds, using a cylindrical solid stainless steel metal block with a diameter of
4cm x 3 cm thick, were created on day -1. This was heated in vegetable oil up to 150°C for 120
seconds. 6 wounds were created on each of the pigs’ flanks, either burn or control. On day 0 the
central zone of necrosis was excised leaving the zone of stasis intact. Split thickness skin grafts

were harvested on the same day and inset into the wounds. Animals were monitored for a period of

42 days at 7 day intervals.
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Figure 6.4.3: Day 0: The resulting burn wound one day after the application of the heated cyl-
indrical solid stainless steel metal block

Figure 6.4.4: Day 0: The partial thickness excision of the full thickness burn wound
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6.5 Study outline

For this study, a total of 2 animals were used (and therefore 12 wounds). All animals were moni-

tored for a period of 42 days. The surgical procedures were carried out by the same surgeon (RZA)

and senior project licence holder, JFD. Three wounds per animal were the partial thickness excision

of the full thickness burn, while the other 3 wounds were acute full thickness excision wounds. T

The anatomical locations of the different wound types were evenly distributed to reduce positional

bias. he minimum number of pigs sufficient to yield statistically significant results was used for this

study, as per Home Office regulations and project license restrictions.

42 day Study:
subjects =2

wounds (n) = 12

Treatment method

Number of wounds

Full thickness excision of skin + STSG

6

Partial thickness excision of burn +

STSG

Table 6.5: Wound treatment distribution in a 42 days study (n=12, 6 per wound group)
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Pig A Pig B

1. Bum 4. Non-burn 1. Non-bum 4.Bumn
2. Non-bum 8 § 5. Bum 2. Bum % § 5. Non-bum
3. Bum 8 6. Non-bum 3. Non-bum 6. Bum

Figure 6.5: A schematic diagram showing wound distribution and layout in Pigs A and B

6.6 Results

6.6.1 QGraft take

Non-burn wounds (acute full-thickness excision wounds)

All wounds showed graft take of more than 80% of the total wound surface area.

Burn wounds (attenuated wound model)

Of the 6 wounds, 3 showed graft take of more than 80% of the total wound surface area. 3 wounds
showed graft take of less than 80% of the total wounds surface area. Of the latter group, one was

complete graft loss.
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6.6.2 Macroscopic description

Please refer to figures 6.6.2.1-2

Non-burn wounds (acute full-thickness excision wounds)

At day 7 all wounds showed a pink vascularised graft adherent to a bed of granulation tissue. At
day 14, 5 of the wounds were still moist, while 3 were dry. The wounds were a dark pinkish-red
colour. At day 21, 6 of wounds were dry. The remainder showed small patches of moist granulation
tissue. The dark pinkish-red colour persisted. At day 35, all wounds in this groups were dry and
epithelialised, but a slightly paler pink. At day 42, the colour was paler. No adnexae were present at
any time point. No infection was observed in any of the wounds at any of the dressing changes or at

termination.

Burn wounds (attenuated wound model

At day 7 all wounds showed a dark red-pink wound bed. Pink vascularised graft was adherent to a
bed of granulation tissue in the above-mentioned 4 of the wounds. At day 14, all the wounds were
still moist. The wounds were dark pinkish-red in colour. At day 21, 6 of the wounds were moist.
Those with successful graft take showed small patches of moist granulation tissue. This persisted
until day 35. The dark pinkish-red colour persisted until day 42. At day 35, 5 of the wounds were
dry and epithelialised, and a slightly paler pink. All wounds were swollen and the wound bed was
proud of the surrounding skin between days 7 and 35. At day 42, the colour was paler and the
wound bed was level with surrounding skin. Some small (less than 10% wound area) residual
patches of moist granulation tissue were still present in those wounds with less than 80% graft take.
No adnexal structures or signs of infection were observed in this wound group.

When the burn wounds were compared to the non-burn wounds, the burn wound groups showed a

swollen wound bed which stood proud of the skin surface until day 35. Wounds in this group
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showed a significantly lower graft survival rate with longer persisting areas of granulation tissue

and delayed epithelialisation.
Interpretations of macroscopic wound observations and graft take

The partial-thickness excision wound model treated with split thickness skin graft showed delays in

epithelialisation with a higher rate of graft failure and wound bed swelling.

Macroscopic appearances of the wounds in a 42 day study

Day O Day 7 Day 14
Day 21 Day 28 Day 35 Day42

Figure 6.6.2.1:
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Day -1 Day O Day 7 Day 14
Day 21 Day 28 Day 35 Day42

Figure 6.6..2.2: An example of the macroscopic appearances of the full thickness excision wounds
(NB) treated with STSG

6.6.3 Wound area and contraction
Please refer to table 6.6.3 and figures 6.6.3.1-2.

Serial wound measurements were taken at each time point using the Eykona camera device. (See
Methods and Materials chapter). The tattooed area was measured. This served as a control, to mea-
sure pig growth (if at all) and to take this into account when assessing wound contraction. Wound
area measurements were calculated as a percentage of the wound area of the tattoo per time point in

each pig. All wounds were of identical area measurement at day 0: 12.56 cm?.
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Tattooed area

The mean differences were 2.87cm? between days 0 and 7, 3.11cm? between days 14 and 21,
6.50cm? between days 14 and 21, 4.55cm? between days 21 and 28, 0.47cm? between days 28 and
35 and 1.27cm? between days 35 and 42. The mean tattoo area showed statistically a significant
increase between days 14 and 21 (p<0.0001) and a significant decrease between days 21 and 28

(p<0.0001).

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.49c¢cm? between days 0 and 7, 0.29cm? between days 7 and 14,
3.12cm? between days 14 and 21, 0.63cm? between days 21 and 28, 1.66cm? between days 28 and
35 and 0.52cm? between days 35 and 42 . There were no statistically significant changes in wound
area between consecutive time points in this group. A significant decrease in wound area occurred
over the course of the study. The mean difference between days 0 and 42 was 5.72cm? (p<0.0001)
occurred between days 7 and 14 (mean difference of 0.61cm?, p<0.0001).

When compared to the tattoo, the mean differences in wound area for the non-burn wounds were
Ocm? at day 0 (100% of tattoo area), 2.38cm? (85% of tattoo area) at day 7, 5.77cm?2 (69% of tattoo
area) at day 14, 15.39cm? (38% of tattoo area) at day 21, 11.47cm?2 (44% of tattoo area) at day 28,
13.60 cm? (35% of tattoo area) at day 35 and 15.39cm? (31% of tattoo area) at day 42. These dif-

ferences were significant (p<0.0001) after day 14.

Burn wounds (attenuated wound model)

The mean wound area showed statistically significant increases in wound area between days 0 and 7
(mean difference of 3.54cm2, p=0.0153), days 7 and 14 (mean difference of 4.61cm2, p=0.0003) and
days 14 and 21 (mean difference of 9.55cm2, p<0.0001). Throughout the remainder of the study,

there were no statistically significant differences in wound area between consecutive time points.
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There mean differences were 1.88cm? between days 21 and 28, 0.09cm? between days 28 and 35
and 1.39cm2 between days 35 and 42. A statistically significant decrease (mean difference of
4.98cm2, p=0.0004) occurred between days 21 and 42.

When compared to the tattoo, the mean differences in wound area for the burn wounds were 0 at
day 0 (100% of tattoo area), 0.67cm?2 (104% of tattoo area) at day 7, 22.17cm2 (112% of tattoo area)
at day 14, 13.88cm? (45% of tattoo area) at day 21, 11.21cm? (45% of tattoo area) at day 28,
11.58cm? (45% of tattoo area) at day 35 and 15.05cm?2 (32% of tattoo area) at day 42. These differ-
ences were significant (p<0.0001) after day 14.

When the burn wounds were compared to the non-burn wounds, the burn wounds showed a larger
surface area between days 7 and 42. The mean differences were 0 and day 0, 3.05cm? at day 7,
7.95cm? at day 14, 1.41cm? at day 21, 0.26cm? and day 28, 2.01cm? at day 35 and 3.92cm? at day

42. These differences were statistically significant at days 7 and 14 (p<0.0001).

Day 0 (Day7 |Day |Day |Day |Day |Day
14 21 28 35 42
16 21 11 9 7

Burn + STSG 13 (£0) 9
(£0.04) (20.08) (£0.06) (£0.06) (£0.07) (x0.12)

Non-burn + 13 (£0) 13 13 10 9 7 7
STSG (£0.06) (£0.21) (£0.09) (£0.04) (£0.05) (+0.06)

Normal skin  [FENCXONELS 19 25 21 21 22
(£0.08) (20.04) (£0.08) (£0.03) (+0.08) (+0.09)

Table 6.6.3: Mean wound area (cm?) where n=12 (6 per wound group) for a 42 day study
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Figure 6.6.3.1: Mean wound area versus time (n=12, 6 per wound group) for the different wounds,
in a 42 day study.
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Figure 6.6.3.2: Mean wound area as a percentage of the tattooed area versus time (n=12) for dif-
ferent wounds, in a 42 day study.

Interpretations for mean wound area
Compared to the acute full thickness excision wounds (non-burn wounds), the partial excision burn

wounds showed a two week delay in wound contraction, where the burn wound groups were signif-
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icantly larger at days 7 and 14. The tattooed are was significantly larger than both wound groups

after day 14.

6.6.4 EDA-Fibronectin
Please refer to table 6.6.4 and figure 6.6.4.

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.31 between days 7 and 14, 0.44 between days 14 and 21, 0.31 be-
tween days 21 and 28, 0.5 between days 28 and 35 and 0.06 between days 35 and 42. The mean

EDA-FN staining density showed no statistically significant changes over time.

Burn wounds (attenuated wound model

The mean differences were 0.61 between days 7 and 14, 0.53 between days 14 and 21, 0.86 be-
tween days 21 and 28, 0.39 between days 28 and 35 and 0.39 between days 35 and 42. The only
statistically significant changes between consecutive time points occurred between days 21 and 28
(p=0.0255). A statistically significant change increase occurred gradually between days 7 and 28
(mean difference of 1.61, p<0.0001).

When the burn wounds were compared to the non-burn wounds, the mean differences were 1.03 at
day 7, 0.72 at day 14, 0.64 at day 21, 0.14 and day 28, 1.03 at day 35 and 0.69 at day 42. Non-burn

wound showed significantly higher levels of EDA-FN staining at days 7 and 35 (p<0.0001).
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Day 7 Day

21

Day
42

Burn + STSG pREE 2.44 2.97
(+0.16)  (20.15)  (+0.15)

Non-burn + 2.86 3.17 3.61
STSG (£0.19)  (#0.19)  (0.16)

Day |Day
28 35
3.44 3.83
(£0.18)  (£0.15)
3.31 2.81

(£0.15)  (0.19)

3.44
(x0.16)

2.75
(£0.23)

Table 6.6.4: Mean EDA-fibronectin staining density (score out 5), where n=12 (6 per wound group)

for a 42 day study

EDA-fibronectin
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Figure 6.6.4: Mean EDA-Fibronectin staining density versus time (n=12, 6 per wound group) for
different wounds in a 42 day study.
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Interpretations for mean EDA-Fibronectin staining density

Differences in mean EDA-Fibronectin staining density were not significant between the two wound
groups except at days 7 and 35 where EDA-Fibronectin staining density was higher in the acute full
thickness excision wounds (non-burn wounds). There was no significant difference at the end of

the study by day 42.

6.6.5 Alpha-smooth muscle actin
Please refer totable 6.6.5 and figure 6.6.5.

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.53 between days 7 and 14, 0.42 between days 14 and 21, 0.64 be-
tween days 21 and 28, 0.52 between days 28 and 35 and 0.03 between days 35 and 42. There were

no statistically significant changes between consecutive or throughout the course of the study.

Burn wounds (attenuated wound model)

The mean differences were 0.22 between days 7 and 14, 0.33 between days 14 and 21, 0.58 be-
tween days 21 and 28, 0.03 between days 28 and 35 and 0.11 between days 35 and 42. There were

no statistically significant changes between consecutive or throughout the course of the study.

When the burn wounds were compared to the non-burn wounds, the mean differences were 0.08 at

day 7, 0.22 at day 14, 0.31 at day 21, 0.92 and day 28, 0.19 at day 35 and 0.33 at day 42. There

were no statistically significant differences between the two groups.
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Day 7 Day |Day |[Day |Day

21 28 35 42

Burn + STSG AL 2.81 3.14 3.72 3.75 3.86
(£0.16)  (£0.18) (x0.17) (£0.17) (*0.14) (0.16)

Non-burn + 2.56 3.03 3.44 4.08 3.56 3.53
STSG (#0.11) (#0.17) (¥)0.10  (+0.08) (£0.11)  (£0.10)

Table 6.6.5: Mean Alpha-Smooth Muscle Actin staining density (score out 5), where n=12 (6 per
wound group) for a 42 day study
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Figure 6.6.5: Mean Alpha—Smooth muscle actin staining density versus time (n=12, 6 per wound
group) for the different wounds in a 42 day study.

Interpretations for mean Alpha-Smooth Muscle Actin staining density
Differences in mean Alpha-Smooth Muscle Actin staining were not significant between the two

wound groups throughout the study.
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6.6.6 Collagen
Please refer to table 6.6.6 and figure 6.6.6

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.28 between days 7 and 14, 0.47 between days 14 and 21, 1.44 be-
tween days 21 and 28, 0.08 between days 28 and 35 and 0.28 between days 35 and 42. A statistical-

ly significant increase occurred between days 21 and 28 (p<0.0001).

Burn wounds (attenuated wound model
The mean differences were 0.28 between days 7 and 14, 0.31 between days 14 and 21, 0.42 be-

tween days 21 and 28, 0.83 between days 28 and 35 and 0.39 between days 35 and 42. A statistical-

ly significant increase occurred between days 28 and 35 (p=0.0038).

When the burn wounds were compared to the non-burn wounds, the mean differences were 0.36 at
day 7, 0.36 at day 14, 0.53 at day 21, 1.56 and day 28, 0.81 at day 35 and 0.69 at day 42. Collagen
staining in the non-burn wound group was significantly higher than in the burn group at days 28

(p<0.0001), 35 (p=0.0064) and 42 (p=0.0391).

' |Day7 |Day 14 Day21 |Day 28 |Day 35 | Day 42
Burn + STSG 0.22 0.50 0.81 1.22 2.06 2.44
(#0.08) (£0.13)  (£0.13)  (£0.15) (£0.15) (+0.13)
Non-burn + 0.58 0.86 1.33 278 2.86 3.14
STSG (+0.11)  (£0.15) (£0.16) (+0.18) (£0.16) (£0.17)

Table 6.6.6: Mean collagen staining density (score out 5), where n=12 (6 per wound group) for a
42 day study
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Figure 6.6.6: Mean collagen staining density versus time (n=12) for the different wounds in a 42
day study.

Interpretations for mean collagen staining density
Mean collagen staining density was significantly higher in the acute full thickness excision (non-

burn) wounds at days 28, 35 and 42.

6.6.7 Elastin
Please refer to table 6.6.7 and figure 6.6.7

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.03 between days 7 and 14, 1 between days 14 and 21, 0.19 between
days 21 and 28, 0.19 between days 28 and 35 and 0 between days 35 and 42. A statistically signifi-

cant increase occurred between days 14 and 21 (p=0.0001).
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Burn wounds (attenuated wound model

The mean differences were 0.14 between days 7 and 14, 0.33 between days 14 and 21, 0.64 be-
tween days 21 and 28, 0.08 between days 28 and 35 and 0.39 between days 35 and 42. There were
no statistically significant changes between consecutive time points or throughout the course of the

study.

When the burn wounds were compared to the non-burn wounds, the mean differences were 0.39 at
day 7, 0.28 at day 14, 0.94 at day 21, 0.5 and day 28, 0.61 at day 35 and 0.22 at day 42. At day 21,
the non-burn group showed significantly higher staining levels for elastin than the burn wound

group (p=0.0004).

Day7 |Day (Day |Day |Day |Day

14 21 28 35 42

Burn + STSG WA 0.39 0.72 1.36 1.44 1.83
(£0.08)  (20.10) (*0.12) (*0.14) (£0.12) (*0.12)

Non-burn + 0.64 0.67 1.67 1.86 2.06 2.06
STSG (£0.16)  (20.16) (£0.18) (20.17) (£0.17) (£0.17)

Table 6.6.7: Mean elastin staining density (score out 5), where n=12 (6 per wound group) for a 42
day study
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Figure 6.6.7: Mean elastin staining density versus time (n=12) for the different wounds in a 42 day
study.

Interpretations for mean elastin staining density
Differences in elastin staining were not significant, except at day 21, when the acute full thickness

excision (non-burn) wounds showed significantly higher elastin staining density.

6.6.8 Observations on H&E staining
Please refer to figures 6.6.8.1-8

Non-burn wounds (acute full-thickness excision wounds)

In the full thickness excision wound, deposition of granulation tissue is seen by day 7, with vascular
response evident by day 14. This granulation tissue grows outwards from the wound bed without
remaining confined to it. The acute wound mounts an early inflammatory response which is sus-

tained until day 28, before it resolves.
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1mm

Wound bed

Figure 6.6.8.1: H&E staining (x10 magnification) of the Acute wound healing trajectory at day 7. A
vigorous granulate response is seen, already substantial by day 7, growing out from the wound bed.

1mm

Wound bed

Figure 6.6.8.2: H&E staining (x10 magnification) of the Acute wound healing trajectory at day 14.
A mixed neutrophil and fibrovascular infiltrate is seen.

235



1mm

Wound bed

Figure 6.6.8.3: H&E staining (x10 magnification) of the Acute wound healing trajectory at day 28.
An inflammatory infiltrate is seen until day 28
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1mm

Figure 6.6.8.4: H&E staining (x10 magnification) of the acute wound healing trajectory at day 42.

Burn wounds (attenuated wound model)

The trajectory of the wound healing response of the partial excision burn wound differs somewhat
from that of the control full thickness excision wound. Granulation tissue formation is delayed by
14 to 21 days,), and is limited to the wound bed with a higher and delayed inflammatory infiltrate
with a disorganised structure. At day 7 the wound bed is a conglomerate of oedematous cells, be-
ginning to show signs of granulation and infiltration at day 14. This becomes extensive by day 21.
However, this granulation tissue still remains more or less confined to the wound bed. At day 28 the
granulation appears to be more fibrovascular. Maturation continues up until day 42 with signs of

inflammation still present
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Figure 6.6.8.5: H&E staining (x10 magnification) of the partial excision burn wound model wound
healing trajectory at day 7, showing a marked oedematous response.

SQurface of
Wound bed

Figure 6.6.8.6: H&E staining (x10 magnification) of the partial excision burn wound model wound
healing trajectory at day 14, showing persisting oedema at the wound bed with some coagulation of
blood vessels.
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Figure 6.6.8.7: H&E staining (x10 magnification) of the partial excision burn wound model wound
healing trajectory at day 28, showing a persisting delayed inflammation with resolution of oedema
and granulation tissue formation.

1mm

Figure 6.6.8.8: H&E staining (x10 magnification) of the partial excision burn wound model wound
healing trajectory at day 42, showing full resolution of oedema and a persisting inflammatory infilt-
rate.
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6.6.9 Wound (neodermal) thickness
Please refer to table 6.6.9 and figure 6.6.9

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 146.44um between days 7 and 14, 229.39um between days 14 and 21,
320.33um between days 21 and 28, 428v between days 28 and 35 and 562.61um between days 35

and 42. These increases were statistically significant (p<0.0001 for each).

Burn wounds (attenuated wound model

The mean differences were 45.49um between days 7 and 14, 183.31um between days 14 and 21,
255.45um between days 21 and 28, 96.39um between days 28 and 35 and 49.72um between days
35 and 42. These increases were statistically significant (p<0.0001 for each).

Throughout the study, the mean thickness of healing tissue from the wound bed was larger in the
burn group than in the non-burn group. The mean differences were 199.62um (£) at day 7,
571.51um (£) at day 14, 663.89um (%) at day 21, 811.65um (£) and day 28, 773.7um (+) at day 35

and 651.84um (%) at day 42. These differences were statistically significant (p<0.0001 for each).

Day |Day |Day

28 35 42

DI SRS e | 346,08 800.89  984.17  1239.56 1355.94 1286.22
(£3.83)  (£11.4) (437) (£724) (43.69) (£13.44)

Non-burn + 146.44 22939 32033  428.00 562.61  634.44
STSG (£4.47)  (£4.08) (£2.46) (£22.79) (£5.52) (43.82)

Table 6.6.9: Mean neodermal thickness (um), where n=12 (6 per wound group) for a 42 day study
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Figure 6.6.9: A graph showing mean wound thickness versus time (n=12, 6 per wound group) for
the different wounds in a 42 day study.

Interpretations for mean wound (neodermal) thickness

Throughout the study, the mean thickness of healing tissue from the wound bed was significantly

larger in the burn group than in the non-burn group

6.6.10 Cellular density
Please see table 6.6.10 and figure 6.6.10

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.75 between days 7 and 14, 0.39 between days 14 and 21, 0 between
days 21 and 28, 0.89 between days 28 and 35 and 1.11 between days 35 and 42. A statistically sig-

nificant increase in cellular density was seen between days 7 and 21 (mean difference of 1.14,
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p<0.0001) and a significant decrease occurred between days 28 and 35 (p=0.0034) and between
days 35 and 42 (p=0.0017).

When the burn wounds were compared to the non-burn wounds, the mean differences were 1.31 at
day 7, 1.39 at day 14, 0.72 at day 21, 0.22 and day 28, 1.00 at day 35 and 1.61 at day 42. At days 7

(p<0.0001), 35 (p=0.0082) and 42 (p<0.0001) the non-burn wounds were significantly less cellular.

Burn wounds (attenuated wound model

The mean differences were 0.67 between days 7 and 14, 1.6 between days 14 and 21, 0.50 between
days 21 and 28, 0.33 between days 28 and 35 and 0.50 between days 35 and 42. The only signifi-
cant increase in cellular density between consecutive time points occurred between days 14 and 21
(p=0.0038). The was an overall significant increase over the course of the study (mean difference

of 2.05, p<0.0001).

Day |Day |Day

28 35 42

Burn + STSG pa¥ 1.83 2.89 3.39 3.72 3.22
(+0.13)  (£0.17)  (£0.18)  (+0.25) (x0.14)  (£0.17)

Non-burn + 2.47 3.22 3.61 3.61 2.72 1.61
STSG (#0.25) (#0.17) (£0.18) (20.25) (%0.14) (£0.17)

Table 6.6.10: Mean wound cellular density (score out 5), where n=12 (6 per wound group) for a 42
day study

242



Wound cellular density

@ 5
g
=
£ 375
g
c ~
il 4 burn + STSG (n=6)
BS 25 - 4 non-burn + STSG (n=6)
ER
=
=
2 125
B
=
g
E 0 T T T 1

0 13 25 38 50

Time (days)

Figure 6.6.10: Mean cellular density versus time (n=12, 6 per wound group) for the different
wounds in a 42 day study.

Interpretations for mean wound cellular density
The burn wounds showed a significantly higher cellular density than the non-burn wounds at days

7, 35 and 42.

6.6.11 Inflammation
Please see table 6.6.11 and figure 6.6.11

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.16 between days 7 and 14, 0.22 between days 14 and 21, 0.22 be-
tween days 21 and 28, 0.67 between days 28 and 35 and 0.72 between days 35 and 42. No signifi-
cant changes occurred between consecutive time points, but a significant decrease in inflammatory

cell density occurred over the course of the study. (a mean difference of 0.78 between days 7 and

42, p=0.0342).
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Burn wounds (attenuated wound model

The mean differences were 0.31 between days 7 and 14, 1.64 between days 14 and 21, 0.81 be-
tween days 21 and 28, 0.08 between days 28 and 35 and 0.58 between days 35 and 42. A significant
decrease in inflammatory cell density occurred between days 14 and 21 (p<<0.0001) and a signifi-
cant increase occurred between days 21 and 28 (p=0.0365). A significant increase occurred over the
course of the study (a mean difference of 1.47 between days 7 and 42, p<0.0001).

When the burn wounds were compared to the non-burn wounds, the mean differences were 1.81 at
day 7, 1.64 at day 14, 0.86 at day 21, 0.28 and day 28, 0.31 at day 35 and 0.44 at day 42. At days 7

(p<0.0001), 14, (p<0.0001) and 21 (p=0.0171) the non-burn wounds showed a significantly higher

inflammatory cell density.

Day Day |Day |Day

14 28 35 42

Burn + STSG & 1.00 2.64 3.44 3.36 2.78
(#0.15)  (£0.15) (20.23) (£0.17) (20.18) (20.17)

Non-burn + 3.11 3.28 3.50 3.72 3.06 2.33
STSG (£0.18)  (20.18) (£0.13) (20.13) (£0.14) (£0.17)

Table 6.6.11: Mean inflammatory cell density (score out 5), where n=12 (6 per wound group) for a
42 day study
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Figure 6.6.11: Mean inflammatory cell density versus time (n=12, 6 per wound group) for the dif-
ferent wounds in a 42 day study.

Interpretations for mean wound inflammatory cell density
The burn wounds showed a lag phase of 21 days for an inflammatory response when compared to
the non-burn wounds, as non-burn wounds showed a significantly higher inflammatory cell density

than the non-burn wounds at days 7, 14 and 21.

6.6.12 Wound vascular perfusion
please see Table 6.6.12 and figure 6.6.12

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 98.62PU between days 7 and 14, 106.9PU between days 14 and 21,

258.8PU between days 21 and 28, 89.13PU between days 28 and 35 and 364PU between days 35

and 42. Statistically significant increases in vascular perfusion were seen between each consecutive
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time point (p<0.0001 for each difference).

Burn wounds (attenuated wound model

The mean differences were 8.52PU between days 7 and 14, 56.22PU between days 14 and 21,
20.90PU between days 21 and 28, 39.83PU between days 28 and 35 and 9.33PU between days 35
and 42. Significant increases in perfusion between consecutive time points occurred between days
14 and 21 (p<.0001) and days 28 and 35 (p=0.0224). There was an overall significant increase over

the course of the study (mean difference of 117.76, p<0.0001).

When the burn wounds were compared to the non-burn wounds, the mean differences were 7.10 at
day 7, 114.22 at day 14, 164.94 at day 21, 402.81 and day 28, 452.12 at day 35 and 806.83 at day
42. Non-burn wounds showed significantly higher of levels of vascular perfusion than burn wounds

at each time point (p<0.0001) except at day 7.

Burn + STSG 86.02 77.51 133.72 154.62 19444  203.78
(x6.12) (*8.37) (£7.77) (+4.89) (£5.85) (+4.46)
Non-burn + STSG 93.12 191.73  298.63 55742  646.55 1010.58
(£6.82) (£8.86) (+6.89) (£7.30) (£9.51) (£14.34)

Table 6.6.12: Mean wound perfusion (PU), where n=12 (6 per wound group) for a 42 day study
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Figure 6.6.12: mean vascular perfusion versus time (n=12, 6 per wound group) for the different
wounds in a 42 day study.

Interpretations for mean wound vascular perfusion
The non-burn wound group showed significantly higher of levels of vascular perfusion than burn

wounds throughout the study.

6.6.13 Capillary lumen count
Please see table 6.6.13 and figure 6.6.13

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 1.83 between days 7 and 14, 0.39 between days 14 and 21, 0.72 be-
tween days 21 and 28, 0 between days 28 and 35 and 0.94 between days 35 and 42. A statistically
significant increase (p<0.0001) was seen between days 7 and 14 and over the course of the study
(mean difference of 3.89, p<0.0001).

Burn wounds (attenuated wound model)

The mean differences were 1.39 between days 7 and 14, 56.22 between days 14 and 21, 20.91 be-
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tween days 21 and 28, 39.83 between days 28 and 35 and 9.33 between days 35 and 42. Significant
increases in capillary lumen count between consecutive time points occurred between days 7 and 14
(0.0048), 14 and 21 (p=0.0026), 21 and 28 (p=0.0014) and days 28 and 35 (p<0.0001). There was
an overall significant increase over the course of the study (mean difference of 7.11, p<0.0001).

When the burn wounds were compared to the non-burn wounds, the mean differences were 4.61 at
day 7, 3.22 at day 14, 2.17 at day 21, 1.39 and day 28, 0.44 at day 35 and 0.44 at day 42. Non-burn
wounds showed significantly higher of capillary lumen counts than burn wounds at each time point

(p<0.0001 at days 7,14 21 and p=0.0048 at day 28) except at days 35 and 42.

Day 14 [ Day 21 | Day 28 | Day 35 | Day 42

Burn + STSG [k 1.78 3.22 472 6.56 7.52
(£0.12)  (£0.18) (£0.17) (£0.24) (£0.33) (x0.27)

Non-burn + 3.17 5.00 539 6.11 6.11 7.06

STSG (£0.27)  (£0.27) (£0.20) (£0.32) (£0.32) (x0.27)

Table 6.6.13: Mean capillary lumen count, where n=12 (6 per wound group) for a 42 day study
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Figure 6.6.13: mean capillary lumen count versus time (n=12, 6 per wound group) for the different
wounds in a 42 day study.
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Interpretations for mean capillary lumen count
The non-burn wound group showed significantly higher numbers of mean capillary lumen count
than burn wounds early in the study. There were no significant differences between the two groups

by day 42.

6.6.14 Von Willebrand factor
Please see table 6.6.14 and figure 6.6.14.

Non-burn wounds (acute full-thickness excision wounds)

The mean differences were 0.03 between days 7 and 14, 0.25 between days 14 and 21, 1.03 be-
tween days 21 and 28, 0.03 between days 28 and 35 and 0.11 between days 35 and 42. A statistical-
ly significant increase was seen between days 21 and 28 (p=0.0004). A significant increase oc-

curred over the course of the study (mean difference of 1.42 between days 7 and 42, p<0.0001).

Burn wounds (attenuated wound model)

The mean differences were 0.31 between days 7 and 14, 0.89 between days 14 and 21, 0.28 be-

tween days 21 and 28, 0.47 between days 28 and 35 and 0.42 between days 35 and 42. A signifi-
cant increase occurred between days 14 and 21 (p=0.0046). There was an overall significant in-

crease over the course of the study (mean difference of 2.36, p<0.0001).

When the burn wounds were compared to the non-burn wounds, the mean differences were 1.56 at
day 7, 1.28 at day 14, 0.64 at day 21, 1.39 and day 28, 0.94 at day 35 and 0.64 at day 42. Staining
for vWF was significantly higher in non-burn wounds at days 7 (p<0.0001), 14 (p<0.0001), 28

(p<0.0001) and 35 (p=0.0017).
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Day 7 (Day |Day |Day |Day |Day

14 21 28 35 42

Burn + STSG Uk 0.61 1.5 1.78 2.25 2.67
(£0.18)  (£0.16) (x0.18) (£0.17) (*0.17) (0.16)

Non-burn + 1.86 1.89 2.14 3.17 3.19 3.31
STSG (#0.10)  (#0.12) (£0.16) (x0.15) (#0.17) (x0.14)

Table 6.6.14: Mean vWF staining density (score out 5), where n=12 (6 per wound group) for a 42

day study
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Figure 6.6.14: mean von Willebrand staining density versus time (n=12, 6 per wound group) for the
different wounds in a 42 day study.

Interpretations for mean von Willebrand factor staining density

The non-burn wound group showed significantly higher levels of vVWF staining than burn wounds
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early in the study. There were no significant differences between the two groups by day 42.

6.6.15 Summary of findings

Compared to parallel acute full thickness wounds treated with STSG in the same animals, the de-
layed partial excision burn wounds showed a 14 day delay in wound contraction.

The acute and attenuated wound healing models showed no significant differences in EDA-FN and
a-SMA staining, except at days 14 and 21, where EDA-FN was higher in the burn wound. Collagen
and elastin staining were similar in the two wound groups except at day 21 where elastin staining
was significantly higher in the acute wound.

Vascular perfusion remained lower in the burn wounds group throughout the study. Capillary lu-
men counts and vWF staining levels were lower in the burn wounds initially but there were no sig-
nificant differences at day 42. The partial thickness excision burn wound demonstrated a 21 day
delay in the vascular ingress of the wound and new capillary formation, while the acute wound
demonstrated a vigorous and relatively rapid initial increase in vascularity.

Burn wounds showed a significantly higher wound depth cellular density, but a lower inflammatory
cell infiltrate. Whereas acute wounds gave an expected exudative granulation response, the partial
burn excision wound did not produce exudative granulation tissue, but showed a markedly oedema-
tous wound bed with delayed inflammatory infiltration (of 21 days) beneath the wound surface, fol-
lowed by some fibrovascular granulation tissue ingress after the 14 day delay period. This histolog-
ical pattern could be called delayed internal granulation to distinguish it from the granulation out-
wards from the wound bed seen in the acute wound healing response. Additionally, the thickness of

the wounds was significantly larger in the partial excision burn.
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6.7 Conclusions from this study

From this experiment, it was concluded that the partial thickness excision of a burn wound heal-
ing trajectory is characterised by a delayed healing response, with delayed epithelialisation, de-
layed angiogenesis and prolonged tissue oedema. The partial thickness excision of a full thick-
ness burn wound may be a useful experimental model to differentiate advanced wound treat-

ments, in particular synthetic dermal scaffolds.

6.8 Subsequent steps

Following this study, the partial thickness excision of a burn wound was employed as an attenuated

wound healing model to evaluate and compare the wound healing trajectories of different treatment

modalities.
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Chapter 7: Experiment 4: The evaluation of Smart Matrix™
and split thickness skin graft as a single stage procedure in the
attenuated wound healing model.

7.1 Introduction

The previous study showed that the partial excision of a full thickness burn could be a representa-
tive and easily reproducible model of attenuated wound healing in mammalian skin. In the next
and final experiment in described in this thesis, this model was employed to evaluate the effect
Smart Matrix™ and STSG as a single stage procedure and to compare it to different treatment
modalities. Matriderm™ with split thickness skin graft as a single stage reconstructive procedure,

and split thickness skin grafts alone were compared.

7.2 Hypothesis

Smart Matrix™ supports wound healing in the attenuated wound model.

7.3 Aims

The aim of this experiment was to evaluate and compare the wound healing trajectory of single
stage reconstructive procedures using split thickness skin graft alone, Matriderm™ + split thickness
skin graft and Smart Matrix™ + split thickness skin graft in the attenuated wound healing model in

a 42 day study.

7.4 Methods and materials

Please refer to Chapter 3: Methods and Materials for further detail.

The compromised wound healing model described in the previous chapter was used for this exper-
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iment. Three full-thickness burn wounds (in a triangular arrangement) on each of the pigs’ flanks

were created as described in the previous section on day -1. These wounds were numbered 1- 6. On

day 0, the zone of necrosis was excised, leaving the zone of stasis in situ.

7.5 Study outline

For this study, a total of 4 animals were used (and therefore 24 wounds). All animals monitored for
a period of 42 days. The surgical procedures were carried out by the same surgeon (RZA) and se-
nior project licence holder, JFD. Two wounds per animal were treated with split thickness skin
graft alone (STSG alone), two were treated with Matriderm™ and overlying split thickness skin
grafting (MD + STSG), and the remaining two were treated with Smart Matrix™ and overlying
split thickness skin grafts (SM + STSG). The wound treatment pattern was randomly assigned to
the wound numbers. The minimum number of pigs sufficient to yield statistically significant results
was used for this study, as per Home Office regulations and project license restrictions.

42 day Study:

subjects = 4

Wounds (n) =24

Treatment method Number of wounds

Partial thickness excision of burn (burn) 8

+ STSG

Partial thickness excision of burn (burn) |8

+ SM + STSG

Partial thickness excision of burn (burn) 8

+ MD + STSG

Table7.5: Wound treatment distribution in a 42 day study (n=24, 8 per wound group)
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7.6 Results

7.6.1 Graft take
Please see figure 7.6.1

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

Of the 8 wounds, 1 showed 90% graft take, 2 showed 85%, 2 showed 80%, 1 showed 60% and 2
showed 50% graft take. This gives a total of 5 wounds showing more than 80% graft take, and 3

wounds showing less than 80% graft take. No total graft loss occurred in this group.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin
graft.

Of the 8 wounds, 2 showed 95% graft take, 1 showed 90% graft take, 3 showed 85% graft take, 1
showed 75% and 1 showed 60% graft take. This gives a total of 6 wounds showing more than 80%

graft take, and 2 wounds showing less than 80% graft take. No total graft loss occurred in this

group.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

Of the 8 wounds, 1 showed 95% graft take, 3 showed 85% graft take, 2 showed 80% graft take and
2 showed 60% graft take. This gives a total of 6 wounds showing more than 80% graft take, and 2

wounds showing less than 80% graft take. No total graft loss occurred in this group (see figure ).
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Figure 7.6.1: Wounds showing more than 80% graft take and wounds showing less than 80% graft
take (n=24, 8 per wound group) for different reconstructive options.

7.6.2 Macroscopic observations

Please refer to figure 7.6.2.1-3

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

At day 7 all wounds showed a dark red-pink moist wound bed. Pink vascularised graft was adher-
ent to the wound bed in the above-mentioned percentages. At day 14, all the wounds were still
moist and a dark pinkish-red in colour. At day 21, 4 wounds were moist. Those with successful
graft take showed only small patches of moist granulation tissue, which persisted until day 35. The
dark pinkish-red colour persisted until day 21. At day 21, 3 wounds were dry and epithelialised,
and a slightly paler pink. All wounds were swollen and the wound bed was proud of the surround-
ing skin between days 7 and 35. At day 42, the colour was paler and the wound bed was level with
surrounding skin. Some small (less than 10% wound area) residual patches of moist granulation
tissue were still present in those wounds with less than 80% graft take. No adnexal structures or

signs of infection were observed in this wound group.
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Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

At day 7 all wounds showed a dark red-pink wound bed of granulation tissue with adherent pink
vascularised graft. At day 14, all the wounds were still moist. The wounds were dark pinkish-red in
colour. At day 21, 6 wounds were moist. Those with successful graft take showed small patches of
moist granulation tissue. This persisted until day 35. The dark pinkish-red colour persisted until
day 42. At day 35, 7 wounds were completely dry and epithelialised, and a slightly paler pink. The
remaining wound was dry and epithelialised at day 42. All wounds were swollen and the wound
bed was proud of the surrounding skin between days 7 and 28. At day 42, the colour was paler and
the wound bed was level with surrounding skin. Some small (less than 10% wound area) residual
patches of moist granulation tissue were still present in the 2 wounds with less than 80% graft take.
No adnexal structures or signs of infection were observed in this wound group.

When compared to wounds treated with STSG alone, wounds treated with SM+ STSG showed ear-

lier signs of epithelialisation and a more successful graft take rate.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

At day 7 all wounds showed a dark red-pink wound bed of granulation tissue with adherent pink
vascularised graft, with some patches of non-adherent graft, as described above. At day 14, all the
wounds were still moist and dark pink—red in colour. At day 21, 6 wounds were still moist and pale
pink in colour. Those with successful graft (>80%) take showed very small patches of moist gran-
ulation tissue, that persisted until day 35. At day 28, the wounds were pale pink in colour. At day
35, 7 wounds were completely dry and epithelialised. The remaining wound was dry and epithe-
lialised at day 42. All wounds were swollen and the wound bed was proud of the surrounding skin

between days 7 and 28. Some small (less than 10% wound area) residual patches of moist granula-
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tion tissue were still present in the one of the wounds with less than 80% graft take. No adnexal
structures or signs of infection were observed in this wound group.
When compared to wounds treated with STSG alone, wounds treated with SM+ STSG showed ear-
lier signs of epithelialisation and a more successful graft take rate.
When compared to wounds treated with SM+STSG, no macroscopic differences were seen between

the two wound groups.

Macroscopic appearances of the wounds in a 42 day study

-
|

Day -1 Day 0 Day 7 Day 14
Day 21 Day 28 Day 35 Day 42

Figure 7.6.2.1: An example of the macroscopic appearances of the attenuated wound model treated
with STSG alone
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Day -1 Day 0 Day 7 Day 14

Day 21 Day 28 Day 35 Day 42

Figure 7.6.2.2: An example of the macroscopic appearances of the attenuated wound model treated

with SM + STSG
Day-1 Day 0 Day 7 Day 14
Day 21 Day 28 Day 35 Day 42

Figure 7.6.2.3: An example of the macroscopic appearances of the attenuated wound model treated
with MD + STSG
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Interpretations for macroscopic observations and graft take

Wounds treated with MD + STSG and SM + STSG exhibited a similar wound healing trajectory
with similar macroscopic features and rates of graft take success and epithelialisation. Wounds
treated with STSG alone showed a delay in epithelialisation and a lower rate of successful graft

take.

7.6.3 Wound area and contraction
Please see table 7.6.3 and figure 7.6.3.1-2

Serial wound measurements were taken at each time point using the Eykona camera device. (See
Methods and Materials chapter). The tattooed area was measured. This served as a control, to mea-
sure pig growth (if at all) and to take this into account when assessing wound contraction. Wound
area measurements were calculated as a percentage of the wound area of the tattoo per time point in

each pig. All wounds were of identical area measurement at day 0: 12.56 cm?2.

Tattooed area

The mean differences were 2.96cm? between days 0 and 7, 2.10cm? between days 14 and 21,
2.09cm? between days 14 and 21, 0.21cm? between days 21 and 28, 0.37cm? between days 28 and
35 and 1.81cm? between days 35 and 42. The mean tattoo area showed statistically significant in-

creases (p<0.0001) between days 7 and 14, 14 and 21, 21 and 28 and days 35 and 42.
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Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The wound area differences were statistically significant at between consecutive time points except
between days 35 and 42. The mean differences were 5.20cm? (p<0.0001) between days 0 and 7,
0.55cm? (p=0.0128) between days 7 and 14 1.28cm? (p<0.0001) days 14 and 21, 2.18cm?
(p<0.00001) days 21 and 28, 2.22cm? (p<0.0001) between days 28 and 35 and 0.21cm? between
days 35 and 42.

When compared to the tattoo, the mean differences in wound area for the burn wounds treated with
STSG alone were 0 at day 0 (100% of tattoo area), 2.25cm? (113% of tattoo area) at day 7, 1.11cm?
(93% of tattoo area) at day 14, 1.87cm? (79% of tattoo area) at day 21, 4.26cm?2 (68% of tattoo area)
at day 28, 6.85cm? (61% of tattoo area) at day 35 and 8.88cm? (60% of tattoo area) at day 42.

These differences were statistically significant (p<<0.0001), at each time point.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean wound area showed statistically significant (p<0.0001) changes in wound area at all time
points. The mean differences were 6.61cm? between days 0 and 7, 0.98cm? between days 7 and 14
1.36cm? days 14 and 21, 1.59cm? days 21 and 28, 2.44cm? between days 28 and 35 and 0.50cm?
between days 35 and 42.

When compared to the tattoo, the mean differences in wound area for the burn wounds treated with
SM + STSG were 0 at day 0 (100% of tattoo area), 3.65cm?2 (122% of tattoo area) at day 7, 0.14cm?
(108% of tattoo area) at day 14, 1.94cm? (93% of tattoo area) at day 21, 0.56cm? (97% of tattoo
area) at day 28, 1.52cm? (106% of tattoo area) at day 35 and 0.21cm? (102% of tattoo area) at day

42. These differences were statistically significant (p<0.0001), at days 7, 14 and 21.

When compared to the burn wounds treated with STSG alone, the mean differences in wound area
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for the burn wounds treated with SM +STSG were Ocm? at day 0, 1.41cm? at day 7, 0.97cm? at day

14, 0.07cm? at day 21, 3.70cm? at day 28, 8.37cm? at day 35 and 9.09cm? at day 42. These differ-

ences were statistically significant (p<0.0001) at all time points except at day 21.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 5.69cm? between days 7 and 14, 0.29cm? between days 14 and 21,
3.12cm? between days 21 and 28, 0.63cm? between days 28 and 35 and 0.52cm? between days 35
and 42 . Statistically significant (p<0.0001) changes in wound area between consecutive time points
occurred for each reading except between days 35 and 42.

When compared to the tattoo, the mean differences in wound area for the burn wounds treated with
MD + STSG were Ocm? at day 0 (100% of tattoo area), 2.73cm? (118% of tattoo area) at day 7,
1.94cm? (89% of tattoo area) at day 14, 2.42cm? (91% of tattoo area) at day 21, 0.45cm? (100% of
tattoo area) at day 28, 1.61cm? (108% of tattoo area) at day 35 and 0.05cm? (99% of tattoo area) at
day 42. These differences were significantly different (p<0.0001) at days 7, 14, 21 and 35.

When compared to the burn wounds treated with STSG alone, the mean differences in wound area
for the burn wounds treated with MD + STSG were Ocm? at day 0, 0.49cm? at day 7, 0.83cm? at day
14, 0.54cm? at day 21, 3.81cm? at day 28, 8.47cm? at day 35 and 8.88cm? at day 42. These differ-
ences were statistically significant at days 14, 21, 28,35 and 42 (p<0.0001,except at day 21, where
p=0.0152).

When compared to the burn wounds treated with SM + STSG, the mean differences in wound area
for the burn wounds treated with MD + STSG were Ocm? at day 0, 0.92cm? at day 7, 1.80cm? at day
14, 0.48cm? at day 21, 0.11cm? at day 28, 0.1cm? at day 35 and 0.21cm? at day 42. These differ-

ences were statistically significant at days 7 and 14 (p<0.0001).
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Day 0 (Day 7 |Day Day |[Day Day |Day
14 21 28 35 42
20 19 20 22 23

B+SM+STSG BERE)BBL]
(£0.07) (£0.07) (£0.05) (+0.08) (+0.05) (0.07)

B+MD+STSG [BEXE)BRE: 16 18 20 23 22
(£0.06) (£0.06) (20.07) (£0.08) (£0.05) (20.08)

B+STSG 13 (x0) 18 17 20 16 14 14
(£0.05) (£0.13) (20.08) (£0.07) (£0.06) (+0.08)

normal skin 13 (£0) 16 18 20 21 21 23
(£0.29) (£0.18) (£0.18) (20.05) (*0.11) (%0.19)

Table 7.6.3: Mean wound area (cm?) where n=24 (8 per wound group) for a 42 day study

wound area

19.5 -

B+ SM + STSG (n=8)
B+MD+STSG (n=8)
B+STSG (n=8)

tattoo

mean wound area (cm?2)
>
XbPHmo

0 13 25 38 50
time (days)

Figure 7.6.3.1: mean wound area versus time (n=24, 8 per wound group) for different reconstruct-
ive options for partial thickness burn wounds in a 42 day study.
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Figure 7.6.3.2: mean wound area as a percentage of the tattooed area versus time (n=24, 8 per
wound group) for different reconstructive options for partial thickness burn wounds in a 42 day
study.

Interpretations for mean wound area and contraction
Partial thickness excision burn wounds treated with SM + STSG and those threated with MD +
STSG showed very similar wound areas to the tattooed area by day 42. The wounds treated with

STSG alone showed significantly smaller wound areas than all three other groups.

7.6.4 Extra Domain A — Fibronectin
Please see table 7.6.4 and figure 7.6.4

Tattoo (normal skin)

The mean differences were 0.25 between days 7 and 14, 0.63 between days 14 and 21, 0.50 be-
tween days 21 and 28, 0.13 between days 28 and 35 and 0.50 between days 35 and 42. No statisti-

cally significant changes occurred throughout the study.
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Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.27 between days 7 and 14, 0.07 between days 14 and 21, 0.14 be-
tween days 21 and 28, 0.45 between days 28 and 35 and 0.23 between days 35 and 42. The mean
EDA-FN staining density showed no statistically significant changes between consecutive time
points or over time.

Burn wounds treated with STSG alone showed significantly higher staining density for EDA-FN
than the tattoo throughout the study. The mean differences were 3.59 at day 7 (p<0.0001), 3.06 at
day 14 (p=0.0004), 2.37 (p=0.0409) at day 21, 2.73 at day 28 (p=0.0045), 3.28 at day 35 (p<0.0001)

and 2.55 at day 42 (p=0.014).

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean differences were 0.18 between days 7 and 14, 0.36 between days 14 and 21, 0.80 be-
tween days 21 and 28, 0.05 between days 28 and 35 and 0.18 between days 35 and 42. The mean
EDA-FN staining density showed no statistically significant changes between consecutive time
points or over time.

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 2.95 at day 7, 2.51 at day 14, 2.25 at day 21, 1.95 and day 28, 2.13 at day 35 and 1.45 at day
42. EDA-FN staining was significantly higher than that of the tattoo at days 7 (p=0.001) and 14
(p=0.0179).

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.64 at day 7, 0.55 at day 14, 0.11 at day 21, 0.78 and day
28, 1.16 at day 35 and 1.1 at day 42. Burn wounds treated with SM+STSG showed significantly
lower levels of EDA-FN staining than those treated with STSG alone at days 35 (p=0.001) and 42

(p=0.0025).
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Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.27 between days 7 and 14, 0.64 between days 14 and 21, 0.01 be-
tween days 21 and 28, 0.01 between days 28 and 35 and 0.19 between days 35 and 42. The mean
EDA-FN staining density showed no statistically significant changes between consecutive time
points or over the course of the study.

When the burn wounds treated with MD + STSG were compared to the tattoo, EDA-FN staining
was significantly higher throughout the course of the study. The mean differences were 3.02 at day
7 (p=0.0006), 3.04 at day 14 (p=0.0005), 3.05 at day 21 (p=0.0005), 2.92 at day 28 (p=0.0012),
2.88 at day 35 (p=0.0017) and 2.35 at day 42 (p=0.0433).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.56 at day 7, 0.02 at day 14, 0.69 at day 21, 0.19 and day
28, 0.41 at day 35 and 0.28 at day 42. There were no significant differences between the two groups
over the course of the study.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 0.07 at day 7, 0.53 at day 14, 0.80 at day 21, 0.97 and day
28, 0.75 at day 35 and 0.91 at day 42. EDA-FN staining was significantly higher in burn wounds

treated by MD + STSG at day 28 (p=0.0227).
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B+SM+STSG 3.20 3.01 3.38 2.58 2.63 2.45
(£0.09)  (£0.08) (£0.09) (£0.14) (£0.12) (£0.12)

B+MD+STSG 3.27 3.54 3.55 3.54 3.38 3.35
(#£0.09) (#0.08) (£0.09) (20.06) (£0.09) (£0.10)

B+STSG 3.82 3.56 3.47 3.35 3.78 3.55
(£0.08)  (£0.08) (£0.04) (£0.10) (£0.08)  (£0.09)
normal skin 0.25 0.50 1.13 3.44 0.63 0.50

(£0.25)  (£0.29) (£0.43) (£0.38) (£0.29) (20.41)

Table 7.6.4: Mean EDA-fibronectin staining density (score out 5), where n=24 (8 per wound group)
for a 42 day study

EDA-fibronectin staining
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Figure 7.6.4: mean wound EDA — Fibronectin staining density versus time (n=24, 8 per wound
group) for different reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean EDA-Fibronectin staining density
At day 28, the EDA-FN staining density in partial thickness excision of burn wounds treated with

SM + STSG was significantly lower than in those treated with MD + STSG. There was no signifi-
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cant difference between these groups at day 42. At days 35 and 42 EDA-FN staining density in
wounds treated with SM + STSG was significantly lower than in wounds treated with STSG alone.
All these wound groups showed significantly higher EDA-FN staining levels than normal skin (the

tattooed area).

7.6.5 Alpha-smooth muscle actin
Please refer to table 7.6.5 and figure 7.6.5

Tattoo (normal skin
The mean differences were 0.13 between days 7 and 14, 0.13 between days 14 and 21, 0 between
days 21 and 28, 0.13 between days 28 and 35 and 0.25 between days 35 and 42. No statistically sig-

nificant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.02 between days 7 and 14, 0.55 between days 14 and 21, 0.28 be-
tween days 21 and 28, 0.23 between days 28 and 35 and 0.5 between days 35 and 42. The mean a-
SMA staining density showed no statistically significant changes between consecutive time points
or over time.

Burn wounds treated with STSG alone showed higher staining density for a-SMA than the tattoo
throughout the study. These differences were significant at days 28 and 42. The mean differences
were 2.25 at day 7, 2.37 at day 14, 2.79 at day 2 1, 3.07 and day 28, 2.97 at day 35 and 3.22 at day

42. These differences were significant at days 28 (p=0.0381) and 42 (p=0.0202).

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin
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graft.

The mean differences were 0.5 between days 7 and 14, 0.01 between days 14 and 21, 0.72 between
days 21 and 28, 0.05 between days 28 and 35 and 0.18 between days 35 and 42. The mean a-SMA
staining density showed no statistically significant changes between consecutive time points or over
time.

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 0.61 at day 7, 1.24 at day 14, 1.13 at day 21, 1.84 and day 28, 2.02 at day 35 and 1.59 at day
42. There was no significant difference in a-SMA staining between the two groups over the course
of the study.

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 1.64 at day 7, 1.13 at day 14, 1.67 at day 21, 1.23 and day
28, 0.95 at day 35 and 1.63 at day 42. Burn wounds treated with SM+STSG showed significantly
lower levels of a-SMA staining than those treated with STSG alone at days 7 (p=0.0001), 21

(p<0.0001), 28 (p=0.0294) and 42 (p=0.0001).

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.59 between days 7 and 14, 0.13 between days 14 and 21, 0.47 be-
tween days 21 and 28, 0.21 between days 28 and 35 and 0.99 between days 35 and 42. The mean a-
SMA staining density showed no statistically significant changes between consecutive time points
or over the course of the study.

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 1.15 at day 7, 1.86 at day 14, 1.87 at day 21, 2.33 and day 28, 2.25 at day 35 and 2.99 at day
42. Wounds treated with MD + STSG showed significantly higher mean a-SMA staining density
levels throughout the study (p<0.0001).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
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STSG alone, the mean differences were 1.1 at day 7, 0.51 at day 14, 0.93 at day 21, 0.74 and day
28, 0.72 at day 35 and 0.23 at day 42. There were no significant differences between the two groups
over the course of the study.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 0.53 at day 7, 0.62 at day 14, 0.74 at day 21, 0.49 and day
28, 0.23 at day 35 and 1.4 at day 42. a-SMA staining was significantly higher in burn wounds treat-

ed by MD + STSG at day 42 (p=0.0039).

I A T T

B+SM+STSG 0.99 1.49 1.50 2.22 2.27 2.09
(#0.10)  (#0.09) (#£0.07)  (20.11)  (20.11)  (£0.10)

B+MD+STSG 152(3) 2.09@E) 224 271(@EF) 250 0.62 (%)

B+STSG 2.63 2.61 3.17 3.45 3.22 3.10
(x0.07) (£0.11)  (£0.07)  (£0.08) (£0.12)  (£0.63)
normal skin 0.38 0.25 0.38 0.38 0.25 0.50

(£0.25)  (£0.13) (£0.25) (£0.24) (20.24) (20.23)

Table 7.6.5: Mean Alpha Smooth Muscle Actin staining density (score out 5), where n=24 (8 per
wound group) for a 42 day study
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Figure 7.6.5: mean wound Alpha Smooth Muscle Actin staining density versus time (n=24, 8 per
wound group) for different reconstructive options for partial thickness burn wounds in a 42 day
study.

Interpretations for mean Alpha-Smooth Muscle Actin staining density

For each wound group mean a-SMA staining density showed no significant change throughout the
study. Wounds treated with SM + STSG showed no significant differences when compared to nor-
mal skin, while mean a-SMA staining density levels were significantly lower than in wounds treat-

ed with STSG alone throughout the study and in those treated with MD + STSG at day 42.

7.6.6 Scaffold presence
Please refer to figure 7.6.6

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.
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Of the 8 wounds, all showed the presence of the Smart Matrix™ scaffold at days 7, 14 and 21. The
dermal scaffold was still present in 5 of the wounds at day 28, 3 wounds at day 35 and in 1 wound

at day 42.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.
Of the 8 wounds, all showed the presence of the Matriderm™ scaffold at days 7, 14 and 21. The
dermal scaffold was still present in 7 of the wounds at day 28, 6 wounds at day 35 and 5 wounds at
day 42.

When compared with wounds treated with SM + STSG, there were no significant differences at
days 7,14 and 21. There was a significant difference of 9 wounds (p<0.0001) at day 28 and of 10

wounds at day 35 (p<0.0001).

Scaffold presence

¢ B+SM+STSG (n=8)
& B+MD+STSG (n=8)

number of wounds showing
presence of dermal scaffolds
I

_0 T T T 1
0 13 25 38 50

time (days)

Figure 7.6.6: number of wounds showing scaffold presence versus time (n=16, 8 per wound group)
for different reconstructive options in a 42 day study.

Interpretations for scaffold presence
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Partial thickness excision of burn wounds treated with MD +STSG showed a longer persistence of

the dermal scaffold in the wound bed than those treated with SM + STSG.

7.6.7 Collagen
Please refer to table 7.6.7 and figure 7.6.7

Tattoo (normal skin)
The mean differences were 0.88 between days 7 and 14, 0.5 between days 14 and 21, 0.38 between
days 21 and 28, 0 between days 28 and 35 and 0.38 between days 35 and 42. No statistically signif-

icant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.16 between days 7 and 14, 0.06 between days 14 and 21, 0.84 be-
tween days 21 and 28, 0.23 between days 28 and 35 and 0.29 between days 35 and 42. The mean
collagen staining density showed no statistically significant changes between consecutive time
points or over time, except between days 21 and 28 (p<0.0001).

Burn wounds treated with STSG alone showed significantly (p<0.0001 for the differences at each
time point, except at day 42, where p=0.0087) lower staining density for collagen than the tattoo
throughout the study. The mean differences were 3.95 at day 7, 2.92 at day 14, 3.35 at day 21, 2.14

and day 28, 1.91 at day 35 and 1.24 at day 42.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.
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The mean differences were 0.69 between days 7 and 14, 0.01 between days 14 and 21, 0.26 be-
tween days 21 and 28, 0.64 between days 28 and 35 and 0.02 between days 35 and 42. The mean
collagen staining density showed statistically significant increases between days 7 and 14 and be-
tween days 28 and 35 (p<0.0001).

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 3.7 at day 7, 2.14 at day 14, 2.65 at day 21, 2.01 and day 28, 1.38 at day 35 and 1.02 at day 42.
Burn wounds treated with SM + STSG showed lower levels of collagen staining at each time point.
These differences were significant at each time point (<0.0001 for each difference except at day 35,
where p=0.0013), except at day 42.

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.25 at day 7, 0.78 at day 14, 0.71 at day 21, 0.13 and day
28, 0.53 at day 35 and 0.22 at day 42. Burn wounds treated with SM+STSG showed lower levels of
collagen staining than those treated with STSG alone at each tie point. These differences were sig-

nificant at days 14 and 21 (p<0.0001) and at day 35 (p=0.0017).

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 1.07 between days 7 and 14, 0.18 between days 14 and 21, 0.06 be-
tween days 21 and 28, 0.56 between days 28 and 35 and 0.15 between days 35 and 42. The mean
collagen staining density showed significant (p<0.0001) increases between days 7 and 14 and be-
tween days 28 and 35.

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 3.93 at day 7, 1.98 at day 14, 2.3 at day 21, 1.87 and day 28, 1.3 at day 35 and 0.78 at day 42.
Burn wounds treated with MD + STSG showed lower staining densities of collagen when compared
to the tattoo at each time point. These differences were significant (p<<0.0001 for each reading dif-

ference except at day 35 where p=0.0037) at each time point except at day 42.
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When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.02 at day 7, 0.94 at day 14, 1.05 at day 21, 0.27 and day
28, 0.6 at day 35 and 0.46 at day 42. Burn wounds treated with MD + STSG showed higher staining
densities of collagen when compared to the burn wounds treated with STSG alone at each time
point. These differences were significant at days 14, 21, 35 (p<0.0001) and 42 (p=0.0206).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 0.23 at day 7, 0.16 at day 14, 0.34 at day 21, 0.15 and day
28, 0.73 at day 35 and 0.24 at day 42. There were no significant differences in collagen staining be-

tween these two wound groups throughout the study.

I [ T T N [ e

B+SM+STSG 0.55 1.24 1.23 1.39 2.13 2.10
(£0.08)  (£0.08) (£0.07) (£0.08) (£0.12) (0.11)

B+MD+STSG 0.32 1.40 1.57 1.63 2.20 2.34
(£0.06)  (£0.07) (£0.09) (£0.07) (£0.11) (0.10)

B+STSG 0.30 0.46 0.52 1.36 1.59 1.89
(x0.06) (£0.06) (£0.07) (£0.07) (£0.07) (£0.09)

normal skin 425 3.38 3.88 3.50 3.50 3.13
(+0.14)  (£0.24) (20.31) (£0.29) (£0.29) (20.43)

Table 7.6.7: Mean collagen staining density (score out 5), where n=24 (8 per wound group) for a
42 day study
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Figure 7.6.7: mean wound collagen staining density versus time (n=24, 8 per wound group) for dif-
ferent reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean collagen staining density

Mean collagen staining density showed no significant differences between wounds treated with MD
+ STSG and those treated with SM + STSG. These two wound groups showed significantly higher
levels than the wounds treated with STSG alone. All wounds groups showed significantly lower

mean collagen staining densities than normal skin (the tattooed area).

7.6.8 Elastin
Please see table 7.6.8 and figure 7.6.8

Tattoo (normal skin)

The mean differences were 0.63 between days 7 and 14, 0.38 between days 14 and 21, 0.13 be-

tween days 21 and 28, 0.38 between days 28 and 35 and 0 between days 35 and 42. No statistically
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significant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.06 between days 7 and 14, 0.23 between days 14 and 21, 0.08 be-
tween days 21 and 28, 0.18 between days 28 and 35 and 0.45 between days 35 and 42. The mean
elastin staining density showed a statistically significant change between days 35 and 42
(p=0.0468).

Burn wounds treated with STSG alone showed significantly lower staining density for elastin than
the tattoo throughout the study (p<0.0001 for each difference except at day 42 where p=0.0027).
These differences were significant at days 28 and 42. The mean differences were 1.76 at day 7,

2.27 at day 14, 2.42 at day 21, 2.38 and day 28, 1.82 at day 35 and 1.38 at day 42.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean differences were 0.39 between days 7 and 14, 0.04 between days 14 and 21, 0.42 be-
tween days 21 and 28, 0.21 between days 28 and 35 and 0.64 between days 35 and 42. The mean
elastin staining density showed no statistically significant changes between consecutive time points
except between days 35 and 42 (p<0.0001).

When the burn wounds treated with SM + STSG were compared to the tattoo, elastin staining den-
sity was higher in the tattoo group at each time point. The mean differences were 1.4 at day 7, 1.64
at day 14, 2.05 at day 21, 0.86 and day 28, 0.93 at day 35 and 0.29 at day 42. These differences
were significant at days 7 (p=0.002), 14, 21 and 28 (p<0.0001).

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with

STSG alone, the mean differences were 0.31 at day 7, 0.64 at day 14, 0.36 at day 21, 0.86 and day
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28, 0.9 at day 35 and 1.08 at day 42. Burn wounds treated with SM+STSG showed higher levels of
elastin staining than those treated with STSG alone throughout the study. These differences were

significant (p<0.0001) at each time point except at days 7 and 28.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.02 between days 7 and 14, 0.15 between days 14 and 21, 0.27 be-
tween days 21 and 28, 0.53 between days 28 and 35 and 0.1 between days 35 and 42. The mean
elastin staining density showed a statistically significant increase between days 28 and 35
(p=0.0035).

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 0.3 at day 7, 1.32 at day 14, 1.18 at day 21, 1.32 and day 28, 0.42 at day 35 and 0.31 at day 42.
Burn wounds treated with MD+ STSG showed lower densities of elastin staining than the tattoo
throughout the study. These differences were significant at days 14 (p<0.0001), 14 (p=0.0319) and
28 (p=0.0054).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 1.41 at day 7, 1.32 at day 14, 1.24 at day 21, 1.05 and day
28, 1.41 at day 35 and 1.06 at day 42. Burn wounds treated with MD+STSG showed significantly
higher (p<0.0001) densities of elastin staining than those treated with STSG alone throughout the
study

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 1.09 at day 7, 0.69 at day 14, 0.88 at day 21, 0.19 and day
28, 0.51 at day 35 and 0.02 at day 42. Elastin staining density was higher in burn wounds treated by
MD + STSG at each time point except at day 42. These differences were significant at days 7, 14,

21, 28 (p<0.0001) and 35 (p=0.0071).
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B+SM+STSG 0.60 0.99 0.95 1.36 1.57 2.21
(*0.07)  (20.11)  (£0.06)  (£0.07) (£0.09) (+0.10)
B+MD+STSG 1.70 1.68 1.82 1.55 2.08 2.19
(£0.10)  (£0.12)  (*0.09)  (£0.09) (*0.10) (0.10)
B+STSG 0.29 0.35 0.58 0.50 0.68 1.13
(#£0.06) (£0.06) (£0.06) (20.07) (£0.08) (£0.10)
normal skin 2.00 2.63 3.00 2.88 2.50 2.50
(£0.41)  (£0.24) (0.41%) (£0.13) (£0.29) (£0.35)

Table 7.6.8: Mean elastin staining density (score out 5), where n=24 (8 per wound group) for a 42
day study
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Figure 7.6.8: mean wound elastin staining density versus time (n=24, 8 per wound group) for dif-
ferent reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean elastin staining density

Mean elastin staining densities showed no long term (day 42) differences between wounds treated
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with MD + STSG and those treated with SM + STSG. Mean elastin staining densities were signifi-
cantly higher in these two wound groups than in wounds treated with STSG alone. Normal skin
showed significantly higher elastin staining densities than all three wound groups throughout the
study, except at day 42, where there were no significant differences between wounds treated with

SM + STSG, MD + STSG and the tattooed area.

7.6.9 Wound (neodermal) thickness
Please see table 7.6.9 and figure 7.6.9

Tattoo (normal skin)

The mean differences were 2.5um between days 7 and 14, 14.5um between days 14 and 21, 44um
between days 21 and 28, 15.5um between days 28 and 35 and 37um between days 35 and 42. No

statistically significant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 61.25um between days 7 and 14, 160.4um between days 14 and 21,
41.69um between days 21 and 28, 58.29um between days 28 and 35 and 165.2um between days 35
and 42. Each of these changes were statistically significant (p<0.0001).

Burn wounds treated with STSG alone were significantly (p<0.0001) less thick than the tattoo
throughout the study, except at day 35, where the tattoo was slightly less thick (this difference was
however not statistically significant). The mean differences were 387.1um at day 7, 323.4um at day

14, 148.5um at day 21, 62.79um and day 28, 11um at day 35 and 140.2um at day 42.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin
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graft.

The mean differences were 219.2um between days 7 and 14, 77.35um between days 14 and 21,
23.29um between days 21 and 28, 144.5um between days 28 and 35 and 165.6um between days 35
and 42. These increases between consecutive time points were all statistically significant (p<0.0001
for each reading except between days 21 and 28, where p=0.0009).

When the burn wounds treated with SM + STSG were compared to the tattoo, the tattoo skin was
thicker between days 7 and 21 and thinner between days 28 and 42. All these differences were sig-
nificant, except at day 21. The mean differences were 318.5um at day 7 (p<0.0001), 96.75um at
day 14 (p<0.0001), 4.9um at day 21, 62.4um (p=0.0003) and day 28, 222.4um at day 35 (p<0.0001)

and 352.1um at day 42 (p<0.0001).

The burn wounds treated with SM + STSG were significantly (p<0.0001) thicker than the burn
wounds treated with STSG alone throughout the study. The mean differences were 68.65um at day
7, 226.6um at day 14, 143.6um at day 21, 125.2um and day 28, 211.4um at day 35 and 211.8um at

day 42.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 198.3um between days 7 and 14, 75.33um between days 14 and 21,
66.48um between days 21 and 28, 112um between days 28 and 35 and 160.1um between days 35
and 42. These increases were statistically significant (p<0.0001) between each time point.

When the burn wounds treated with MD + STSG were compared to the tattoo, the tattoo skin was
thicker between days 7 and 21 and thinner between days 28 and 42. The mean differences were
315um at day 7, 114.2um at day 14, 24.4pm at day 21, 148.9um and day 28, 213.3um at day 35 and
337.3um at day 42. These differences were significant (p<0.0001) at each time point except at day

21.
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When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 1.41um at day 7, 1.32um at day 14, 1.24um at day 21,
1.05um and day 28, 1.41um at day 35 and 1.06pum at day 42. The burn wounds treated with MD +
STSG were significantly (p<0.0001) thicker than the burn wounds treated with STSG alone
throughout the study. The mean differences were 72.06pum at day 7, 20.91um at day 14, 124.1um at
day 21, 148.9um and day 28, 362.3um at day 35 and 197.1um at day 42.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 3.42um at day 7, 17.48um at day 14, 19.5um at day 21,
23.69um and day 28, 9.19um at day 35 and 14.75um at day 42. These differences were only signif-

icant at days 21 (0.0209) and 28 (p=00006).

I [ T T N [ e

B+SM+STSG 241.04 46025 537.60 56091  705.44  871.06
(#2.31)  (£3.63) (£2.33) (£3.47) (£2.53) (2.12)

B+MD+STSG 24446 44277 51811 59458  696.58  856.31
(£1.94) (#3.43) (#231) (#2.50) (£2.43)  (£5.35)

B+STSG 172.41  233.65 394.02 43571 49401  659.23
(£2.10)  (£2.80) (£2.45) (£8.60) (£3.03) (£2.60)

normal skin 559.52  557.03 54251 49852  519.00  591.25
(£28.43) (£26.61) (£8.39) (£9.22) (£14.74) (£12.23)

Table 7.6.9: Mean wound neodermal thickness (um), where n=24 (8 per wound group) for a 42 day
study

282



Wound thickness
1000
;2 750
c7 I 4 B+SM + STSG (n=8)
S8 # B+MD+STSG (n=8)
-g E 500 - B+STSG (n=8)
§ g =% tattoo
= &
]
250 - I
O T T T 1
0 13 25 38 50
Time (days)

Figure 7.6.9: mean wound thickness (n=24, 8 per wound group) for different reconstructive options
for partial thickness burn wounds in a 42 day study.

Interpretations for mean wound thickness

There were no significant differences in the mean thickness of healing tissue from the wound bed in
the partial thickness excision of burn wounds treated with MD + STSG and those treated with SM +
STSG. Mean wound thickness was significantly larger in these two groups than in those wounds

treated with STSG alone throughout the study and than normal skin after day 21.

7.6.10 Cellular density
Please see table 7.6.10 and figure 7.6.10

Tattoo (normal skin)

The mean differences were 0 between days 7 and 14, 0 between days 14 and 21, 0.75 between days

21 and 28, 0.63 between days 28 and 35 and 0.5 between days 35 and 42. No statistically significant
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changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.64 between days 7 and 14, 0.24 between days 14 and 21, 0.03 be-
tween days 21 and 28, 0.28 between days 28 and 35 and 0.01 between days 35 and 42. No statisti-
cally significant changes occurred between consecutive time points or throughout the study.

When compared with the tattoo, the mean differences were 1.3 at day 7, 0.67 at day 14, 0.53 at day
21, 0.25 and day 28, 0.09 at day 35 and 0.6 at day 42. There were no significant differences be-

tween the two groups.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean differences were 0.6 between days 7 and 14, 0.42 between days 14 and 21, 0.15 between
days 21 and 28, 0.48 between days 28 and 35 and 0.05 between days 35 and 42. The mean cellular
density showed no statistically significant changes between consecutive time points. Over the
course of the study (between days 7 and 42), the increase in cellular density was significant (mean
difference of 1.97, p<0.0001).

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 1.98 at day 7, 1.38 at day 14, 0.58 at day 21, 0.31 and day 28, 0.17 at day 35 and 0.28 at day
42. There were no significant differences between the two groups at any time point.

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.6 at day 7, 0.7 at day 14, 0.05 at day 21, 0.06 and day 28,
0.26 at day 35 and 0.32 at day 42. There were no significant changes between the two groups at any

time point.
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Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.79 between days 7 and 14, 0.35 between days 14 and 21, 0.42 be-
tween days 21 and 28, 0.51 between days 28 and 35 and 0.21 between days 35 and 42. The mean
cellular density showed no statistically significant changes between consecutive time points. Over
the course of the study (between days 7 and 42), the increase in cellular density was significant
(mean difference of 1.91, p<0.0001).

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 2.09 at day 7, 1.3 at day 14, 0.57 at day 21, 0.22 and day 28, 0.1 at day 35 and 0.19 at day 42.
There were no significant differences between the two groups at any time point.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.79 at day 7, 0.63 at day 14, 0.04 at day 21, 0.03 and day
28, 0.1 at day 35 and 0.42 at day 42. There were no significant differences between the two groups
at any time point.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 0.12 at day 7, 0.07 at day 14, 0.01 at day 21, 0.09 and day
28, 0.06 at day 35 and 0.09 at day 42. There were no significant differences between the two

groups at any time point.

o7 oy 14 Jomy 2t [oayas [y 3s oy sz

B+SM+STSG 1.52 2.13 2.54 2.69 3.17 3.22
(0.10)  (£0.10)  (£0.13)  (£0.10)  (£0.11)  (£0.09)

B+MD+STSG 1.41 2.20 2.55 2.59 3.10 3.31
(£0.07)  (£0.11)  (£0.07)  (£0.11)  (x0.11)  (£0.10)

B+STSG 2.20 2.21 (£0) 2.59 2.63 2.48 2.90
(+0.10) (x0.47) (x0.10) (£0.42) (£0.10)

normal skin 3.50 3.50 3.15 2.38 3.00 (z0) 3.50
(x0.35) (#£0.35) (£0.31) (£0.24) (£0.50)
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Table 7.6.10: Mean wound cellular density (score out 5), where n=24 (8 per wound group) for a 42
day study

Wound cellular
density
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Figure 7.6.10: mean wound cellular density versus time (n=24, 8 per wound group) for different
reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean wound cellular density
Each wound group (excluding the tattoo) showed significantly increases in wound cellular density

over the course of the study. There were no significant differences between all four groups.

7.6.11 Inflammation
Please see table 7.6.11 and figure 7.6.11

Tattoo (normal skin)

The mean differences were 0 between days 7 and 14, 0.13 between days 14 and 21, 0.12 between
days 21 and 28, 0.25 between days 28 and 35 and 0.13 between days 35 and 42. No statistically sig-

nificant changes occurred throughout the study.
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Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.1 between days 7 and 14, 0.31 between days 14 and 21, 0.56 between
days 21 and 28, 0.17 between days 28 and 35 and 0.57 between days 35 and 42. Statistically signif-
icant decreases in inflammatory cell density occurred between days 21 and 28 (p=0.006) and be-
tween days 35 and 42 (p=0.0043).

When compared with the tattoo, the mean differences were 2.08 at day 7, 2.19 at day 14, 1.75 at day
21, 1.06 at day 28, 1.15 at day 35 and 0.45 at day 42. Burn wounds treated with STSG alone
showed significantly higher levels of inflammatory cell density at days 7, 14 and 21. There were no

significant differences between the two groups throughout the remainder of the study.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean differences were 0.59 between days 7 and 14, 0.52 between days 14 and 21, 0.05 be-
tween days 21 and 28, 0.39 between days 28 and 35 and 0.54 between days 35 and 42. Significant
decreases occurred between days 7 and 14 (p=0.0022), days 14 and 21 (p=0.0202) and between
days 35 and 42 (p=0.0112).

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 1.21 at day 7, 1.8 at day 14, 1.16 at day 21, 0.98 and day 28, 0.84 at day 35 and 0.18 at day 42.
The inflammatory cell density of burn wounds treated with SM + STSG was significantly higher
(p<0.0001) at day 14. There were no other significant differences between the two groups through-
out the rest of the study.

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
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STSG alone, the mean differences were 0.88 at day 7, 0.32 at day 14, 0.44 at day 21, 0.51 and day
28, 0.36 at day 35 and 0.27 at day 42. Burn wounds treated with SM + STSG showed significantly
lower levels of inflammatory cell density at days 7 (p<0.0001) and 28 (p=0.0269). There were no

other significant differences between the two groups throughout the rest of the study.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.86 between days 7 and 14, 1.28 between days 14 and 21, 0.02 be-
tween days 21 and 28, 0.53 between days 28 and 35 and 0.36 between days 35 and 42. The mean
inflammatory cell density showed a significant increase between days 7 and 14 (p<0.0001) and sig-
nificant decreases between days 14 and 21 (p<0.0001) and days 28 and 35 (p=0.0151).

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 1.26 at day 7, 2.13 at day 14, 1.59 at day 21, 1.49 and day 28, 1.21 at day 35 and 0.72 at day
42. Burn wounds treated with MD+ STSG showed higher densities of inflammatory cell density
than the tattoo throughout the study. These differences were significant at days 7 (p=0.0409), 14
(p<0.0001), 21 (p=0.008) and 28 (p=0.003).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.82 at day 7, 0.25 at day 14, 0.16 at day 21, 0.43 and day
28, 0.06 at day 35 and 0.27 at day 42. There were no significant changes between the two groups
except at day 7 when burn wounds treated with STSG alone showed significantly (p<0.0001) higher

levels.

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
SM + STSG, the mean differences were 0.05 at day 7, 0.32 at day 14, 0.44 at day 21, 0.51 and day
28, 0.36 at day 35 and 0.54 at day 42. Significant differences occurred between the two groups at

days 28 (p=0.0269) and 42 (0.0112), where inflammatory cell density was lower in the burn wounds
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treated with SM + STSG.

e Tou7 [payts [om 2t Jowy 28 [pwyas [ow

B+SM+STSG 1.46 2.05 1.53 1.48 1.09 0.55
(0.08) (£0.11)  (£0.09)  (£0.08) (£0.11)  (£0.08)
B+MD+STSG 1.51 2.38 1.97 1.99 1.46 1.09
(£0.08)  (£0.10) (£0.09) (£0.10) (x0.09) (£0.11)
B+STSG 2.33 2.44 2.13 1.56 1.40 0.82
(#0.13)  (#0.09) (£0.11)  (£0.07) (£0.08) (£0.07)
normal skin 0.25 0.25 0.38 0.50 0.25 0.38
(£025)  (#£0.25) (£0.25) (£0.29) (x0.25) (£0.24)

Table 7.6.11: Mean inflammatory cell density (score out 5), where n=24 (8 per wound group) for a
42 day study
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Figure 7.6.11: Mean wound inflammatory cell density versus time (n=24, 8 per wound group) for
different reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean wound inflammatory cell density

Partial thickness excision of burn wounds treated with SM + STSG showed significantly lower lev-
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els of inflammatory cell density when compared with wounds treated with MD + STSG at days 28
and 42. There were no significant long-term differences between the tattoo, wounds treated with

SM + STSG and those treated with STSG alone at day 42.

7.6.12 Vascular perfusion
Please see table 7.6.12 and figure 7.6.12

Tattoo (normal skin)

The mean differences were 7.8PU between days 7 and 14, 11.8PU between days 14 and 21,
10.28PU between days 21 and 28, 13.58PU between days 28 and 35 and 4.98PU between days 35

and 42. No statistically significant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 7.61PU between days 7 and 14, 116.53PU between days 14 and 21,
111.12PU between days 21 and 28, 67.34PU between days 28 and 35 and 171.22PU between days
35 and 42. Statistically significant (p<<0.0001) increases in vascular perfusion occurred between
days 14 and 21, 21 and 28 and 35 and 42.

When compared with the tattoo, the mean differences were 74.14PU at day 7, 58.73PU at day 14,
45.95PU at day 21, 167.20PU at day 28, 221.00PU at day 35 and 392.28PU at day 42. Burn
wounds treated with STSG alone showed significantly (p<0.0001) higher levels of vascular perfu-

sion at days 28, 35 and 42.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.
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The mean differences were 181.31PU between days 7 and 14, 88.72 between days 14 and 21,
213.45PU between days 21 and 28, 36.16PU between days 28 and 35 and 114.86PU between days
35 and 42.  Significant increases occurred between days 7 and 14 (p<0.0001), days 14 and 21
(p=0.0025), days 21 and 28 (p<0.0001) and between days 35 and 42 (p<0.0001).

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 29.61PU at day 7, 182.16PU at day 14, 259.14PU at day 21, 482.83PU and day 28, 505.41PU
at day 35 and 510.47PU at day 42. The mean vascular perfusion of burn wounds treated with SM +
STSG were significantly higher (p<0.0001) at each time point except at day 7.

When the burn wounds treated with SM + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 67.14PU at day 7, 240.80PU at day 14, 23.24PU at day 21,
315.62PU and day 28, 254.45PU at day 35 and 228.00PU at day 42. Burn wounds treated with SM
+ STSG showed significantly (p<0.0001) higher levels of vascular perfusion throughout the study

except at day 7.

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 20.91PU between days 7 and 14, 144.22PU between days 14 and 21,
169.25PU between days 21 and 28, 53.63PU between days 28 and 35 and 66.54PU between days
35 and 42. The mean vascular perfusion showed a significant (p<0.0001) increase between days 14
and 21 and days 21 and 28.

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 65.86PU at day 7, 37.15PU at day 14, 95.21PU at day 21, 274.74PU and day 28, 314.72PU at
day 35 and 386.26PU at day 42. Burn wounds treated with MD+ STSG showed higher levels of
vascular perfusion than the tattoo at days 21 (p=0.0207), 28 (p<0.0001), 35 (p<0.0001) and 42
(p<0.0001).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
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STSG alone, the mean differences were 8.28PU at day 7, 21.58PU at day 14, 49.26PU at day 21,

107.41PU and day 28, 93.72PU at day 35 and 10.96PU at day 42. Burn wounds treated with MD +

STSG showed significantly higher levels of vascular perfusion at days 28 (p<0.0001) and 35

(p=0.0009).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with

SM + STSG, the mean differences were 58.86PU at day 7, 219.31PU at day 14, 163.92PU at day

21, 208.25PU and day 28, 190.76PU at day 35 and 238.93PU at day 42. Wounds treated with SM +

STSG showed significantly (p<0.0001) higher levels of vascular perfusion at each time point except

at day 7.

B+SM+STSG 174.18  308.44
(£4.86)  (£6.35)

B+MD+STSG 107.41  118.52
(+£4.58)  (£4.27)

B+STSG 68.91 88.26
(£5.42)  (£6.51)

normal skin 144.87 156.81
(£5.39)  (£4.40)

441.22
(£6.19)

282.31
(+4.88)

232.65
(£5.33)

166.96
(£2.87)

618.71
(£6.54)

441.27
(£4.53)

323.63
(£6.57)

143.73
(£6.83)

667.46
(£8.33)

461.39
(+£7.48)

389.22
(£3.39)

163.54
(£3.29)
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765.22
(£9.31)

589.22
(£5.65)

565.40
(£7.68)

157.55
(x4.75)

Table 7.6.12: Mean vascular perfusion (PU), where n=24 (8 per wound group) for a 42 day study
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Figure 7.6.12: mean wound vascular perfusion versus time (n=24, 8 per wound group) for different
reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean wound vascular perfusion

Mean vascular perfusion increased for all wound groups over the course of the study. Mean vascu-
lar perfusion in the partial thickness burn wounds treated with SM + STSG showed significantly
higher levels of vascular perfusion than the other wound groups throughout the study (except at day
7). There were no significant long-term differences between wounds treated with MD + STSG and

those treated with STSG alone. At day 42, all wound groups showed significantly higher levels of

vascular perfusion than normal skin.

7.6.13 Capillary lumen count
Please see table 7.6.13 and figure 7.6.13

Tattoo (normal skin)

The mean differences were 1.5 between days 7 and 14, 3.5 between days 14 and 21, 0.75 between
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days 21 and 28, 1.25 between days 28 and 35 and 0.25 between days 35 and 42. No statistically

significant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.17 between days 7 and 14, 0.94 between days 14 and 21, 1.4 between
days 21 and 28, 1.42 between days 28 and 35 and 2.4 between days 35 and 42. No statistically sig-
nificant changes occurred between consecutive time points. However, a significant (p<<0.0001) in-
crease (mean difference of 5.98) occurred over the course of the study (between days 7 and 42).

When compared with the tattoo, burn wounds treated with STSG alone showed significantly lower
capillary lumen counts than the tattoo throughout the study, except at day 42. The mean differences
were 11.73 (p<0.0001) at day 7, 13.4 (p<0.0001) at day 14, 8.96 (p=0.0004) at day 21, 8.31

(p=0.0019) at day 28, 8.15 at day 35 (p=0.0028) and 6 at day 42.

Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin

graft.

The mean differences were 1.44 between days 7 and 14, 1.25 between days 14 and 21, 2.15 be-
tween days 21 and 28, 1.19 between days 28 and 35 and 0.38 between days 35 and 42. No statisti-
cally significant changes occurred between consecutive time points. However, a significant
(p<0.0001) increase (mean difference of 6.4) occurred over the course of the study (between days 7
and 42).

When the burn wounds treated with SM + STSG were compared to the tattoo, the mean differences
were 10.48 at day 7, 10.54 at day 14, 5.79 at day 21, 4.4 and day 28, 4.49 at day 35 and 4.33 at day
42. The capillary lumen count of burn wounds treated with SM + STSG was significantly lower
(p<0.0001) at days 7 and 14. There were no other significant differences between the two groups

throughout the rest of the study.
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Burn wounds treated with SM + STSG showed higher capillary lumen counts than the burn wounds
treated with STSG alone throughout the study. The mean differences were 1.25 at day 7, 2.85 at
day 14, 3.17 at day 21, 2.5 and day 28, 3.69 at day 35 and 1.67 at day 42. These differences were

significant at days 14 (p=0.0188), 21 (p=0.0033) and 35 (p=0.0001).

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 0.4 between days 7 and 14, 0.6 between days 14 and 21, 2.1 between
days 21 and 28, 3.17 between days 28 and 35 and 1.71 between days 35 and 42. The mean capil-
lary lumen count showed a significant increase between days 28 and 35 (p=0.0033). A significant
(p<0.0001) increase (mean difference of 7.98) also occurred over the course of the study (between
days 7 and 42).

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 11.75 at day 7, 12.85 at day 14, 8.75 at day 21, 7.4 at day 28, 5.48 at day 35 and 4.02 at day
42. Burn wounds treated with MD+ STSG showed lower capillary lumen counts than the tattoo
throughout the study. These differences were significant at days 7 (p<0.0001), 14 (p<0.0001), 21
(p=0.0006) and 28 (p=0.0147).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with
STSG alone, the mean differences were 0.02 at day 7, 0.54 at day 14, 0.21 at day 21, 0.92 and day
28, 2.67 at day 35 and 1.98 at day 42. Burn wounds treated with Matriderm™ + STSG showed a

significantly higher capillary lumen count at day 35 (p=0.0471).

Burn wounds treated with MD + STSG showed lower capillary lumen than those treated with SM +
STSG. The mean differences were 1.27 at day 7, 2.31 at day 14, 2.96 at day 21, 3 and day 28, 1.02
at day 35 and 0.31 at day 42. Significant differences occurred between the two groups at days 21

(p=0.0108) and 28 (0.0086).
295



B+SM+STSG 2.52 3.96 5.21 7.35
(£0.42) (20.44) (£0.11)  (20.10)

B+MD+STSG 1.25 1.65 2.25 435
(£0.15)  (20.13) (0.11)  (20.26)

B+STSG 1.22 1.10 2.04 3.44
(£0.06) (£0.07) (£0.11)  (0.10)
normal skin 13.00 14.50 11.00 11.75

(£0.41)  (£0.29) (£0.71)  (£1.31)

8.54
(+0.11)

7.52
(+0.27)

4.85
(£0.11)

13.01
(£0.91)
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Table 7.6.13: Mean capillary lumen count, where n=24 (8 per wound group) for a 42 day study
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Figure 7.6.13: Mean capillary lumen number per x10 magnification field versus time (n=24, 8 per
wound group) for different reconstructive options for partial thickness burn wounds in a 42 day

study.

Interpretations for mean capillary lumen count

Mean capillary lumen count increased for all wound groups over the course of the study. At day 42,
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wounds treated with MD + STSG and those treated with SM + STSG groups showed significantly
higher capillary lumen counts than those treated with STSG alone, and significantly lower counts

than normal skin.

7.6.14 Von Willebrand factor
Please see table 7.6.14 and figure 7.6.14

Tattoo (normal skin)

The mean differences were 0 between days 7 and 14, 0 between days 14 and 21, 0.25 between days
21 and 28, 0.88 between days 28 and 35 and 0.75 between days 35 and 42. No statistically signifi-

cant changes occurred throughout the study.

Partial excision of full thickness burn wounds treated with split thickness skin graft alone.

The mean differences were 0.03 between days 7 and 14, 1.21 between days 14 and 21, 0.06 be-
tween days 21 and 28, 0.36 between days 28 and 35 and 0.34 between days 35 and 42. The mean
vWF staining density showed a statistically significant increase between days 14 and 21
(p<0.0001). A significant (p=0.0156) increase (mean difference of 1.28) occurred over the course
of the study (between days 7 and 42).

Burn wounds treated with STSG alone showed lower staining density for vWF than the tattoo
throughout the study. The mean differences were 2.81 at day 7, 2.84 at day 14, 1.89 at day 21, 0.95
and day 28, 1.833 at day 35 and 0.61 at day 42. These differences were significant (p<0.0001) at

days 7, 14 and 21.
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Partial excision of full thickness burn wounds treated with Smart Matrix™ + split thickness skin
graft.

The mean differences were 0.16 between days 7 and 14, 0.21 between days 14 and 21, 0.14 be-
tween days 21 and 28, 0.3 between days 28 and 35 and 0.42 between days 35 and 42. The mean
vWF staining density showed no statistically significant changes between consecutive time points.
However, a statistically significant (p=0.0156) increase occurred over the course of the study (mean
difference of 1.28).

When the burn wounds treated with SM + STSG were compared to the tattoo, the vWF staining
density was higher in the tattoo group at each time point. The mean differences were 0.92 at day 7,
0.09 at day 14, 0.13 at day 21, 0.1 and day 28, 00.41 at day 35 and 0.76 at day 42. These differences
were not statistically significant at any time point.

When the burn wounds treated with SM + STSG were compared to those treated with STSG alone,
the vWF staining density was higher in the SM + STSG group at each time point. The mean differ-
ences were 1.29 at day 7, 1.49 at day 14, 0.49 at day 21, 0.56 and day 28, 0.5 at day 35 and 0.63 at

day 42. These differences were significant at days 7 (p=0.0138) and 14 (p=0.0018).

Partial excision of full thickness burn wounds treated with Matriderm™ + split thickness skin graft.

The mean differences were 1.02 between days 7 and 14, 0.01 between days 14 and 21, 0.16 be-
tween days 21 and 28, 0 between days 28 and 35 and 1.64 between days 35 and 42. The mean vVWF
staining density showed a statistically significant increase between days 35 and 42 (p=0.0002). A
significant (p<0.0001) increase (mean difference of 2.8) occurred over the course of the study (be-
tween days 7and 42).

When the burn wounds treated with MD + STSG were compared to the tattoo, the mean differences
were 2.28 at day 7, 1.28 at day 14, 1.6 at day 21, 0.39 at day 28, 0.49 at day 35 and 0.78 at day 42.

Burn wounds treated with MD+ STSG showed lower densities of vVWF staining than the tattoo
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throughout the study. These differences were significant (p<0.0001) at days 7, 14 and 21.

Burn wounds treated with MD+STSG showed higher densities of vWF staining than those treated

with STSG alone throughout the study. The mean differences were 0.53 at day 7, 1.58 at day 14,

0.36 at day 21, 0.46 and day 28, 0.09 at day 35 and 1.38 at day 42. These differences were signifi-

cant at days 14 (p=0.0002) and 42 (p=0.006).

When the burn wounds treated with MD + STSG were compared to the burn wounds treated with

SM + STSG, the mean differences were 0.92 at day 7, 0.09 at day 14, 0.13 at day 21, 0.1 and day

28, 0.41 at day 35 and 0.76 at day 42. There were no statistically significant differences between the

two wound groups throughout the study.

B+SM+STSG 1.34 1.89
(£0.42)  (+£0.44)

B+MD+STSG 0.97 1.99
(£0.07)  (£0.11)

B+STSG 0.44 0.41
(£0.06)  (£0.07)

normal skin 3.25 3.25
(£0.48)  (£0.43)

2.10
(£0.11)

1.99
(+0.11)

1.61
(+0.11)
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Table 7.6.14: Mean vWF staining density (score out 5), where n=24 (8 per wound group) for a 42
day study
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Figure 7.6.14: mean von Willebrand staining density versus time (n=24, 8 per wound group) for
different reconstructive options for partial thickness burn wounds in a 42 day study.

Interpretations for mean von Willebrand factor staining density

Mean vWF staining density increased for all wound groups over the course of the study. There
were no significant long term differences between wounds treated with SM + STSG and those treat-
ed with MD + STSG. At day 42, wounds treated with MD + STSG and those treated with SM +
STSG groups showed significantly higher vWF staining densities than those treated with STSG

alone, and no significant difference to normal skin.

7.6.15 Summary of findings

Wounds treated with MD + STSG and SM + STSG showed similar macroscopic features and graft
take success and epithelialisation. Wounds treated with STSG alone showed a delay in epithelialisa-

tion and a lower rate of successful graft take.
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Partial thickness excision burn wounds treated with SM + STSG and those treated with MD +
STSG showed similar wound areas to each other and to the tattooed area by day 42. The wounds
treated with STSG alone contracted more than all three other groups. EDA-FN staining in wounds
treated with SM + STSG was similar throughout the study to that of normal skin, while significant-
ly higher in wounds treated with MD + STSG and SM + STSG. EDA-FN staining was highest in
wounds treated with STSG alone followed by those treated with MD + STSG and then by those
treated with SM + STSG, where levels similar to that of normal skin were reached by day 42, in the
latter group. There were no significant differences in a-SMA staining in normal skin and wounds
treated with SM + STSG. Wounds treated with MD + STSG showed higher levels than these
groups until day 28, while wounds treated with STSG alone showed the highest levels, which per-
sisted until day 42.

The dermal scaffold persisted from an average of 21 days in wounds treated with SM + STSG, 35
days in those treated with MD + STSG and 84 days in those treated with I + STSG.

Matriderm™ scaffolds persisted longer than Smart Matrix™ scaffolds. Of note, when comparing
scaffold presence in this study to scaffold presence in the second study described in this thesis, scaf-
fold persistence was longer in the attenuated wound healing model than in the acute wound healing
model. The significance of this could not be calculated due to non-matching data sets.

Collagen levels increased from the beginning of the study in all wound groups. Wounds treated
with SM + STSG and with MD + STSG showed no significant differences and were both higher
than in wounds treated with STSG alone, but lower than in normal skin throughout the study. Mean
elastin staining density increased over the course of the study for all three wound groups. Levels
were similar in wounds treated with SM + STSG and in those treated with MD + STSG. These two
groups reached similar levels to that of normal skin by day 42. Wounds treated with STSG alone
showed significantly lower levels throughout the study.

Wounds treated with SM + STSG and those treated with MD + STSG showed similar neodermal
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thicknesses which were significantly thicker than wounds treated with STSG alone and normal skin
throughout the study. Cellular density increased throughout the study similarly for all three wound
groups. There were no significant differences between the wound groups and normal skin at day
42. Inflammatory cell infiltration was lowest in wounds treated with SM + STSG, followed by
those treated with MD + STSG and those treated with STSG alone. All wounds showed an inflam-
matory cell infiltrate similar to normal skin at day 42.

Wounds treated with SM+STSG showed higher initial vascular perfusion than the other wound
groups. This however was similar for all wound groups by day 42, and much higher than normal
skin. Capillary lumen counts and vWF staining were similar for wounds treated with SM + STSG
and those treated with MD + STSG, but bother were higher than in wounds treated with STSG

alone and lower than normal skin.

7.7 Conclusions from this study
From this study, it can be concluded that wounds with compromised healing properties treated with

SM + STSG follow a very similar would healing trajectory to those treated with MD + STSG. Vas-

cularity and graft take are delayed in wounds treated with STSG alone.

7.8 Subsequent steps

Results from the delayed burn excision model show that biological scaffolds can expedite and en-
hance wound healing in a compromised wound.

This study was the final experiment carried out for the purpose of research for a PhD. The results
of the evidence gained in the in vivo pre-clinical setting and that of previous studies pertaining to

Smart Matrix™ were subsequently used to design a porcine Good Laboratory Practice study.
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Chapter 8: Summary of results

The first two experiments showed that graft take rate in wounds treated with SM+STSG did not dif-
fer significantly from those treated with STSG alone, and neither did they differ from wounds treat-

ed with MD + STSG and those treated with I + STSG. No adnexal structures were present in any of

the wounds.

Wounds treated by SM+STSG contracted less than those treated by STSG alone, which in turn con-
tracted less than wounds allowed to heal by secondary intention. Wounds treated with MD + STSG
contracted similarly to those treated with SM + STSG, both contracting significantly less than those
treated with I + STSG. EDA-FN and a-SMA staining was attenuated in wounds treated by
SM+STSG compared with those treated by STSG alone and those allowed to heal by secondary in-
tention. Wounds treated with MD + STSG showed higher levels of EDA-FN and a-SMA earlier in
the study, while wounds treated with I + STSG showed the highest levels, which decreased to those
of normal skin by day 42. There were no significant differences thereafter and levels returned to

that of normal skin in all wound groups.

Collagen and elastin levels remained lower than those of normal skin for wounds treated with SM +
STSG, those treated with STSG alone and those allowed to heal by secondary intention. Collagen
levels reached those of normal skin by day 42 in wounds treated with SM + STSG and by day 180
in the other 2 wound groups. Wounds treated with SM + STSG reached collagen and elastin levels
similar to those of normal skin 7 days later than wounds treated with MD + STSG (day 35). Colla-
gen deposition followed cellular ingress both temporally and spatially. FElastin levels resembled

those of normal skin for these latter 2 wound groups by day 42.

The dermal scaffold persisted from an average of 21 days in wounds treated with SM + STSG, 35

days in those treated with MD + STSG and 84 days in those treated with [ + STSG.
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Wounds treated with SM+STSG initially showed a thicker neodermis and increased cellular density,
which approached that of normal skin by day 35. Wounds allowed to heal by secondary intention
showed lower maximal wound thickness throughout the study but significantly thicker wounds at
day 180. Wounds allowed to heal by secondary intention showed the highest levels of inflamma-
tion, followed by wounds treated with STSG alone and then by those treated with SM + STSG.
Wounds treated with SM + STSG and those treated with MD + STSG showed peaks in wound
thickness by day 21 and a decrease thereafter. Wounds treated with [+STSG showed a delay in
peak wound thickness by day 42. At day 180 all three wound groups showed a similar neodermal
thickness to that of normal skin. Wounds treated with SM + STSG and those treated with MD +
STSG showed very similar levels of wound cellular density, which were higher than both those of
normal skin and wounds treated with I + STSG at the end of the study. Wounds treated with SM +
STSG and those treated with MD + STSG showed similar levels of inflammatory cell density,
which approached that of normal skin by ay 28. Wounds treated with I + STSG showed higher lev-

els of inflammation than the other two wound groups but approached that of normal skin by day 35.

Wounds treated with SM+STSG showed the most pronounced and earliest vascular response with
statistically significant higher levels of wound perfusion, capillary lumen count and vWF staining
compared to wounds treated with STSG alone, and in turn the latter group showed higher levels
than wound allowed to heal by secondary intention. There were no significant differences in all
these parameters (except for vVWF staining, which was higher in wounds allowed to heal by sec-
ondary intention) when compared to normal skin at day 180. Wounds treated with SM+STSG
showed a very similar trajectory in terms of vascular parameters (perfusion, capillary lumen count
and vWF staining) to those treated with MD + STSG. Wounds treated with I + STSG showed a de-
lay until day 42. There were no significant differences between the wound groups and when com-

pared to normal skin at day 180.

304



When compared to parallel acute full thickness wounds treated with STSG in the same animals, the
delayed partial excision burn wounds showed a 14 day delay in wound contraction. The acute and
attenuated wound healing models showed no significant differences in EDA-FN and a-SMA stain-
ing, except at days 14 and 21, where EDA-FN was higher in the burn wound. Collagen and elastin
staining were similar in the two wound groups except at day 21 where elastin staining was signifi-

cantly higher in the acute wound.

Vascular perfusion remained lower in the burn wounds group throughout the study. Capillary lu-
men counts and vWF staining levels were lower in the burn wounds initially but there were no sig-
nificant differences at day 42. The partial thickness excision burn wound demonstrated a 21 day
delay in the vascular ingress of the wound and new capillary formation, while the acute wound
demonstrated a vigorous and relatively rapid initial increase in vascularity. Burn wounds showed a
significantly higher wound depths and cellular density, but a lower inflammatory cell infiltrate.
Whereas acute wounds gave an expected exudative granulation response, the partial burn excision
wound did not produce exudative granulation tissue, but showed a markedly oedematous wound
bed with delayed inflammatory infiltration (of 21 days) beneath the wound surface, followed by
some fibrovascular granulation tissue ingress after the 14 day delay period. This histological pattern
could be called delayed internal granulation to distinguish it from the exudative granulation out-
wards from the wound bed seen in the acute wound healing response. Additionally, the thickness of

the wounds was significantly larger in the partial excision burn.

From this experiment, it was concluded that the partial thickness excision of a burn wound heal-
ing trajectory is characterised by a delayed healing response, with delayed epithelialisation, de-

layed angiogenesis, and prolonged tissue oedema.

When the validated attenuated wound healing model was used to examine the behaviour of Smart

Matrix™ + STSG and to compare it with the wound healing trajectory of MD + STSG and STSG
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alone, the wounds groups treated with matrices showed similar macroscopic features and graft take
success and epithelialisation. Wounds treated with STSG alone showed a delay in epithelialisation
and a lower rate of successful graft take. The wounds treated with SM + STSG and those treated
with MD + STSG showed similar wound areas to each other and to the tattooed area by day 42.
The wounds treated with STSG alone contracted more than all three other groups. EDA-FN stain-
ing in wounds treated with SM + STSG was similar throughout the study to that of normal skin,
while significantly higher in wounds treated with MD + STSG and I + STSG. EDA-FN staining
was highest in wounds treated with STSG alone followed by those treated with MD + STSG and
then by those treated with SM + STSG, where levels similar to that of normal skin were reached by
day 42, in the latter group. There were no significant differences in a-SMA staining in normal skin
and wounds treated with SM + STSG. Wounds treated with MD + STSG showed higher levels than
these groups until day 28, while wounds treated with STSG alone showed the highest levels, which

persisted until day 42.

The dermal scaffold persisted from an average of 21 days in wounds treated with SM + STSG, 35
days in those treated with MD + STSG and 84 days in those treated with I + STSG. Scaffold per-
sistence was longer in the attenuated wound healing model than in the acute wound healing model.

The statistical significance of this could not be calculated due to non-matching data sets.

Collagen levels increased from the beginning of the study in all wound groups. Collagen deposition
followed cellular ingress both temporally and spatially. Wounds treated with SM + STSG and with
MD + STSG showed no significant differences and were both higher than in wounds treated with
STSG alone, but lower than in normal skin throughout the study. Mean elastin staining density in-
creased over the course of the study for all three wound groups. Levels were similar in wounds
treated with SM + STSG and in those treated with MD + STSG. These two groups reached similar
levels to that of normal skin by day 42. Wounds treated with STSG alone showed significantly
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lower levels throughout the study.

Wounds treated with SM + STSG and those treated with MD + STSG showed similar neodermal
thicknesses which were significantly thicker than wounds treated with STSG alone and normal skin
throughout the study. Cellular density increased throughout the study similarly for all three wound
groups. There were no significant differences between the wound groups and normal skin at day
42. Inflammatory cell infiltration was lowest in wounds treated with SM + STSG, followed by
those treated with MD + STSG and those treated with STSG alone. All wounds showed an inflam-

matory cell infiltrate similar to normal skin at day 42.

Wounds treated with SM+STSG showed higher initial vascular perfusion than the other wound
groups. This however was similar for all wound groups by day 42, and much higher than normal
skin. Capillary lumen counts and vWF staining were similar fro wounds treated with SM + STSG
and those treated with MD + STSG, but bother were higher than in wounds treated with STSG

alone and lower than normal skin.

307



Chapter 9: Discussion

These experiments showed that Smart Matrix™ supports the long term survival of a split thickness
skin graft when applied as a single step procedure in both simple and challenging cutaneous porcine
wound models, with a reduction in wound area contraction and inflammation compared to other
wound groups. The partial thickness excision of a full thickness burn in a pig was validated as a
useful attenuated wound healing model.

As with all studies, this project has its limitations. The major limitation in these experiments was
the use of porcine skin models to simulate human cutaneous wound healing. As highlighted in the
literature review, the porcine skin model remains the gold standard as it shares many similarities in
hair follicle and blood vessel patterns, collagen and elastin content and wound healing and turnover
time that are more similar to humans than the other mammal models (Heinrich et al., 1971). Pig
skin however only shows a 78% concordance with human skin (Sullivan ef a/., 2001). The porcine
dermis and its hair follicles are less vascular with a more sparse hair distribution (Seaton et al.,
2015). Differences in the pilosebaceous units are important in that porcine skin lacks eccrine
glands on its flanks, having only apocrine glands (Seaton et al., 2015). This factor could have some
influence on the interpretation and extrapolation of the results of the experiments described in this
thesis, as in humans eccrine sweat glands distributed over the entire body serve as essential sources
of keratinocytes during wound epithelialisation (Rittie et al., 2013). Additionally, the fibrin used
in Smart Matrix fro these experiments was of bovine origin. The potential differences in the mech-
anism of action of porcine plasmin on fibrin were not taken into account, and may therefore have
somehow influenced some results. In Smart Matrix produced for human use, human fibrin from
polled blood collection is used. In order to better study scarring potential, it would also have prob-
ably been more appropriate to use Red Duroc pigs to establish scarring parameters, as they have a

tendency to form hypertrophic scars similar to humans. However, their use was prohibited due to
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their increased tendency for malignant hyperthermia, and as these experiments required multiple
general anaesthetics, the risks of losing the pigs mid-experiment was too high.

It would have been ideal if the surgeons were blinded to the treatments in question. This was not
possible, in this case, as it would have been way too costly to employ another surgeon to carry out
these experiments. Additionally, a clinician with sufficient expertise and knowledge in skin grafting
procedures and the application of dermal matrices was required to perform these procedures, so
most plastic surgery trained doctors would have this prior knowledge. Even if the product names
were hidden, they would be immediately recognisable. The author (RZA) is a surgeon with experi-
ence in plastic surgery, and hence was familiar with the various products prior to the commence-
ment of the experiments. Her surgical assistant and then supervisor, JFD was familiar with the
products through their multiple use in the previous Smart Matrix™ experiments.

During these experiments, many punch biopsies were taken (an 8mm much biopsy was taken at
every time point from a circular wound with a 4cm diameter). Although the same amount of these
biopsies were taken from all the wounds and from the tattooed area, it is possible that these inter-
fered with the true calculations of wound area and contraction. Also the new wounds then created
by these biopsies then healed largely by secondary intention with influence of adjacent tissue.
While the surgeons made it a point to take avoid taking biopsies at previous biopsy sites, this tissue
might have influenced and somewhat altered true histological findings. The biopsy sites were ran-
domly assigned (informal randomisation) and the first biopsy site was generally taken from the cen-
tre of the wound. This would have introduced a sampling bias due to the influence of keratinocyte
migration from the wound edges in those biopsies taken more laterally. This could have been miti-
gated if biopsies were taken at equal distances from the wound edges at each time point, thus de-
creasing the potential for artefectually skewed results. The sampling schedules were designed fol-
lowing common practices encountered in the medical literature. However, most were not formally

validated. Additionally, the use of bipolar diathermy was limited as much as possible, to avoid the
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burnt wound bed stimulating a different response. Where possible bleeding was stopped with pres-
sure using a damp gauze. However, on occasion bipolar diathermy was the one resort capable of
stemming bleeding.

It wound be helpful in future experiments if the periphery of the wounds was tattooed (about 2mm
out of the skin marking) just prior to excision or injury, in order to more easily establish the seams
in long term studies and in order to more easily calculate wound area.

It was noted that wound positions altered the macroscopic shape of the wound as the experiments
progressed, for example the anterior shoulder wounds took on a more elliptical shape with an
oblique direction, while the inferior flank wounds appeared more horizontal and elliptical. This
might have influenced the wound area and contraction calculations. In order to mitigate this, the
wound treatments were randomly assigned to wound positions. Potential differences in wound be-
haviour at differing sites on the animal (and difference in skin growth rate between wound locations
and tattooed reference location) — in future experiments this could partially be circumvented by ret-
rospectively looking at the distribution of treatment interventions in each wound site to see if there
was equity by the end.

The very nature of the pig is that it lives in a relatively unclean environment. While the wounds
were meticulously dressed with many layers, and the Orthoplast jacket was waterproof, on some
occasions the pigs still managed to get their dressings soiled and some hay still managed to make its
way onto the wound bed (though only on 2 occasions). This may or may not have had some influ-
ence on the wound healing properties. Of note, no wounds displayed overt signs of infection, and

all pigs remained healthy.

When creating the burn wounds in Experiment 3, a method was devised to ensure full thickness
burning consistently. However, some inadvertent variability may have occurred due to the ambient

temperature in the operating theatre and the pig’s core temperature. This method was first verified
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at the end of experiment one, using some of the pigs, immediately before sacrifice, and hence may
not have been completely representative of the live animal. The various burns created demonstrated

the heat needed to create full thickness burn wounds on the pigs’ flanks.

In order to reduce inter-observer variability when grading the histology slides, both the author and
the scientist carrying out the second reading went through a number of slides to agree on the grad-

ing system. It is still however, possible that there remained a degree of inter-observer variability.

In the calculation of capillary lumen count, it is possible that multiple lumina of the same vessel
were counted, and that this resulted in an artificially high capillary lumen count. Where this was
relatively obvious, for example many lumina close together in one vector, it was accounted for, but
other such opportunities may have been missed. In order to mitigate this, capillary lumen count
was not the only parameter used to measure for vascularity. It may be argues that the sampling
method used for histological analysis somewhat fell short of adequate, as three random areas in the
slide were chosen for examination. In some cases, especially in cellular density measurements, due
to presence of cell whorls, some measurements may have been artefactually skewed. In future ex-
periments, it might be useful to adopt a systematic approach to picking the areas of the three sam-
ples, such as far left, centre and right. Additionally, the sampling validity may be brought into ques-
tion as it could be argued that more measurements could have been made. The randomisation (of
wounds, biopsy sites and histology slide site was done on an informal basis. The use of IT software
to generate a less biased randomisation is preferable. Discrete variables were used in this thesis.
When reporting summary statistics for such variables, the convention is to report one more decimal
place than the number of decimal places measured. This would lead to a sample mean value that
does not necessarily appear typical of the other sample measurements, when it could then be argued
that the median should be used. However, as parametric tests were used in this thesis (following the
assumption of a normally distributed population) the mean was used. This is because one of its im-
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portant properties is that it minimises error in the prediction of any one value in sample data set.

That s, it is the value that produces the lowest amount of error from all other values in the data set.

The recipient-site response to biologic ECM scaffold materials involves both the innate and ac-
quired immune system and the response is affected by device’s raw material composition, among
other factors. (Badylak et al., 2008). The fibrin alginate matrix acts as a scaffold for the migration
and proliferation of cells involved in wound healing, as well as a reservoir for growth factors and
cytokines. Post-wounding angiogenesis relies on fibrinolysis. (Hadjipanayi et al., 2015). While the
exact mechanisms of this event remain poorly understood, it could be hypothesised that the scaf-
fold’s fibrin component is responsible for fibrinolysis-mediated angiogenic disinhibition, as postu-
lated by the in vitro study by Hadjipanayi et al., in 2015. Hence, the presence of fibrin in the
wound bed stimulates an angiogenic response. The outcome of wound healing depends largely on
the fibrin structure, such as the thickness of the fibres, the number of branch points, the porosity,
and the permeability (Laurens ef al., 2006). As fibrin persists in the wound as seen through scaffold
presence) for 21 days in the acute wound, this would explain why new vessel formation was most
marked in the first 21 days. During the angiogenesis process, the fibrin matrix is degraded by en-
dothelial cells. Fibroblasts and endothelial cells adhere to integrin binding motifs in native and de-
natured collagens, and elastin. These cells migrate into the matrix and proliferate by forming new
capillary-like tubes (Staton et al., 2003). This would provide an explanation as to why
Matriderm™’s behaviour and that that of Smart Matrix™ were very similar in our experiments. A
constituent of Matriderm™ is an elastin peptide motif. This enhances angiogenesis by promoting

endothelial cell migration and tubulogenesis through the upregulation of matrix metalloproteinases
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(Robinet et al., 2005). Once fibroblasts and endothelial cells invade the fibrin-rich clot in the
wound space, the synthesis of a new permanent ECM occurs, hence the new temporary fibrin ma-
trix also promotes granulation tissue formation. These cells are recruited from the tissue adjacent to
the wound (Gorodetsky et al., 1999) and once they have infiltrated the provisional matrix, they re-
align to become new vascular structures (angiogenesis). During this process, together with various
other cell types, they degrade fibrin through the induction of plasmin activities, metalloproteinases,
and the generation of free radicals (Ruoslahti ef al., 1996). This provides another explanation as to
why Smart Matrix™ shows an early vascular response. Hence the use of a fibrin scaffold is ideal in
the circumstances of both acute and especially compromised wound healing, as it provides a stimu-
lus for angiogenesis. This could also explain Smart Matrix™ appears to alter the healing trajectory
of the attenuated wound into that of an acute wound, through the fibrin in the matrix stimulating

angiogenesis and “kick-starting” the wound healing process.

A key finding in this thesis is that Smart Matrix™ appears to attenuate a-SMA expression. Con-
tractile myofibroblast activity is central to wound healing as it limits the exposed wound area (Li et
al., 2011). This is largely dependent on the fibroblast and myofibroblast activation in the granula-
tion tissue of a healing wound. The immune-histological markers for these cells is a-SMA (Darby
et al., 1990). As fibrin is the active component in Smart Matrix™, it would be prudent to assume
that the fibrin scaffold is responsible for this attenuation. The wounds treated with dermal scaffolds
(Smart Matrix™, Matriderm™ and Integra™) contracted less than those treated without scaffolds
(STSG alone and those allowed to heal by secondary intention), and wounds treated with Smart
Matrix™ contracted less than those treated with the other scaffolds. However, the wounds treated
with other scaffolds, STSG alone or allowed to heal by secondary intention did not demonstrate
such low levels of a-SMA content. This is a novel finding. Searches in the literature of the influ-

ence of fibrin on a-SMA production and on myofibroblast differentiation revealed nothing to con-
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tribute to this theory or this finding. However, during haemostasis, (the first occurring component
of wound healing), the complement cascade is activated and Complement component C3 induces a
prolongation of the fibrin clot (King ef al., 2015). Tumour necrosis factor—o (TNF-a) is a potent
inflammatory cytokine expressed during the inflammatory phase of wound healing secreted along-
side C3 (Esmon 2000). The potent pro- inflammatory cytokines C3 and TNF-a activity are inter-
linked (Page et al., 2018). TNF-a is upregulated, upon encountering the fibrin clot. It contributes
to changes in coagulation and C3 induction. Higher TNF-a levels are associated with lower a-SMA
expression in human dermal fibroblasts in granulation tissue (Goldberg et al., 2007). In 2007
Goldberg et al found that this suppression occurs at mRNA level due to antagonistic effect of TNF-
a on TGF-f1-induced myofibroblast differentiation. (Goldberg et al., 2007). During skin wound
repair, fibroblasts transition to myofibroblast under the influences of mechanical stress, cytokines,
and an array of ECM molecules, resulting in fibroblast-ECM matrix remodelling and leading to a
change in the matrix mechanical tension (Goldberg ef al., 2007). In view of these findings, it could
be proposed that that the prolonged persistence of fibrin in the wound bed induces the sustained up-
regulation and therefore content of TNF-a, which in turn suppresses a-SMA expression.  While
fibrin is present in every cutaneous wound and is responsible for inducing homeostasis and releas-
ing the pro-inflammatory cytokines, its presence in the wound bed is usually short lived. As seen in
experiments 2 and 4, the scaffold is present in the wound bed for an average of 21 days in the acute
wound, and longer in the compromised wound. This longevity of this presence and its slow degra-
dation is attributed to the glutaraldehyde stabilisation. It is this prolonged exposure to what is es-
sentially an organised fibrin clot that acts as a persisting stimulus for TNF-a (together with C3)
production which suppresses myofibroblast differentiation and thus a-SMA expression. As seen in
experiments 1, 2 and 4, following degradation of the scaffold, a-SMA expression tends to increase
again (though to a lesser extent than in other wounds using other scaffolds or STSG alone or sec-

ondary intention healing) at days 28 and 35. However, the other wound groups showed that a-SMA
314



expression is at its most pronounced during the early days of wound healing. Hence, the persisting
presence of fibrin during the first 21 days following cutaneous injury is key to suppressing a-SMA
expression and reducing wound contraction. To allow for the progression of wound healing, it is
also imperative that the fibrin scaffold does not persist for longer, as otherwise the persistent pres-
ence of pro-inflammatory cytokines could result in continued TNF-a - mediated inflammation and
prevent normal matrix deposition. In the normal scenario, TNF-a is not present during the re-ep-

ithelialisation and ECM reorganisation phases of wound healing (Singer et al., 2009).

The above theory is in keeping with the levels of inflammation shown in wounds treated with
SM+STSG. Following degradation of the scaffold in both the acute and the challenging wound,
inflammatory cell densities decreased. This would be in keeping with the decreased expression of
the pro-inflammatory cytokines following the disappearance of the fibrin clot stimulus. TNF-a
level quantification studies were not carried out to test this postulated explanation for attenuated a-

SMA expression.

It was noted in Experiments 2 and 4 that wounds treated with Smart Matrix™ and with Matrid-
erm™ both demonstrated higher elastin densities. While this can be readily explained in the case of
Matriderm™, as elastin is one of its key components, it is not so straightforward with Smart Ma-
trix™, It could be postulated that, as elastin is produced by fibroblasts (Sephel et al., 1986) (not
myofibroblasts), as seen through the the attenuation of a-SMA expression, there is probably a larger
number of fibroblasts in wounds treated with Smart Matrix™ than in the other wounds, hence al-

lowing for the de novo synthesis of elastin.

Yannas et al hypothesised that the pore size in a collagen dermal scaffold maybe responsible for the
attenuation of wound contraction (Yannas et al., 1980), and the presence of the scaffold within the
wound bed physically prevents contraction, as it interrupts the forces of mechanical stress across the

wound. Yannas later argued that dermal templates improve skin regeneration by preventing wound
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contraction (Yannas ef al. 2011, Yannas et al., 2015). If this theory were extrapolated to all dermal
substitutes, this could in part provide an explanation for the decreased contraction seen in wounds
treated both by Matriderm™ and Smart Matrix™. This theory is reinforced by the delay observed
in wound contraction together with the longer scaffold persistence in the attenuated wound healing
models treated with dermal matrices, compared with the wounds treated with STSG alone. Also, it
accounts for the lesser degree of wound contraction seen in wounds treated with SM + STSG, com-
pared to those allowed to heal by secondary intention and those treated with STSG alone. Hence the
length of time the scaffold is present in the wound is significant if it is to act as a mechanical wound
“splint”.  For fibrin to be effective as a scaffold biomaterial, it must be capable of resisting the
forces of contraction for a sufficient amount of time to allow for the new permanent ECM forma-
tion. Hence, some from of stabilisation is necessary to reduce the rate of proteolytic degradation,
(Mimura et al., 2016) particularly by plasmin. The scaffolds are chemically cross-linked (Lee.,

2001, Mimura et al., 2016) to achieve this. Glutaraldehyde is used for Smart Matrix™.

While scaffold presence in the wound requires to be long enough to physically attenuate wound
contraction to allow for the promotion of angiogenesis, the degradation of the scaffold is an essen-
tial component of a rapid constructive remodelling response (Badylak et al., 2008), as in vivo and in
vitro studies have shown that low molecular weight peptides formed during this degradation have
chemoattractant potential for several cell types including multipotential progenitor cells and bone-
marrow derived cells that participate in the long-term dermal remodelling (Badylak et al., 2001).
Another advantage of the fibrin—alginate matrix not lingering in the wound is that some longer-last-
ing dermal scaffolds mount a low grade chronic inflammatory foreign body reaction (Badylak ef al.,
2008). However, as fibrin undergoes proteolytic degradation “once its job is done” (but rapid
break-down is limited by the glutaraldheyde cross-linking), it does not produce a prolonged pro-an-

giogenic effect and neo-cellularisation stops once the scaffold ceases to be present in the ECM.
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Hence, the scars appear flat and pale in the long term. It is evident from observing the behaviour of
Matriderm™ and Smart Matrix™ in the attenuated wound healing model that dermal scaffolds per-
sist in the wound bed until new permanent ECM deposition has occurred. This is integral to their

ability to aid in the healing of wounds with attenuated healing properties.

Of the products in wide clinical use, the pro-angiogenic properties of Integra™ and Matriderm™,
have been attributed to their constituent ECM materials. As postulated by Badylak et al the histo-
logical integration of each different material is distinct. Vascularisation of the Integra™ sponge
structure of 300-500 um thickness takes 14-21 days (as seen in the second experiment). It is only at
the point that this superficial tissue is formed that a STSG is typically applied. Although Integra™
collagen has been described as an angiogenic material, its histological effect in the porcine model is
to attenuate the innate granulation response. The histological integration response to 1 mm thick
Matriderm™ matrix in the same porcine full thickness wound model is also distinct. The material is
completely degraded in acute wounds over a period of 35 days. By contrast the fibrin alginate scaf-
fold shows a rapid and dense vascularisation response. Split thickness skin grafting with Smart Ma-
trix™ showed a higher degree of cellular influx and a more rapid rate of angiogenesis at earlier time
points, when compared to split thickness skin graft in alone and when compared to Integra™ +
STSG, but these parameters were very similar to Matriderm™ + STSG, in the acute wound and in

the attenuated wound model.

The long-term survival and stability of wound treated with Smart Matrix™ was evident throughout
this thesis through the comparison of the macroscopic and histological observations including col-
lagen and elastin) parameters of the healing skin with normal skin. The long-term studies showed
that all parameters approximated that of normal skin by day 180, with the absence of adnexal struc-

tures. In keeping with the findings of Philandrianos et al in 2012, where 5 different dermal scaf-
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folds compared in a long term porcine experiment showed no differences, this was in common for

the other dermal scaffolds too (Philandrianos ef al., 2012).

The ability to employ as dermal scaffold as a one step procedure in both the acute and the attenuat-
ed models, as opposed to multi-steps requires less frequent visits to the operating theatre. This in
turn is associated with a shorter in-hospital stay, and quicker return to normal activities for the pa-
tient. This would prove more cost-effective to the healthcare system and also to the patient and his /
her carers. Additionally, the fibrin used in the production of Smart Matrix™ is pharmaceutical
grade and is sourced from pooled human blood transfusions. The manufacture process of the raw
material is far less costly than that of animal-derived dermal scaffolds. The latter require the rear-
ing, housing and maintenance of the animals followed by sacrifice, harvesting and preparation of
the dermis, rendering it acellular and devoid of DNA. This is also advantageous for those religious
groups, namely Islam and Judaeism, who oppose the use of porcine derived products and Hindus
who oppose the use of bovine-derived products. Conversely, the use of Smart Matrix™ may be
met by opposition by Jehovah’s witnesses (as the fibrin is derived from human blood products, al-

beit acellular).

It was noted (but not objectively assessed) by the surgeons using Smart Matrix™ that as a scaffold,
it was very easy to handle, both using instruments and using gloved hands. These scaffolds, when
their backing is removed, are often notoriously taxing when trying to handle, after they are wetted,
especially if they fold over on themselves and need to be unfolded. Smart Matrix™ proved to not
tear easily when manipulated, and as it is protein—based, if it folds over, all that is required is for it

to be re-immersed in the saline and it unravels alone.

If extrapolated to human clinical scenario, this evidence suggests that Smart Matrix™ may present

a novel, non-animal derived dermal replacement scaffold, that may expedite the healing trajectory

318



of large area wounds that require skin coverage with a skin graft, and may favourably alter the heal-

ing trajectory of challenging and indolent wounds and facilitate their healing.

While these studies focussed mainly on the quality of the skin graft and resulting scar per se a few

other pertinent factors also need to be taken into account.

These experiments highlighted the potential for fibrin to attenuate a-SMA expression production
and hence limit the differentiation of fibroblasts into myofibroblasts thereby reducing wound con-
traction. The exact relationship between fibrin and a-SMA expression needs to be elucidated at a
molecular level with further research into the suppressive action and quantification of TNF-a and its
relationship to myofibroblast differentiation and wound contraction. The mRNA regulation of a-
SMA expression also needs to be elucidated. This phenomenon could be potentially be employed
in a variety of other clinical scenarios. It may prove to beneficial to some pathologies that are asso-
ciated with fibrosis and a high a-SMA content. Dupuytren’s contracture is one such fibroprolifera-
tive disorder affecting the palmar fascia of the hand, characterised by the increased proliferation and
differentiation of fibroblasts to myofibroblasts and accompanied by elevated a-SMA expression.
(Krasskova et al., 2019). Hence is probably worth exploring the effect fibrin might have on disease

progression or prevention.

Further research into the quality of the healed wound and the properties of the resulting skin may
prove useful. So far skin grafted skin lacks adnexae. When used to cover small areas, the provision
of a water tight barrier may be sufficient, however, in the case of very large wounds, for example
reconstruction following a large burn or resection after necrotising fasciitis, other properties, such
as sweating would be immensely beneficial. Further research into improving the reconstructed
skin’s “function” is needed. The “seam” between innate uninjured skin and the skin graft requires
evaluation, as particularly in humans this is often a cause of cosmetic morbidity, in terms of vascu-

lar or pigmented raised edges. Additionally, skin grafts were studied over relatively non-mobile ar-
319



eas of the pig, the flanks) not over dynamic areas such as joints. Further research into the wound
healing trajectories of skin undergoing plenty of movement during healing would be beneficial. It
would be useful if larger area wounds were examined together with the evaluation of resultant skin
with overlying meshed graft. Meshed grafts often require to be used due to a relative paucity donor
skin skin available. It tends to produce a “fish net” or snake skin like appearance that is usually
considered a cosmetic compromise. The presence of an underlying scaffold may influence the ap-
pearance of the resulting new skin. As thinner skin grafts tend to produce less donor site morbidity,
studies into the optimal skin graft thickness, ie the thinnest graft possible that would yield the best
cosmetic results, would be useful. It would be useful to explore the potential properties of the
Smart Matrix™ scaffold in more superficial wounds as wound dressings such as in superficial large

area burns and in the potential reduction of morbidity of split thickness skin graft donor sites.

In order to bring Smart Matrix™ to the patient, to help alleviate the suffering associated with large
and challenging wounds, a series of steps are necessary. Gaining acceptance into the various nation-
al pharmacopeias (such as the British National Formulary, and the US pharmacopeia among others)
is an extremely costly multi-process and very arduous task. It is a necessity for any product to un-
dergo a Good Laboratory Practice pre-clinical study, before any human clinical trials can com-
mence. Following the completion of the experiments presented in this thesis, the author was in-
trinsically involved in the design (but did not carry out any of the experiments or process any of the
data) of a GLP study for the in vivo evaluation of Smart Matrix™: Safety and Performance of the
Smart Matrix™ Wound Repair Scaffold in a Porcine Acute Wound Healing Model. The design in-
volved the creation of four acute full thickness wounds on the pigs to be treated with SM + STSG in
a 28 day and 84 day study. In order to plan and design further investigation and trials, the Smart
Matrix™ scaffold would require to be classified as a drug or as a medical device, as the steps re-

quired for their approval differ quite markedly. At the time of writing (2019), RAFT and SML have
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classified Smart Matrix™ as a class III medical device (a medical device with substantial risk).
This would require a clinical trial. The author was also intrinsically involved in a design (but did
not participate) for a pilot study. In brief, healthy, non-smoker, non-pregnant patients above the age
of 18, undergoing wide local full thickness excisions of non-melanomatous skin cancers on their
lower limbs were invited to volunteer. This study was limited to a maximum of 7 patients. Non-
melanomatous skin cancers (basal cell carcinoma and squamous cell carcinoma) were chosen, as
their surgical management (as per the British Association of Dermatology guidelines) dictates an
excision of the full thickness of the tumour and the skin to the underlying layer (fascia or fat) with a
minimum of a 4mm peripheral margin (Telfer et al., 2008, Motley et al., 2009), thus leaving a (usu-
ally) circular full thickness skin defect that is too large to be closed primarily (especially as the skin
on the lower leg does not usually stretch enough to allow direct closure of such wounds).

To date, no existing dermal replacement scaffold meets all the expectations of an ideal regenerative
wound matrix. A very large number of difference matrices are commercially available and others
undergoing research. These range from natural biological materials such as autografts, allografts
and xenografts,, synthetic materials and composite scaffolds. Traditionally, synthetic matrices have
offered excellent predictable control over material and mechanical properties (MacEewan et al.,
2017). However, the architecture and some of the regenerative properties are lacking. As Smart
Matrix™ uses pharmacological grade fibrin as its major constituent, it combines the advantages of

synthetic construction with the positive regenerative attributes of biologic materials.

The preliminary evidence obtained in the third experiment described and validated the partial thick-
ness excision of a full thickness burn model, as a pre-clinical model for some challenging wounds.
The zone of stasis in Jackson’s burn model (lying between the necrotic plug of burnt issue centrally
and the zone of hyperaemia on the outside) is characterised by decreased tissue perfusion , which is

potentially salvageable (Hettiarachy et al., 2004). Depending on the wound environment, this zone
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can either survive or proceed into necrosis. While in the human patient the initial management is
resuscitation to increase tissue perfusion to the area, during this experiment, the pig received no sys-
temic management. Hence the zone of stasis remained compromised. The burns were inflicted on
day -1, and were excised on day 0 so as not to allow this zone to completely progress to necrosis.
This was verified as after the necrotic plug was removed pale but sluggishly bleeding tissue was left
in situ. The pathophysiology of a burn wound is characterised by a histamine and direct heat medi-
ated reaction leading to rapid oedema formation, due to increased microvascular permeability, va-
sodilation and increased extravascular osmotic activity (Arturson 1980). Inflammatory cytokines
contrite to cell membrane damage partly caused by oxygen-free radicals released from polymor-
phonuclear leucocytes (Arturson 1980). The development of oedema formation is biphasic. In the
first hour during the primary phase the traumatised tissues undergo an abrupt increase in water con-
tent while during the second phase a gradual increase in the fluid influx into both burned and sur-
rounding tissues occurs over 12-24 hours (Kaddouri ef al., 2017).  The findings in experiment 3
were consistent with the literature. The compromised wound model showed a higher density of in-
flammatory cells. Excessive neutrophil infiltration appears to be a common and critical finding in
chronic wounds (Zhao et al., 2016). In acute simple wounds, the inflammatory infiltrate usually
resolves after 14-21 days when infiltrated white cells return to their pre-inflammation numbers
(Zhao et al., 2016). In this experiment, the burn wounds showed a lag phase of 21 days for an in-
flammatory response when compared to the non-burn wounds, as non-burn wounds showed a sig-
nificantly higher inflammatory cell density than the non-burn wounds at days 7, 14 and 21. How-
ever, the inflammation was prolonged until day 35 in the burn wound group. Hence it could be
concluded that the wound healing model did simulate chronic wounds both macroscopically and
histologically over the course of the experiment. As it subsides, extracellular matrix reconstitution
begins, with an accumulation of fibroblasts and to synthesise granulation tissue. Fibroblasts are

responsible for ECM (and its constituents) synthesis of this matrix. As discussed above, a relative
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increase in fibroblasts (due to less differentiation into myofibroblasts) could provide an explanation
as to why the dermal scaffolds appeared to “convert” the challenging wounds into simple wounds in
experiment 4. The limiting of inflammation is beneficial as prolonged and exacerbated inflamma-

tion impairs wound healing and adversely affects scarring (Qian et al., 2016)

Although this model only simulates local pathology, as opposed to a systemic disease, it is charac-
terised by an oedematous and relatively avascular dermal zone, with an inflammatory granulation
healing response with the histological characteristic of scar formation. There is no indication from
the histological parameters observed that there is a destructive level of wound protease activity in
this model however, because the wound bed structure, characterised by oedematous swelling, is
preserved during the infiltration of inflammatory granulation tissue and subsequent progression to
fibrosis after the two week delay period. This is further confirmed in Experiment 4 by the persis-
tence of the scaffold in this model, longer than in the acute wound healing model. As discussed
above, it may be inferred that the scaffold treatments are responsible for activating a healing re-
sponse in an otherwise delayed internal inflammatory granulation of the zone of stasis. This is in-
dicative that the mechanisms involved in supporting angiogenesis in acute healing stimulate a heal-
ing response that must communicate through the wound stasis zone in this delayed model. While
this model may indeed prove to be useful as a model for compromised wound healing, it does have
its limitations. As seen in this thesis porcine experiments are costly to run, as these involve housing
and feeding the pigs, the use of operating theatres and equipment and surgical expertise. While this
model is relatively easily reproducible and reliable, there will still be a degree of burn depth dis-
crepancy between wounds and between pigs, due to differences in core temperature and ambient
temperature. This may have implications on experiment results if this wound is used as a model for
burns. Additionally, such challenging wounds often have many different parameters rendering them

indolent to wound healing (as discussed in the literature review). This wound model only provides
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one uni-dimensional local modulation, without systemic compromise. It would be useful, as a fu-
ture step to evaluate this wound model in streptozocin induced diabetic pigs, to more closely simu-
late clinical scenarios. Additionally, wounds of the area studied in this thesis often heal without se-
quelae in the human patient. Future experiments should include a small number of larger area
wounds on pigs. However, in order to achieve statistical significance of results, more subjects
would need to be enrolled into a study, or as described above, more samples wound need to be tak-

€n.

To date there exists no pre-clinical model of attenuated wound healing that accurately mirrors that
encountered in the clinical scenario. The porcine model remains the gold standard animal model of
cutaneous wound healing. Further studies into local and systemic modulation of the partial thick-
ness excision of the porcine full thickness burn wound would be useful in the evaluation of wound

healing adjuncts for some challenging wounds.
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Chapter 10: Conclusions

From the work described in this thesis, it can be concluded that Smart Matrix™ supports regenera-

tive healing of acute and attenuated full thickness cutaneous wound in the pig.

These pre-clinical results demonstrate that Smart Matrix™ persists in the wound long enough to
stimulate a rapid-onset and relatively vigorous angiogenic response, without persisting in the wound
long enough to stimulate a foreign body reaction or to cause excessive vascular tissue formation or
a raised scar. In pigs, the use of Smart Matrix™ in combination with a split thickness skin graft as
a single step procedure results in histological remodelling resembling normal dermis while limiting

wound contraction.

Furthermore, the porcine partial thickness excision of a full thickness burn was proven to be an eas-
ily reproducible and reliable model for attenuated cutaneous wound healing, using the animal
whose skin bears the closest semblance to that of humans. Following the validation described in this
thesis, this model can now be employed in the development and evaluation of wound dressings and
various other wound healing adjuncts. It could also be used to broaden the understanding of com-

promised wound healing.
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