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Abstract
Burn injuries affect millions of people worldwide, and can be one of the most
difficult types of injuries to manage. Full-thickness burn wounds require immediate
coverage, and the primary clinical approaches comprise of skin allografts and
autografts. The use of allografts is often temporary due to the antigenicity of allografts.
On the other hand, the availability of skin autografts may be limited in large burn
injuries. In such cases, skin autografts can be expanded through the use of a skin
mesher, creating the split-thickness meshed skin grafts (MSGs). Meshed skin grafts
have revolutionized the treatment of large full-thickness burn injuries since the 1960s.
However, contractures and poor aesthetic outcomes remain a problem. Skin substitutes
can be employed as an alternative wound coverage for large full-thickness wounds, but
most commercialized skin substitutes come in a pre-formed sheet, creating
complications associated with tissue integration.
We previously fabricated an in-situ forming skin substitute, called MeshFill (MF),
which can conform to complex shapes and contours of wounds. In this thesis, we
hypothesized that the application of MF accelerated wound healing and improved
aesthetic outcomes of fishnet-like scarring in MSGs. To test this hypothesis, the
following objectives were employed: (1) assessing the wound healing outcomes of MF
and (2) a combination of MF and MSGs in full-thickness excisional wounds in a porcine
model. The results demonstrated that MF-treated wounds resisted contraction 20 days
post-surgery, and the combination of MSGs and MF improved the aesthetic outcomes
and reduced contractures examined through blinded evaluations. The results of this
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pilot study provide a glance at MF’s potential in improving the aesthetic outcomes of fullthickness wounds.
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Lay Summary
The gold-standard treatment for large burn injuries is the use of fishnet-like skin
pieces, called meshed skin grafts. Although meshed skin grafts have saved patients’
lives, they remain vulnerable to being contracted and forming undesirable scars.
We previously synthesized a liquid scaffold, called MeshFill, which can form a gel
when added to the wound. Further, MeshFill emulates key aspects of the skin matrix. In
this study, we examined the application of this gel in a pig wound model. This was
accomplished by adding MeshFill in combination with the routinely used meshed skin
graft or adding MeshFill alone to wounds.
In this animal model, we showed that MeshFill alone can resist contractions, and
when combined with meshed skin grafts, the aesthetic outcomes of wounds were
improved. We believe that this pilot study can provide insight into the potential
applications of this gel in reducing scars seen in patients suffering from burn injuries.

v

Preface
The research described in this thesis was conducted under the supervision of the
Primary Investigator, Dr. Aziz Ghahary. Financial support was provided by WorkSafe
BC, the BC Professional Firefighters’ Burn Fund, and VGH & UBC Hospital Foundation.
Dr. Ghahary is also the leading investigator for a PCT patent for the powdered
reconstitutable liquid scaffold, called MeshFill.
Chapters 2 and 3 are based on work conducted at BC Professional Firefighters’
Burn and Wound Healing Research Laboratory. I was responsible for running
experiments and analyzing the majority of the data presented in this thesis, and this was
critically reviewed and approved by Dr. Ghahary. The surgeries and graft harvesting
was conducted by Dr. Anthony Papp.
All methods and procedures, in addition to the use of animals and tissue
specimens obtained from animals and humans, are approved by both Human and
Animal Ethics Committee of the University of British Columbia (protocol numbers: H050103, A12-0296).

vi

Table of Contents
Abstract ......................................................................................................................... iii
Lay Summary ................................................................................................................. v
Preface ........................................................................................................................... vi
Table of Contents ……………………………………………………………………………vii
List of Figures ………………………………………………………………………………...xi
List of Abbreviations ……………………………………………………………………….xiii
Acknowledgements ………………………………………………………………………...xvi
Dedication …………………………………………………………………………………...xvii
Chapter 1: Introduction ……………………………………………………………………...1
1.1 Skin physiology and wound healing …………………………………….......…..1
1.2 Skin grafts …………………………………………………………...…....…….....6
1.2.1 Healing stages of skin grafts………………………………...…....……8
1.2.2 Meshed skin grafts ……………………………………………………...9
1.3 Experimental animal models of wound healing ………………………………10
1.3.1 Mouse as an animal model …...……………………………………...10
1.3.2 Porcine as a model of wound healing ……………………………….12
1.4 Skin substitutes in wound healing in wound healing …………………………14
1.5 Previous findings ………………………………………………………………...15
1.6 Hypotheses and objectives ……………………………………………………..16

vii

Chapter 2: Examining the application of an in-situ forming hydrogel in fullthickness excisional wounds in Yorkshire pigs ………………………………………17
2.1 Introduction ……………………………………………………………………….17
2.2 Methods …………………………………………………………………………..19
2.2.1 Cell culture and viability ………………………………………………19
2.2.2 Animal model- anesthesia and handling ……………………………22
2.2.3 Animal model- wound excision model ………………………………22
2.2.4 Dressing changes and tissue processing …………………………..23
2.2.5 Analysis of wound surface area and scar formation ………………23
2.2.6 Histology ……………………………………………………………….24
2.2.7 Epithelialization ……………………………………………………….24
2.2.8 Tissue cellularity ………………………………………………………24
2.2.9 Epidermal thickness ………………………………………………….25
2.2.10 Immunohistochemistry ……………………………………………...25
2.2.11 Statistical analysis …………………………………………………..26
2.3 Results……………………………………………………………………………26
2.3.1 Cell viability …………………………………………………………...26
2.3.2 Wound surface area ………………………………………………….27
2.3.3 Epithelialization ……………………………………………………….28
2.3.4 Tissue cellularity ……………………………………………………...29
2.3.5 CD31 immunohistochemistry ….………………………………….…30
2.3.6 CD3 immunohistochemistry …….…………………………………...31
2.3.7 α-SMA immunohistochemistry ……………………………………....33
viii

2.3.8 Scar surface area …………………………………………………….35
2.3.9 Epidermal thickness ………………………………………………….35
2.4 Discussion …………………………………………………………...................36
Chapter 3: Evaluating the aesthetic and wound healing outcomes of a
combination of split-thickness meshed skin grafts and an in-situ forming
hydrogel in full-thickness excisional wounds ………………………………………..40
3.1 Introduction …………………………………………………………..................40
3.2 Methods ……………………………………………………………………….…41
3.2.1 Harvesting and meshing skin grafts ……………………………......41
3.2.2 Evaluation of aesthetic outcomes …………………………………..42
3.2.3 Tissue cellularity ……………………………………………………...43
3.2.4 Epidermal and dermal thickness …………………………………....43
3.2.5 Statistical analysis ……………………………………………….…...43
3.3 Results …………………………………………………………………………...44
3.3.1 Evaluation of aesthetic outcomes …………………………………..44
3.3.2 Wound surface area ………………………………………………….45
3.3.3 Tissue cellularity ……………………………………………………...46
3.3.4 CD31 immunohistochemistry ……….……………………………....48
3.3.5 CD3 immunohistochemistry ……….………………………………...49
3.3.6 α-SMA immunohistochemistry ……………………………………...50
3.3.7 Epidermal and dermal thickness ……………………………………52
3.4 Discussion ……………………………………………………………………....53

ix

Chapter 4: Discussion, limitations, and future directions………………………….57
4.1 General discussion ……………………………………………………………..57
4.2 Limitations and future directions ……………………………………………...59
Bibliography ………………………………………………………………...…………..…62

x

List of Figures
Figure 1.1. Wound healing phases................................................................................3
Figure 1.2. Trends and costs associated with animals in burn research………….13
Figure 2.1. Hydrogel fabrication……………………………………………………...……21
Figure 2.2. Fibroblast viability in MeshFill……………………………………………….27
Figure 2.3. Quantification of wound surface area.....................................................28
Figure 2.4. Histological and clinical evaluation of epithelialization……………...…29
Figure 2.5. Quantification of tissue cellularity on days 10, 20, and 60 postsurgery...……………………………………………………………………………………….30
Figure 2.6. Quantification of vessel-like structures in the dermis on days 10 and
20 post-surgery…………….………………………………………………………….….….31
Figure 2.7. Quantification of T-lymphocytes in the dermis on days 10 and 20 postsurgery……...………………………………………………………………………………….32
Figure 2.8. Presence of dermal myofibroblasts on days 10 and 20 postsurgery……...……………………………………………………………………………….…34
Figure 2.9. Scar surfaces area analysis 60 days post-surgery………………………35
Figure 2.10. Epidermal thickness 60 days post-surgery……………………………...36

xi

Figure 3.1. Blinded evaluations of aesthetic outcomes 60 days post-surgery…...45
Figure 3.2 Contracture analysis of wounds on days 10,20, and 60 postsurgery…………………………………………………………………………………………46
Figure 3.3. Quantification of tissue cellularity on days 10, 20, and 60 postsurgery…………………………………………………………………………………………47
Figure 3.4. Quantification of vessel-like structures in the dermis on days 10 and
20 post-surgery….……………………………………………………………………………48
Figure 3.5. Quantification of T-lymphocytes in the dermis on days 10 and 20 postsurgery…………………………………………………………………………………………49
Figure 3.6. Presence of dermal myofibroblasts on days 10 and 20 postsurgery………………………………....………………………………………………………51
Figure 3.7. Epidermal and dermal thickness 60 days post-surgery………………...52

xii

List of Abbreviations
Alpha-smooth muscle actin (α-SMA)
Alternatively activated macrophages (M2)
Antibody (Ab)
Avidin biotin complex (ABC)
Chemokine ligand 17 (CCL-17)
Chemokine ligand 18 (CCL-18)
Classically activated macrophages (M1)
Cluster differentiation 3
Cluster differentiation 31 (CD31)
Damage-associated molecular patterns (DAMP)
Diaminobenzidine (DAB)
Dulbecco’s modified eagle medium (DMEM)
Epidermal growth factor (EGF)
Extracellular matrix (ECM)
Fibroblast growth factor (FGF)
Full-thickness skin grafts (FTSG)
Glycosaminoglycan (GAG)
Hematoxylin and Eosin (H&E)
High-power field (HPF)
Interferon-γ (IFN-γ)
Interleukin 1 (IL-1)
Interleukin 6 (IL-6)
xiii

Interleukin 10 (IL-12)
Interleukin 12 (IL-12)
Matrix metalloproteinases (MMPs)
MeshFill (MF)
Meshed skin (MS)
Meshed skin grafts (MSGs)
Meshed skin combined with MeshFill (MS+MF)
Natural killer cells (NK)
No treatment (NT)
Pathogen-associated molecular patterns (PAMP)
Phosphate buffered saline (PBS)
Platelet derived growth factor (PDGF)
Polyethylene glycol (PEG)
Polyvinyl alcohol (PVA)
Revolutions per minute (RPM)
Split-thickness skin grafts (STSG)
Standard error of the mean (SEM)
Subcutaneous (SQ)
Transforming growth factor ß1 (TGF-ß1)
Tris-buffered saline (TBS)
Tris-buffered saline containing Triton-X 100 (TBS-T)
Tumor necrosis factor-α (TNF-α)
United states (US)
xiv

Vascular endothelial growth factor (VEGF)

xv

Acknowledgements
I would like to express my sincere gratitude to my supervisor, Dr. Aziz Ghahary,
for providing me with this learning opportunity. The guidance, motivation, and immense
knowledge you have provided has helped me become a better and more creative
scientist.
I would also like to thank my parents, brothers, and friends who have provided
unequivocal support this journey. Thank you for keeping a positive attitude and instilling
in me the work ethic and optimism I adopted throughout graduate school.
A sincere thanks to my committee members, Dr. Reza Jalili and Dr. Anthony
Papp for their guidance and mentorship through this process.
I am extremely thankful for my laboratory colleagues, Dr. Ruhi Kilani, Dr. Layla
Nabai, Dr. Yunyuan Li, Dr. Hatem Nojeidi, and Dr. Ali Farrokhi, who have provided me
with technical and intellectual knowledge that I will carry as I continue my career.

xvi

Dedication

I dedicate this thesis to my parents who have sacrificed so much for me to continue my
journey while providing endless support throughout my life.

xvii

Chapter 1: Introduction
1.1 Skin physiology and wound healing
Skin is the largest organ in the body and provides a protective barrier against
pathogens and ultraviolet light (1). Skin can be divided into two sections: the epidermis
and dermis. The epidermis is a non-vascularized stratified epithelium undergoing
continuous renewal through mitotically active basal layer keratinocytes (2). The stratum
basale sends finger-like projections towards the dermis, forming an undulating
appearance called rete ridges. The thickest layer, stratum spinosum, contains
tetrahedral keratinocytes with limited mitotic activity. The stratum granulosom is where
keratinocytes flatten and produce keratohyalin granules. Few anatomical regions, such
as the palms of the hand and soles of the feet, have a transparent stratum lucidum layer
expressing eleidin, an intermediate product of keratin synthesis. Finally, the outermost
layer, stratum corneum, contains enucleated and interlocking corneocytes, and
functions to prevent water loss (3). Keratinocytes make up approximately 90% of cells in
the epidermis, and the remaining 10% include Langerhans cells, melanocytes, and
Merkel cells (2).
Unlike the epidermis, the dermis is a supporting matrix with rich vasculature (4).
Additionally, dermis is a tough elastic tissue due to the expression of collagen and
elastin. Collagen and elastin comprises 80-85% and 2-4% dry weight of the dermis,
respectively (5, 6). There are over 29 types of collagens identified; however, type I and
III collagen fibers make up the majority of the dermis (7). Other components of the
dermis include glycoproteins such as fibronectins, fibulins, and integrins, which allow for
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cell adhesion and mobility (2). A family of proteins maintaining hydration of the dermis
are proteoglycans, which make up 0.1-0.3% of the dermis (8).
When an insult damages the epidermis and dermis, an ordered and timely repair
process begins in acute wounds to regain structural integrity and function. The
mammalian response to an insult consists of hemostasis, followed by three overlapping
phases: inflammation, proliferation, and tissue remodeling (figure 1.1) (9, 10). These
phases are coordinated by a myriad of signals and interactions from soluble mediators,
cells such as platelets, fibroblasts, keratinocytes, in addition to endothelial and immune
cells.
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Figure 1.1. Wound healing phases. The upper and lower panel show the types of cells
and extracellular matrix molecules involved in the three wound healing phases. Figure
adopted from Zomer, Tretin, Journal of Dermatological Science, 2018. Permission
obtained (10).

Upon an insult, blood vessels undergo trauma, leading to vasoconstriction and
recruitment of platelets to form a platelet plug, followed by formation of a provisional
3

fibrin matrix that plays a pivotal role in cell adhesion, migration, and beginning tissue
repair (1, 11).
In the first 24 hours, platelets secrete platelet derived growth factors (PDGF),
which acts as a chemotactic agent to attract neutrophils, macrophages, and fibroblasts
to the wound site (12). Neutrophils are one of the first cell types in the inflammatory
phase, and function to clean out debris and invading pathogens. However, through the
action of elastases, neutrophils presence over time can degrade extracellular matrix
(ECM) in addition to clotting factors, cytokines, and immunoglobulins (13). Thus,
neutrophils withdrawal in an appropriate and time-sensitive manner is an essential
component to the advancement of wound healing (14). Macrophages are the key
players involved in removal of neutrophils; upon injury to the skin, resident and
circulating monocytes are exposed to two types of signals: damage-associated
molecular patterns (DAMP) and pathogen-associated molecular patterns (PAMP).
DAMP includes molecules such as DNA, RNA and intracellular proteins expressed by
necrotic cells. On the other hand, PAMP are foreign molecules expressed by
pathogens, such as polysaccharides and polynucleotides. In combination, PAMP,
DAMP, interferon-γ (IFN-γ) derived from natural killer (NK) cells drive differentiation of
monocytes to classically activated macrophages (M1) (15). In turn, M1 macrophages
produce pro-inflammatory mediators, including interleukins 1,6, and 12 (IL-1, IL-6, IL12), tumor necrosis factor-α (TNF-α), and chemokines to further recruit leukocytes (1618). Moreover, M1 macrophages phagocytose microbes and cellular debris, in addition
to apoptotic neutrophils, in a process called efferocytosis (1, 9, 19). As the inflammatory
phase subsides, macrophages transition to a reparative M2 phenotype, expressing anti4

inflammatory cytokines (IL-10, IL1-receptor antagonist), chemokine ligands 17 and 18
(CCL-17, CCL-18) and growth factors, such as transforming growth factor ß1 (TGF-ß1),
PDGF, vascular endothelial growth factor (VEGF), and epidermal growth factor (EGF) to
promote fibroblast proliferation, ECM production, and angiogenesis (18, 20).
Transitioning to the proliferative phase shifts priorities towards granulation tissue
formation, angiogenesis, and re-epithelialization (1). The provisional matrix formed upon
an insult provides a channel for cell migration, aiding the formation of granulation tissue
by allowing fibroblasts to bind to fibrin and secrete collagenous matrices (21).
Angiogenesis involves complex interactions of soluble factors acting in an orchestrated
fashion (22). Endothelial cells lining the blood vessels are exposed to the hypoxic
environment of the wound, in addition to vascular endothelial growth factor (VEGF),
angiopoietins, fibroblast growth factor (FGF), becoming activated. (23-26) Activated
endothelial cells release proteolytic enzymes, detaching from their basement
membrane, and migrating into the wound bed. Matrix metalloproteinases (MMPs)
continue to break down the surrounding matrix as vessels are formed, and pericytes
release inhibitory factors to stabilize endothelial cells (27, 28). Re-epithelialization is
established by dissolving cell-cell contact through interrupting hemi-desmosomes and
desmosome connection to allow keratinocytes to migrate from the wound edge, where
they begin to cover the un-epithelialized layer (29, 30). Once this gap is closed, cell-cell
contact is established and keratinocytes begin building the basement membrane (30).
To facilitate wound closure and deposit ECM, myofibroblasts appear in proliferative
phase, expressing alpha-smooth muscle actin (α-SMA) (31).
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The remodeling phase begins approximately two weeks after injury, and can last
for more than one year (11). In this phase, the ECM composition and alignment
changes in attempt to regain structural integrity. However, healed wounds are only able
to regain 80% of the tensile strength of healthy skin (32). Granulation tissue, rich in type
III collagen and blood vessels, begins to degrade through the action of matrix
metalloproteinases

(MMPs),

mediated

by

endothelial

cells,

fibroblasts,

and

macrophages, while being replaced with type I collagen (9, 33, 34). Though healthy skin
is composed of approximately 90% type I and 10% type III collagen, granulation tissue
undergoes a transient increase in type III collagen (40%) before these levels begin to
normalize during the late remodeling phase of wound healing (35, 36). In general, type I
collagen is thicker in diameter and recognized for its high tensile strength and torsional
rigidity, whereas type III collagen is thinner and has reduced mechanical stiffness (37,
38).
During the remodeling phase, cellularity decreases through apoptosis of
myofibroblasts and vascular cells (39, 40). This phase requires the correct balance of
ECM synthesis, degradation, and apoptosis to ensure successful wound healing.
Pathological anomalies in this process can lead to excess fibrosis and hypertrophic
scarring (1).

1.2 Skin grafts
According to the World Health Organization, more than 300,000 people die from
fire-related burn injuries annually (41). Of paramount importance to treating deep
dermal injuries is wound closure. However, often times, even when wound closure is
6

attained, it can come at the expense of aesthetic and functional impairments (42-44).
Burn injuries can be one of the most difficult types of insults to manage, as fluid loss
and tissue damage, combined with wound infection and potential systemic immune
response can lead to sepsis and organ failure (45, 46).
Currently, the gold standard of treatment for deep burn injuries are skin grafts,
which are defined as cutaneous tissue taken from a donor site and transplanted onto a
recipient site. Skin grafts can be divided into two general categories: full-thickness skin
grafts (FTSG) and split-thickness skin grafts (STSG). Full-thickness skin grafts contain
the epidermis and entire dermis, while STSG contain the epidermis and varying
thicknesses of the dermis. Within each category, there are a number of different types
of grafts.
The use of skin grafts originated around 3000 years ago in India (47, 48). Over
time, there were only few reports for their application until 1869 when the technique was
rediscovered and revamped by Reverdins advent of pinch grafts (49). Using a scalpel,
Reverdin pinched and excised a piece of skin that was subsequently transplanted on a
patient with limb loss. These islets of skin grafts were reported to accelerate healing, but
the problem of contracture remained. The turning point of skin grafts was between when
Leopold Ollier and Carl Thiersch invented the dermoepidermal grafting technique,
known today as split-thickness skin grafts, using a razor to control the thickness of the
dermis. Ollier-Thiersch protocol proposed the excision of granulation tissue before
placing the graft on the wound bed. Between 1875-1893, application of FTSGs were
indicated in various medical specialties, including ophthalmology, neurosurgery, and
plastic surgery. From 1914-1950s, instrumental and technical refinements, such as
7

instruments with improved control of dermal thickness and mechanical dermatomes,
were introduced to facilitate the process of skin grafting. In 1964, Tanner and Vandeput
revolutionized treatments for burn and reconstructive surgeries by introducing meshed
skin graft (discussed in section 1.2.2) to cover large wounds (50).
Each type of skin graft has benefits and limitations, and their applications vary
depending on the site and size of the wound. Split-thickness skin grafts can thrive with
less recipient wound bed vascularity due to lower metabolic demands, but are more
likely to undergo a greater overall contracture (51, 52). Further, STSG are more
susceptible to trauma and may pigment abnormally (peripheral hypopigmentation and
graft hyperpigmentation) (53-55). In contrast, FTSG require a rich vascularized wound
bed, not only due to nutritional requirements, but also to promote a collagenous matrix
that adheres to recipient wound bed (55).

1.2.1 Healing stages of autologous skin grafts
When skin grafts are transplanted onto the wound bed, the ‘take’ of the graft is not
guaranteed. Once transplanted, a thin layer of fibrin attaches the graft to recipient site.
However, the harvested graft undergoes a period of ischemia. In the first 24-48 hours,
imbibition prevents the desiccation of skin through passive diffusion of serum (56). In
this process, the graft becomes edematous and can gain as much as 37% of its initial
weight (55, 56). This is proposed to be mediated by extracellular molecules, such as
proteoglycans, which absorb water and ions from the wound bed (57). The purpose of
this process is thought to allow for graft survival before vascularization is established.
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An evolving discussion in the literature is the mechanism by which vascularization
occurs between the recipient wound bed and skin graft. Over approximately 50 years,
two theories have been put forward; One is inosculation, or the direct connection of
severed vessels from skin graft vasculature to host wound bed (58-65). Another theory
is neovascularization, or de novo angiogenic ingrowth of vessels from the wound bed
into the graft (66-70). Although there has not been a clear consensus in more than half
a century, recent studies utilizing new genetic techniques have begun to elucidate the
mechanism of vascularization. In one study using transgenic tie2/lacZ mice as recipient
and FVB/N (control) mice as skin graft donor, the authors were able to show vascular
ingrowth occurs from the periphery of the skin graft towards the center from day 3 to 21,
with inosculation occurring at day 7 (71). In a reciprocal model using tie2/lacZ mice as
donor and FVB/N mice as recipient, the authors showed donor vessel regression
occurred as early as day 3, and complete regression of peripheral vessels by day 7.
However, the central portion of the graft vessels remained intact until the terminal point
of the study (day 21). In contrast, another study published the same year using
fluorescein isothiocyanate (FITC) showed vessel anastomoses at the center of the graft
after 2 days (72). Based on studies in the past 50 years, and the ex-vivo studies
described, it is probable that a combination of both theories are part of this process.
Future studies utilizing in-vivo visualization of blood vessels will provide insight into the
mechanisms underlying skin graft vascularization (73).
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1.2.2 Meshed skin grafts
Split-thickness meshed skin grafts (MSGs) are the gold-standard for treatment of
large burn injuries (74). The meshed skin graft (MSG) was first described by Tanner and
Vandeput in 1964 as a method to expand skin grafts, and has been utilized as the
standard of care to date (75). Surgeons utilize special meshing devices to achieve
expansion ratios of 1:1, 1.5:1, 2:1, 3:1, 4:1, 6:1, and 9:1 (76, 77). The length of void
areas in MSGs is directly related to these expansion ratios (78).
The use of MSGs allows one to use a smaller donor area per given recipient
wound area. Further, MSGs take well and conform to complex and uneven surfaces, in
addition to providing void areas for serum or exudate drainage, thereby ensuring better
graft take and increasing resistance to infection (50, 76). Granulation tissue developing
at fenestrated sites, in combination with tie-over dressing, help immobilize the graft (79).
However, fenestrated sites heal by secondary intention, leading to a fishnet-like scar
formation and aesthetically undesirable outcomes (76, 80). Despite the drawbacks,
MSGs remain the current standard of care due to their ease of use and efficacy in
treating large burn injuries.

1.3 Experimental animal models of wound healing
1.3.1 Mouse as an animal model
The primary goal of research animal models is to attempt to create conditions
emulating the complexity of wound healing. Thus, an animal model capturing the
physiology and pathology underlying human wound healing is essential (10). To date,
mice represents the most popular animal model to examine wound healing outcomes
10

for several reasons. Mice have been historically utilized to elucidate disease pathology;
as a result, mice models can provide effective ways to minimize differences and
confounding variables by matching the age, weight, sex, and genetic differences in a
study (10). In addition, mice are easy to handle, reproduce rapidly, and provide a costeffective framework to increase the number of replicates, thereby improving power and
statistical validation of studies (10, 81). Finally, antibodies and transgenic mice are
readily available, facilitating the expenditure of time and finances for a given study (82).
Despite the advantages of mice models in wound healing, there are key
interspecies differences which lead to challenges when attempting to bridge the gaps
between human and mice. First, due to the presence of a thin intradermal muscle layer,
panniculus carnosus, and relatively weak adherence of the dermis to the subcutaneous
tissue, mice wounds heal by contraction (82, 83). The second notable difference is the
dense hair coat mice adopt, which allows for faster epithelialization of wounds since the
hair follicles surrounding the wound can aid in the process of epithelialization.
Due to the wide use of mice in wound healing research, Gerber et al. (2014) set
out a study to compare the expression of human and mouse transcriptomes using the
genome wide database (84). After generating a list of human skin-specific genes and
comparing them to mouse, the authors found a total of only 30.2% identity between the
two species. Most of the shared genes encoded structural and barrier proteins, such as
genes related to keratin family, and cell-cell junction.
Although mice appear to provide a great model for wound healing due to the
availability of tools and ease of use, their translational potential has been limited in
providing effective therapies for treating various types of wounds (10). Comparatively,
11

rats represent the second most popular animal model used in recent wound healing
studies (82). However, due to the similarities in wound healing physiology of rodent
models, mice are generally preferred. Further, mutant mice models are more readily
available compared to rat models.

1.3.2 Porcine as a model of wound healing
Pig and human skin are similar in many aspects with regards to skin physiology
and wound healing. First, when compared to humans, pigs show a similar epidermal
thickness and turnover, in addition to distribution of blood vessels in the dermis and
expression of keratinous proteins (82). Further, one of the most important distinctions
between pig and mouse models of healing is that pig wound healing occurs primarily
through epithelialization than contraction. Pigs also reveal an alarming 78%
concordance with human studies, whereas mice only show a 53% concordance (85).
However, the use of pigs as an animal model does come with challenges as pigs
require training, a dedicated vivarium and staff, and the availabilities of antibodies and
growth factors are limited (86). Further, economic constraints due to limited funding has
led to slower progress and lower priority placed on using translatable animal models in
basic research (82). Thus, despite the advantages of pig models, the majority of
publications since the 1960s have utilized rodent models to examine wound healing
(figure 1.2 A). Further, limited funding, combined with increasing costs associated large
animal care has added to the lower use of pig models in wound healing research (figure
1.2 A,B)
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As explained above, animal models can make a major impact on the results and
progress of translational research. Studies using mice as an animal model have led to
invaluable data, providing insights into mechanisms and pathophysiology involved in
wound healing. However, the pitfalls and limitations of one animal model can be
compensated for by utilizing a more suitable and representative animal model, such as
pigs. Doing so can lead to faster transition of studies from bench to bedside, and
ultimately better patient care.

Figure 1.2. Trends and costs associated with animals in burn research.
Publications and costs associated with animals in wound healing research. A: Number
of publications for each species in the PubMed database since the 1960s. B: The cost
(in Canadian dollars) associated with housing, delivery and purchase of each species
for 30 days. Figure adopted from Abdullahi, Amini-Nik, Jeschke, Cellular and Molecular
Life Sciences, 2014. Permission obtained (82).
13

1.4 Skin substitutes in wound healing
The wound healing timeline is contingent on the extent of dermal injury. Prompt
care in burn injuries are crucial, not only to prevent wounds from infection, drying, and
increasing in severity, but also to minimize scar appearance once wounds have healed
(87). Unfortunately, deep dermal injuries covering a large portion of the body often
result in scar tissue and deformities, and correctional surgeries are confined in
achieving optimal aesthetic outcomes. Thus, upon insult, the ideal situation is to induce
skin regeneration promptly.
Skin substitutes have attempted to fulfill this role; however, products in the
market, such as human cadaveric allografts, semi-synthetic (Biobrane®), and
bioengineered membranes (TransCyte®) can be either expensive, allogenic, vary in
quality, difficult to obtain, or a combination of the above factors (77, 88). Further, most
skin substitutes available in the market are pre-formed constructs, which can limit their
application in complex wounds containing irregular surfaces.
Thus, an ideal skin substitute should adopt clinically feasible and biocompatible
characteristics. From a clinical standpoint, skin substitutes should be shelf-ready, easy
to store, conform to complex shapes and pores of wounds, and maintain a moist
environment in wounds (89). Further, biocompatibility will allow products to integrate
well with surrounding tissue while minimizing antigenicity. Skin substitutes should also
provide a temporary scaffold, with controlled degradation, to induce fibroblast infiltration,
faster epithelialization, and promote collagen synthesis.
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1.5 Previous findings
A major limitation in collagen skin substitute fabrication is the gelation
temperature and time. Previously, our lab synthesized an in-situ forming hydrogel,
called MeshFill (MF), by stabilizing cross-linked collagen:glycosaminoglycan (GAG)
matrix with polyvinyl alcohol (PVA), polyethylene glycol (PEG), and borates (90). This
mixture permitted lyophilisation of this mixture, reconstitution in distilled water, and
subsequent gelation at a working range of 30 ºC- 37 ºC in approximately 15 minutes
(90, 91). Further, this hydrogel adopted a significantly higher tensile strength when
compared to crosslinked and uncrosslinked collagen:GAG matrices with/without borates
(91). Indeed, as opposed to a gel-slurry, this hydrogel can be sutured, similar to preformed solid scaffolds (90). In-vitro studies of MF revealed its resistance to contraction
when cultured with fibroblasts derived from healthy patients and patients with
hypertrophic scars (92). In addition, while high cellularity and contraction is associated
with tissue fibrosis, MF reduced cell proliferation and contraction without compromising
the viability of primary fibroblasts and keratinocytes. By applying MF to a rabbit ear
wound healing model, our group also showed improved wound healing outcomes on
multiple factors. Clinically, the application of MF reduced scar elevation index. However,
immunofluorescence results showed reduced T-lymphocyte infiltration, better cutaneous
vascular perfusion and innervation of the dermis.

1.6 Hypotheses and objectives
The goal of this master’s thesis is to examine the wound healing outcomes of an
in-situ collagen composite hydrogel in a porcine model. In our previous findings, we
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reported that the application of MF resisted contraction in-vitro, while reducing cell
proliferation, scar elevation index, cellularity, and improved vascular perfusion and
innervation in-vivo. Transitioning towards a wound healing model that closely resembles
human skin physiology, we used Yorkshire pigs to examine the application of MF in fullthickness wounds. As mentioned previously, void areas in MSGs heal by secondary
intention, leading to contraction and ultimately a fishnet-like scar formation. Thus, we
examined whether the addition of MF in void areas would permit better aesthetic
outcomes of healing.
My overall hypothesis for this project is that the application of this hydrogel,
named MeshFill (MF), improves healing outcomes of a full-thickness wound model in
Yorkshire pigs.

Objective 1
Examine wound healing outcomes of MF in full-thickness excisional wounds.
These

parameters

include

epithelialization,

contraction,

histology,

and

immunohistochemistry experiments characterizing healing outcomes.

Objective 2
Assess the aesthetic and wound healing outcomes when combining MSGs and
MF through blinded clinical evaluations, contracture analysis, histological and
immunohistochemical staining.
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Chapter 2: Examining the application of an in-situ forming hydrogel in fullthickness excisional wounds in Yorkshire pigs
2.1 Introduction
Acute burns or large wounds may compromise skin function. In these cases,
patients are in an immediate need of wound coverage to reduce their chances of
infection, and promote regeneration and repair (93). Wound care is a large financial
burden on healthcare, costing $25 billion dollars (USD) per annum in the United States
(US) (94). It has been estimated that the average cost of a patient with burn injury is
nearly $90,000 (USD) in high-income countries (95). Therefore, a demand for a
clinically feasible product that would help patients regain functional tissue with an
aesthetically desirable outcome is paramount.
To date, the most common clinical approach in covering full-thickness burn
injuries is using allografts and autografts (96). Allografts are often utilized as temporary
wound coverage as the host tissue elicits an immune response against foreign antigens
of the graft (97). On the other hand, the use of autografts for treatment of large burn
injuries can be challenging due to the limited availability of healthy donor sites.
To improve caveats existing in these grafts, various skin substitutes have been
introduced in the field of tissue engineering. A skin substitute is a biological skin that
serves to restore aspect(s) of skin function (fluid drainage, moisture, and
epithelialization) (93). There are various types of skin substitutes in basic research,
clinical trials, and even commercially available skin substitutes. These include epidermal
and dermal analogs (Biobrane®, Integra®) and skin substitutes seeded with fibroblasts
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or keratinocytes (Dermagraft®, Apligraft®, Orcel®, Epicel®, Stratagraft®) (96, 98). The
problem with many of these products is that they are manufactured as pre-formed
sheets, making them unsuitable for conforming to wounds with irregular surfaces and
pores, thereby increasing the chances of complications associated with tissue
integration (90). Other limitations in bioengineered scaffolds include reduced
vascularization, poor mechanical integrity, and antigenicity (99). Therefore, these
factors impede the use of some skin substitutes, increasing the demand for alternative
therapeutics.
Tissue engineering innovations have led to the development of hydrogels to treat
injuries of the skin, skeletal muscle, heart, bone, and spinal cord (100). Simply,
hydrogels are cross-linked molecules that can absorb water without dissolving (101). As
scaffold preparation is one of the core facets of tissue engineering, hydrogels should
provide moisture while being malleable and exhibiting mechanical properties (strength,
viscosity, elasticity). Polymers used in hydrogels can be derived from natural (collagen,
fibrin, gelatin, alginate) or synthetic sources (polyglycolic acid, poly-ß-hydroxybutyrate,
polycaprolactone) (102).
Collagen and its recombinant forms represent the most popular polymers used in
hydrogels due to their cross-linking ability, mechanical strength, biocompatibility, and
low antigenicity (102). For hydrogels to be clinically applicable in chronic wounds and
burn injuries, an in-situ forming scaffold is preferred to ensure coverage of tunnelled
areas or irregular surfaces present in the wound (90). Previously, we have shown that a
freeze-dried polyvinyl alcohol (PVA)-polyethylene glycol (PEG)-collagen composite
scaffold permitted gelation in-situ subsequent to reconstitution in water (90). Translating
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this PVA-PEG-collagen hydrogel to an in-vivo rabbit ear model, our group has shown
improved wound healing outcomes in scar elevation index, vascular perfusion, and
cutaneous innervation (92). In order to transition towards a patient-ready in-situ forming
hydrogel, we sought to assess the application of MeshFill (MF) in a full-thickness
porcine model.

2.2 Methods
2.2.1 Cell culture and viability
MeshFill (MF) was synthesized as previously described (figure 2.1) (90, 92).
Before conducting our animal model experiments, MF was examined for toxicity.
Foreskin samples were obtained from healthy individuals undergoing elective
circumcision, and fibroblasts were subsequently harvested as previously described
(103). Fibroblasts (passages 3-5) with triplicates from three different donors were
utilized for this experiment. After cultured fibroblasts were trypsinized, neutralized with
dulbecco’s modified eagle medium (DMEM), and centrifuged at 1400 revolutions per
minute (RPM) for 5 minutes, 2.5 x 105 fibroblasts were mixed with 200 µl of hydrogel
after being reconstituted in distilled water. Cells suspended in hydrogels were
subsequently transferred to a 48-well culture plates and incubated at 37ºC to allow
gelation to occur (gelation time: 10-20 min). After wells were examined for complete
gelation, 300 µl of DMEM supplemented with 10% fetal bovine serum and 1% antibioticantimycotic was added on top of each well.
Cell viability was assessed after 2, 4, 7, and 14 days using the Live/Dead®
viability/cytotoxicity assay kit for mammalian cells. This assay utilizes ethidium
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homodimer (EthD-1) and calcein AM to stain for dead cells and live cells in red and
green respectively. In order to conduct this assay, gel-cell mixtures were washed three
times with 1x phosphate buffered saline (PBS) solution. Subsequently, a mixture
containing 2 μM calcein AM and 4 μM EthD-1 was added to each well, and incubated
for 30 minutes at 37ºC. Cell viability was visualized using a Zeiss Axiovert 200M
fluorescence microscope or Zeiss AxioObserver.Z1 inverted confocal microscope.
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Figure 2.1. Hydrogel fabrication. The following procedure explains the process of
synthesizing, freeze-drying, and reconstituting hydrogel in distilled water to apply on
wound bed or in cell culture. Adopted from Hartwell et al., Biomedical Materials, 2016.
Permission obtained (90).
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2.2.2 Animal model- anesthesia and handling
All animals in this study were employed in accordance with protocols approved
by the University of British Columbia (approval number: A12-0296). Following
quarantine and clicker training, four female Yorkshire pigs (20-30 kg) were fasted for 1824 hours with free access to water prior to surgery. Pigs were then anesthetized using a
combination of ketamine and midazolam induction, and isoflurane maintenance.
Propofol was added as needed to decrease isoflurane requirements. Prior to wound
generation, buprenorphine (0.02-0.05 mg/kg) was administered subcutaneously (SQ).
During

surgery,

pigs

were

monitored

with

echocardiogram,

pulse

oximeter,

capnography, temperature probe, and blood pressure monitor. With veterinary consult,
buprenorphine (0.02-0.05 mg/kg SQ) and/or meloxicam (0.3 mg/kg) was administered
as needed for pain management post-operatively for 3-5 days.

2.2.3 Animal model- wound excision model
Four Pigs were placed prone, and the dorsum of pigs were shaved and washed
with chlorhexidine solution (5 mg/ml). Pig wounds were pre-marked with a surgical pen
using a custom 4 x 4 cm flexible steel template and tattooed on the margins. Marked
sites were injected with epinephrine-saline solution (1:1000) prior to wound generation.
Five full-thickness wounds, spaced 2 cm apart, were excised with a scalpel on the apex
of the curved dorsal surface proximal to the midline, on each side of the pigs (10
wounds/pig). Generated wounds were divided into: no treatment (NT) (n=8), MeshFill
(MF) (n=8), meshed Skin graft (MS) (n=6), meshed skin graft combined with MeshFill
(MS+MF) (n=8). Gels were pre-warmed in a 37 °C incubator for 10 minutes, and 1.6 mL
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of gel was added to the wound bed of MS and MS+MF group to allow for gelation to
occur in-situ. The results from MS and MS+MF groups will be discussed in Chapter 3.

2.2.4 Dressing changes and tissue processing
Wound site dressings were changed every 5 days until all wounds were closed
(≈40-50 days). Wounds and donor sites were washed with saline and covered with
Mepitel® film dressing. Moist gauze, followed by dry gauze was placed on top of this
dressing. Wound sites were jacketed with 3M Reston™ Self-Adhering Foam, with
sutures placed around the foam to affix the dressing layers and protect the wounds. To
keep the underlying layers intact, an additional net (Surgilast® Tubular Elastic Dressing
Retainer) was utilized and stapled to the adherent foam. The third level of coverage
consisted of 3M VetWrap™ to exert a mild pressure on the wound and keep grafts
attached to the wound bed. Finally, the edges of the wrapping were secured with
elastomer tape circumferentially around the torso.
For consistency, on days 10 and 20, 4 mm punch biopsies were taken from the
same areas (0.5 cm from the bottom left or top right edge) of the NT and MF groups.
Animals were euthanized on day 60 according to our protocol approved by the UBC
animal ethics committee. Immediately after euthanizing the pigs, another set of 10 mm
punch biopsies were taken from 0.5 cm margin of adjacent healthy skin.

2.2.5 Analysis of wound surface area and scar formation
Wound surface area was assessed on days 10 and 20, and scar surface area
was determined on the final time point of the study (day 60). Digital photographs of
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wounds and scars were taken with Canon PowerShot SX710 HS. Rulers were placed
beside wounds in each photograph as a reference for analysis. Surface area (measured
in cm2) of wounds were normalized to the initial wound surface area, and expressed as
a percentage. Digital photographs were analyzed using the ImageJ software.

2.2.6 Histology
Tissues were fixed in 10% formalin overnight and paraffin blocks were used for
histological evaluation. Sections 5 µm thick were cut and stained with hematoxylin and
eosin (H&E). Slides were scanned with Lecia Aperio CS2 slide scanner for analysis.

2.2.7 Epithelialization
Epithelialization was quantified via histology and a clinically blinded evaluation on
10 and 20 days post-surgery. Histologically, wounds with an epidermal layer covering
the width of 4 mm punch biopsies were considered closed, whereas wounds with either
partial or no epidermal layer were considered open. Gross estimation of epithelialization
was conducted by a blinded plastic surgeon using digital photographs of wounds.

2.2.8 Tissue cellularity
Slides stained with hematoxylin were scanned using Leica Aperio CS2, and 3-5
high power field (HPF) snapshots were taken at 200x using the Aperio Imagescope
software. Tissue cellularity was quantified using ImageJ by setting a scale for the
smallest nuclei as a reference, and counting cells through an automated output. Data
generated from day 10 and 20 samples were normalized to healthy skin punch biopsies
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taken from the rostral or caudal dorsum of pigs, and expressed as a percentage. Day 60
data was normalized to adjacent healthy skin cellularity, and expressed as a
percentage.

2.2.9 Epidermal thickness
Using Aperio Imagescope software, 5 measurements were taken from the
epidermis in the scar area and adjacent healthy skin for each replicate on day 60.
Averages were taken from each sample, and utilized to estimate the epidermal
thickness of each group. Epidermal thickness was normalized to the adjacent healthy
skin and expressed as a percentage.

2.2.10 Immunohistochemistry
Tissue sections 5 µm thick were cut, deparaffinized, and rehydrated. Next,
antigen retrieval was performed by cooking slides in Tris-EDTA buffer (100 mM tris
base, 1 Mm EDTA, 0.05% tween 20, ph 9.0) for 20 minutes, followed by 30 minutes of
cooling at room temperature. Slides were rinsed in distilled water, and cell membranes
were penetrated using Tris-buffered saline containing 0.1% Triton-X 100 (0.1% TBS-T)
for intracellular proteins. Slides were subsequently washed two times with 0.025% TBST and blocked with 10% normal goat serum and 5% bovine serum albumin (1:1) for one
hour. Tissue sections were incubated with either CD31 (1:100 dilution, Abcam,
ab28364), CD3 (1:150 dilution, Abcam, Ab16669), or α-smooth muscle actin (1:100
dilution, Abcam, Ab5694) overnight at 4°C. On the second day, sections were washed
three times with 0.025% TBS-T, followed by 0.3% Hydrogen peroxide to minimize non25

specific binding of intracellular peroxidase. Sections were incubated with goat antimouse (1:1500 dilution, Vector Laboratories, BA-9200) or goat anti-rabbit biotinylated
secondary antibody (1:1000 dilution, Vector Laboratories, BA-1000), rinsed three times
with 0.025% TBS-T, incubated with avidin-biotin complex (ABC) kit (Vector
Laboratories, PK-6100) for 10 minutes, and developed with DAB peroxidase substrate
kit (Vector Laboratories, SK-4100). Slides were counterstained with hematoxylin,
dehydrated, and mounted using Permount™ mounting medium (Fisher Scientific).
Three to five High-power field (HPF) images were taken at 200x from upper to lower
dermis using Aperio Imagescope, and analyzed using the ImageJ software.

2.2.11 Statistical analysis
Data were expressed as mean ± standard error of the mean (SEM) of five or
more independent observations. Statistical significance was calculated using a twotailed unpaired t-test or a Fisher’s exact test. P-values < 0.05 were considered
statistically significant.

2.3 Results
2.3.1 Cell viability
Prior to conducting the animal model for this study, we examined the viability of
fibroblasts in MF. Fibroblasts were stained with a mixture of Calcein AM (green to
indicate viability) and EthD-1 (red to indicate dead cells) to assess cytotoxicity. As
shown in figure 2.2 A, the majority of fibroblasts remain viable up to the end-point of the
study (14 days). Due to uncertainty associated with visualizing cell viability in 3D
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matrices using inverted fluorescence microscopes, this experiment was repeated on
day 4 using a confocal microscope with z-stack optical sections. As a positive control,
0.05% saponin was used to visualize dead cells in a 3D matrix (figure 2.2 B). As seen in
panel B, the majority of fibroblasts stained positive for Calcein AM (green), indicating
they are live and viable. Further, within this matrix, embedded fibroblasts had a
characteristic spindle shape showing their attachment to the network of fibers present in
this scaffold.

Figure 2.2. Fibroblast viability in MeshFill. (A) Viability of fibroblasts in MeshFill (MF)
on days 2, 4, 7, and 14 using inverted fluorescence microscopy (green= live, red= dead)
(n=3). (B) This assay was repeated on day 4 with 0.05% saponin as a positive control
and imaged using confocal microscopy (n=3). Scale bars represent 500 µm (A) 100 µm
(B).

2.3.2 Wound surface area
To assess whether healing occurred through contraction or epithelialization, we
first examined wound surface area on days 10 and 20 post-surgery (figure 2.3 A,B).
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Results from day 10 samples revealed no significant differences between MF-treated
wounds and NT wounds (51.00 ± 5.93 vs 43.00 ± 4.76 %). However, the results from
day 20 samples showed a significantly larger surface area of MF-treated wounds
compared to NT wounds (23.01 ± 3.10 vs 13.83 ± 2.12 %, p = 0.01).

Figure 2.3. Quantification of wound surface area. (A) Clinical appearance of no
treatment (NT) and MeshFill (MF) wounds on days 10 and 20 post-surgery. (B)
Corresponding quantification of wound surface area (n=7-8, p = 0.01).

2.3.3 Epithelialization
Histological evaluation of epithelialization showed that 25 % of the NT and MF
punch biopsies were epithelialized by day 10 (figure 2.4 B). Interestingly, samples from
day 20 punch biopsies revealed that 50% of MF-treated and 12.5 % of NT wounds were
epithelialized (figure 2.4 A,C). However, no significant differences were observed in
either day 10 or 20 samples with regards to histological evaluation of epithelialization.
Further, a plastic surgeon blinded to wound photographs estimated the percentage of
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epithelialization. Results revealed no significant differences in gross estimates of
epithelialization (figure 2.4 D). However, the clinician noted that 12.5 % of MF-treated
wounds and 62.5 % of NT wounds healed through contraction.

Figure 2.4. Histological and clinical evaluation of epithelialization. (A) Microscopic
histology of no treatment (NT) and MeshFill (MF) groups 20 days post-surgery. (B,C)
The percentage of closed (epithelialized) and open (not epithelialized) wounds on (B)
day 10 and (C) day 20. (D) Blinded estimation of epithelialization using digital
photographs (n=8, p > 0.05). Scale bars represent (I.) 500 µm and (II.) 200 µm

2.3.4 Tissue cellularity
Tissue cellularity was examined through HPF images of punch biopsies stained
with hematoxylin (figure 2.5 A-D). The results showed no significant differences in tissue
cellularity between MF-treated wounds and NT wounds on day 10 (391.85 ± 23.72 vs
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415.15 ± 32.61 %) and day 20 (319.44 ± 13.02 vs 342.77 ± 43.07 %) samples when
normalized to healthy skin (figure 2.5 A,B). Although not significant, the tissue cellularity
of MF-treated samples taken on day 60 were 20 % lower than NT wounds (118.31 ±
14.01 vs 149.17 ± 24.87 %) when normalized to adjacent healthy skin.

Figure 2.5. Quantification of tissue cellularity on days 10, 20, and 60 post-surgery.
(A,C) Photomicrograph images of hematoxylin staining depicting cellularity in no
treatment (NT) and MeshFill (MF) groups on days 10, 20, and 60. (B,D) Corresponding
quantification of dermal cellularity on days 10, 20, and 60 (n=5-8, p > 0.05). Scale bars
represent 200 µm.

2.3.5 CD31 immunohistochemistry
The presence of vessel-like structures was examined in

wounds

by

staining

tissue sections for the endothelial cell marker cluster differentiation 31 (CD31) (figure
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2.6). The results of samples taken on day 10 post-surgery showed no significant
differences between the number of vessel-like structures in MF-treated and NT wounds
(23.55 ± 1.34 vs 27.77 ± 2.67 vessels/HPF). However, a marginal reduction in vessellike structures of MF-treated wounds was observed in day 10 samples. Further, there
were no significant differences in the number of vessel-like structures in MF-treated and
NT wound samples taken on day 20 (20.20 ± 2.62 vs 20.63 ± 3.00 vessels/HPF).

Figure 2.6. Quantification of vessel-like structures in the dermis on days 10 and
20 post-surgery. (A) Photomicrograph images and (B) corresponding quantification of
CD31 immunohistochemistry showing vessel-like structures in the dermis of no
treatment (NT) and MeshFill (MF) samples on days 10 and 20 (n=6-8, p > 0.05). Scale
bars represent 200 µm.

2.3.6 CD3 immunohistochemistry
Infiltration

of

T-lymphocytes

was

evaluated

in

wounds

using

CD3

immunohistochemistry. The results shown in figure 2.7 (A-C) revealed that wounds
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treated with MF had a 30 % reduction in CD3+ T cells compared to NT wounds (6.39 ±
0.88 vs 9.12 ± 1.45 %) on day 10, and a 23 % reduction (7.01 ± 0.61 vs 9.13 ± 1.45 %)
in CD3+ T cells in day 20 samples. However, these differences were not significant on
both day 10 and 20 samples.

Figure 2.7. Quantification of T-lymphocytes in the dermis on days 10 and 20 postsurgery. (A,B) Photomicrograph images show merged and color deconvoluted images
depicting diaminobenzidine (DAB) staining for CD3 T-lymphocytes and hematoxylin
staining showing nuclei in no treatment (NT) and MeshFill (MF) group. (C)
Corresponding quantification of CD3+ cells in the dermis (n=5-8, p > 0.05). Scale bars
represent 200 µm.
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2.3.7 α-SMA immunohistochemistry
Due to the differences in wound areas seen in figure 2.3, we were interested to
examine the presence of myofibroblasts in tissue samples using α-SMA staining. As
seen in figure 2.8 (A,B), the upper dermis showed a high number of vessel-like
structures strongly stained with α-SMA. The majority of cells present within the middle to
lower dermis stained positive for α-SMA on both days 10 and 20. Qualitatively, no
differences in the number of α-SMA expressing cells in MF-treated wounds and NT
wounds were observed in day 10 or day 20 samples.
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Figure 2.8. Presence of dermal myofibroblasts on days 10 and 20 post-surgery.
(A) I. Photomicrograph images showing α-SMA immunohistochemistry and no primary
antibody (Ab) control in no treatment (NT) and MeshFill (MF) groups at 20x
magnification. II. Corresponding color-coded magnifications at 200x showing α-SMA
staining in the upper and lower dermis. Scale bars represent (I.) 2 mm and (II.) 200 µm
(n=8).
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2.3.8 Scar surface area
Scar surface areas were examined 60 days after surgery (Figure 2.9 A,B). The
results showed no significant differences in the scar surface area of MF-treated groups
when compared to NT wounds (4.15 ± 0.384 vs 4.54 ± 0.38 cm2).

Figure 2.9. Scar surfaces area analysis 60 days post-surgery. (A) Digital
photographs of scars shown on day 60 in no treatment (NT) and MeshFill (MF) groups.
(B) Corresponding quantification of scar surface area (n=8, p > 0.05).

2.3.9 Epidermal thickness
Hematoxylin and eosin (H&E) stained tissue were examined to determine
epidermal thickness 60 days after surgery (Figure 2.10 A,B). Though not significant,
MF-treated wounds epidermal thickness was 15% lower than NT wounds and more
comparable to adjacent healthy skin (140.00 ± 9.22 vs 165.00 ± 18.53 %).
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Figure 2.10. Epidermal thickness 60 days post-surgery. (A) Photomicrograph
histology images showing epidermal thickness of no treatment (NT) and MeshFill (MF)
groups. (B) Corresponding quantification of epidermal thickness on day 60 (n=5-7, p >
0.05). Scale bars represent 500 µm.

2.4 Discussion
It is well known that severe injuries, such as full-thickness burns, require early
excision of burn wound eschar and timely wound coverage (104). Failing to meet these
needs may make the wound vulnerable to infection, water and heat loss, and prone to
hypertrophic or excessive scarring (104, 105). An ideal skin substitute should provide a
moist environment and serve as a provisional matrix, allowing fibroblast and
keratinocyte migration to facilitate rapid epithelialization and extracellular matrix
production while minimizing scar formation (105).
The field of tissue engineering has erupted with various types of skin substitutes
to address these factors. As previously mentioned, most of these skin substitutes are
manufactured in a pre-formed sheet, making them undesirable and inefficient for clinical
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use (90). In order to address the needs for a clinically suitable skin substitute, our group
has designed a tissue compatible, in-situ forming hydrogel to serve as a provisional
matrix in healing wounds. In this pilot study, we examined the application of this
hydrogel in full-thickness wounds in a porcine model.
Our lab has previously shown that fibroblast cell cultures with MF resisted
contraction when compared to a standard collagen-GAG scaffold over a 7-day period
(92). Similarly, in this chapter, we showed that the application of MF significantly
resisted contraction on day 20 post-surgery (figure 2.3 B). Interestingly, these results
did not translate when the presence of myofibroblasts were examined qualitatively
through α-SMA immunohistochemistry (figure 2.8 A,B). As the quantification of this data
was prone to error due to the immense number of α-SMA+ cells throughout the dermis,
a suitable way to quantify this data in the future is through measuring fluorescence
intensity (106). These results could provide insight into in-vivo cellular mechanisms of
resistance to contraction when applying MF.
In this chapter, it was found that 50% of punch biopsies taken from the MF group
on day 20 showed complete epithelialization compared to only 12.5% in NT wounds
(figure 2.4 A,C). These differences prompted our group to quantify epithelialization of
the entire wound using digital photographs. However, when the percentage of
epithelialization was quantified by a blinded plastic surgeon, MF-treated wounds did not
reveal significant differences compared to the NT group. A potential reason for this
observation may be due to the small amount of hydrogel applied to the wound bed.
Based on histological measurements, the mean dermal thickness from healthy dorsal
skin was 4.96 ± 0.28 mm (n=12). The volume of hydrogel added (1.6 mL) represents
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only 20.17% of the wound cavity. Thus, the therapeutic benefit of the hydrogel may be
underscored due to the minute amount of gel added.
Other potential reasons for the lack of differences in epithelialization of MFtreated wounds is the dehydration rate of hydrogel scaffolds. As PVA is a well-known
polymer utilized in hydrogels, previous studies using varying concentrations of a PVAbased hydrogel have indicated that the thickness of gel added is inversely related to the
dehydration rate (107). Thus, hydrogels containing PVA-based polymers should be
reapplied at frequent intervals to prevent rapid drying of the wound bed. Indeed, in our
previous study using the rabbit ear model of hypertrophic scars, wound cavities were
completely filled with MF, and additional amounts of hydrogel was reapplied daily for the
first 4 out of 35 days of the study. The results showed an improved healing outcome in
scar elevation index, cellularity, and vascular perfusion and innervation. Ideally, future
studies should examine the dehydration and degradation rate of MF to minimize the
number of dressing changes and hydrogel reapplication.
In this chapter, we also examined tissue cellularity and identified the types of
cells present in wounds over the course of the study (figures 2.5-2.8). As previously
mentioned, the majority of cells in the dermis comprised of myofibroblasts in both NT
and MF-treated groups (figure 2.8 A,B). Further, we reported that MF-treated wounds
showed a pattern towards decreased tissue cellularity in day 60 samples (figure 2.5 D).
Similar patterns were observed in MF-treated wounds with regards to the number of
vessel-like structures (figure 2.6 A,B) and T-lymphocytes on day 10 (figure 2.7 A,B).
Thus, a possible explanation for these observations is that the presence of MF in the
first 10 days post-surgery accelerated the inflammatory phase and regression of blood
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vessels, but the degradation of MF over time ceased these outcomes. However, to
validate these propositions, fluorescent labelling of MF, in addition to evaluating
inflammation and vascularization at earlier time points (day 3 to 5) is required.
Without the use of skin grafts, scar formation is inevitable in large full-thickness
wounds. In figure 2.3 (A,B), we showed that MF significantly resisted contraction on day
20. As a result, we examined whether resistance to contraction would persist, leading to
a reduced scar surface area during the remodeling phase of wound healing. As seen in
figure 2.9 (A,B), MF-treated wounds revealed a marginally lower scar surface area
compared to NT group, but this difference was not significant. Additionally, the
epidermal thickness of MF-treated wounds was relatively lower than NT wounds and
more comparable to healthy skin (Figure 2.10 B). Based on these patterns, it would be
interesting for future studies to explore mechanisms leading to these results.
In conclusion, this pilot study has revealed the potential of an in-situ forming
hydrogel for treatment of full-thickness wounds. The application of minute amounts of
MF showed patterns in improved wound healing outcomes. A major limitation of this
study was the amount of hydrogel added to the wound bed, which could become
dehydrated or degraded, masking potential therapeutic benefits of MF. Based on the
patterns seen from this study, we hypothesize that reapplication of MF during dressing
changes could lead to better healing outcomes. Nonetheless, in the case of fullthickness wounds, the use of liquid scaffolds alone is not sufficient, and skin grafts are
required. In the next chapter, we will examine the aesthetic and wound healing
outcomes when combining split-thickness MSGs with MF.
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Chapter 3: Evaluating the aesthetic and wound healing outcomes of a
combination of split-thickness meshed skin grafts and an in-situ forming
hydrogel in full-thickness excisional wounds

3.1 Introduction
Patients suffering from burn injuries are not only affected physically, but their
mental well-being is also compromised. Previous studies have shown an association
between the extent of burn injury (superficial or deep burns), anxiety, and depression
(108). Further, patients from the ages of 5-18 years have reported decreased happiness
and life satisfaction with increasing number of visible scars (109).
The current gold-standard of care for large burn injuries is the split-thickness
meshed skin graft (MSG) (75). Developed by Tanner and Vandeput in the 1960s, MSGs
offered a convenient method for skin expansion in cases where the donor site
availability was limited (50). Meshed skin grafts can conform to irregular surfaces of the
wound bed (75). Additionally, the perforations present in MSGs permit fluid drainage,
thereby ensuring better graft take and increasing resistance to infections (80). However,
the perforated sites contract as granulation tissue develops, ultimately leading to
aesthetically undesirable outcomes.
Previous studies examining healing of MSGs in pre-clinical animal models have
primarily utilized cultured keratinocytes to accelerate epithelialization (110, 111). A
study done by Sharpe’s group found that the combination of cultured keratinocytes and
MSGs accelerated epithelialization and reduced contractures in large white pigs (110).
Comparably, another study conducted on a rat animal model found that faster
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epithelialization occurred when using cultured keratinocytes with MSGs (111).
However, in these articles, the authors did not report differences in the aesthetic
outcomes of healing when cultured keratinocytes were combined with MSGs. In
addition, the practical application of cultured keratinocytes in clinics are questionable as
it is expensive, time-consuming, and requires a laboratory specialist (110).
As a result, other methods in improving healing and aesthetic outcomes of MSGs
should to be explored. To date, the aesthetic outcomes of fishnet-like scarring in MSGs
is understudied in pre-clinical animal models. Therefore, in this chapter, we examined
whether the combination of autologous MSGs plus our liquid scaffold, MeshFill (MF),
improved wound healing and aesthetic outcomes of full-thickness wounds in a preclinical porcine model.

3.2 Methods
For details on the animal model, dressing changes, wound surface area analysis,
and immunohistochemistry, please refer to Chapter 2 (section 2.2).

3.2.1 Harvesting and meshing skin grafts
Donor sites (maximum 4 x 9 cm on each side) were generated along the pig’s rib
cage using a Zimmer® electric dermatome with a 2” guard set at a thickness of 20/1000
inches (0.508 mm). The harvested skin was placed on a sterile, disposable carrier, and
meshed in a 3:1 ratio using the Zimmer® skin mesher. Meshed skin (MS) was
subsequently cut into sized-matched pieces corresponding to the wound with 10%
overlap on the edges, and stapled onto the wound margins. Eight replicates from the
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MS+MF group received 1.6 mL of MF, a sufficient amount to fill the void areas of
meshed skin grafts. Gels were pre-warmed in a 37 °C incubator for 10 minutes and
added to the wound bed to allow gelation to occur in-situ.

3.2.2 Evaluation of aesthetic outcomes
Five evaluators, comprised of a dermatologist and four medical students, were
given a learning module providing background information on the objectives of the study
and detailing the outcome variables being assessed in this evaluation. Participants were
blinded to digital photographs of MS and MS+MF groups on day 60, and asked to
evaluate the following three variables after reviewing the learning module: clinical
appearance, contracture, and redness of wounds. Scores ranged from 1 to 5, and the
higher the score, the better the outcome, with the exception of contractures, where a
higher score indicated an increased subjective evaluation of contractures. With each of
the three variables, the learning module described the problem (e.g. the appearance of
fishnet like scars when examining clinical appearance) and provided example images.
Further, the evaluators were also asked to examine all wounds before scoring each
digital photograph of wounds individually, thereby providing a relative score for each
image. The scores of each evaluator was summed and divided by the highest possible
score to provide results expressed as percentages (e.g. given 6 images scored from 1
to 5, the highest possible score would be 30). This was done for both MS and MS+MF
groups. The mean score for a variable was taken among evaluators and reported as
mean ± standard error of the mean (SEM).
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3.2.3 Tissue cellularity
Due to the lack of a flattened epidermis and uncertainty with discerning scar
tissue, hematoxylin and eosin (H&E) staining was used to localize scar tissue present in
the MS and MS+MF groups on day 60. Tissue cellularity was assessed as described in
Chapter 2 (section 2.2.8)

3.2.4 Epidermal and dermal thickness
Using Aperio Imagescope software, 5 measurements were taken from the
epidermis and 3 measurements from the dermis in the scar area and adjacent healthy
skin of day 60 samples. Averages were taken from each sample, and utilized to
estimate the epidermal and dermal thickness of each group. Both epidermal and dermal
thicknesses were normalized to the adjacent healthy skin and expressed as a
percentage.

3.2.5 Statistical analysis
Data were expressed as mean ± (SEM) with five or more independent
observations. Statistical significance was calculated using a two-tailed paired t-test for
evaluation of aesthetic outcomes, and an unpaired t-test for wound surface area,
immunohistochemistry, cellularity, and epidermal and dermal thickness. P-values < 0.05
were considered statistically significant.
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3.3 Results
3.3.1 Evaluation of aesthetic outcomes
Three variables were assessed in these evaluations: clinical appearance,
contracture, and redness (figure 3.1 A,B). As shown in panel A, the clinical appearance
of MS+MF groups markedly improved when compared to MS wounds. Blinded
evaluations of wounds confirmed this observation, demonstrating significantly higher
scores on clinical appearance of the MS+MF photographs when compared to the MS
group (74.00 ± 4.51 vs 63.33 ± 4.60 %, p = 0.04) (figure 3.1 B I.). Similarly, contractures
were significantly reduced in the MS+MF photographs when compared to that of the MS
group (28.50 ± 3.50 vs 40.67 ± 4.64 %, p = 0.007) (figure 3.1 B II.). However, the wound
redness (figure 3.1 B III.) did not differ significantly for the MS+MF photograph
evaluations when compared to the MS group (61.50 ± 4.85 vs 64.00 ± 2.87%).
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Figure 3.1. Blinded evaluations of aesthetic outcomes 60 days post-surgery (A)
Clinical appearance of meshed skin (MS) and meshed skin + MeshFill (MS+MF) group
on day 60. (B) Quantified scores of blinded evaluators expressed as percentages (n=5).
Categories include (I.) clinical appearance (p = 0.04), (II.) contracture (p = 0.007), and
(III.) redness (p > 0.05).

3.3.2 Wound surface area
Surface area of wounds were quantified (cm2), normalized to the initial surface
area, and expressed as percentages (figure 3.2 A,B). Although the results showed no
significant differences between MS+MF and MS-treated wounds on day 10 (81.76 ±
4.10 vs 73.95 ± 7.65 %), day 20 (76.16 ± 4.76 vs 66.04 ± 3.17 %) and day 60 samples
(92.57 ± 6.88 vs 80.70 ± 7.44), the MS+MF wounds remained relatively less contracted
at all time points when compared to MS alone. Interestingly, on day 60, the overall
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surface area of MS+MF and MS-treated wounds increased, reaching close to the
surface area excised at the beginning of the study (figure. 3.2 B).

Figure 3.2. Contracture analysis of wounds on days 10, 20, and 60 post-surgery.
(A) Clinical appearance showing contracture of meshed skin (MS) and meshed skin +
MeshFill (MS+MF) over time. (B) Corresponding quantification of wound surface area
(n=6-8, p > 0.05).

3.3.3 Tissue cellularity
Cellularity was examined through high power field (HPF) images of punch
biopsies stained with hematoxylin for day 10 and 20 samples (figure 3.3 A,B), and H&E
for day 60 samples (figure 3.3 C,D). The results showed no significant differences in
tissue cellularity of wounds treated with MS+MF or MS groups on day 10 (273.75 ±
16.72 vs 266.72 ± 19.94 %), day 20 (223.58 ± 24.03 vs 225.34 ± 23.66 %) (figure 3.3
A,B), and day 60. However, there was nearly a 10% reduction in tissue cellularity of
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MS+MF compared MS-treated wounds in day 60 samples (262.20 ± 15.54 vs 289.20 ±
49.77 %) (figure 3.3 C,D).

Figure 3.3. Quantification of tissue cellularity on days 10, 20, and 60 postsurgery. (A) Representative photomicrographs hematoxylin staining images and (C)
H&E images depicting cellularity of meshed skin (MS) and meshed skin + MeshFill
(MS+MF) group on days 10, 20, and 60. (B,D) Corresponding quantification of dermal
cellularity on days 10 and 20 (n=6-8, p > 0.05). Scale bars represent 200 µm.
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3.3.4 CD31 immunohistochemistry
The presence of vessel-like structures was examined in wounds by staining for
endothelial cell marker cluster differentiation 31 (CD31). As shown in figure 3.4 (A,B),
the MS+MF-treated wounds showed a significant reduction in the number of vessel-like
structures when compared to the MS samples (18.44 ± 1.92 vs 13.07 ± 1.41
vessels/HPF, p = 0.04) 10 days post-surgery. However, there was no significant
differences in the number of vessel-like structures in the MS+MF and MS-treated
wounds (12.43 ± 1.79 vs 12.08 ± 2.84 vessels/HPF) on day 20.

Figure 3.4. Quantification of vessel-like structures in the dermis on days 10 and
20 post-surgery. (A) Photomicrograph images and (B) corresponding quantification of
CD31 immunohistochemistry showing vessel-like structures in the dermis of meshed
skin (MS) and meshed skin + MeshFill (MS+MF) samples on days 10 and 20 (n=5-8, p
= 0.04).
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3.3.5 CD3 immunohistochemistry
Infiltration

of

T-lymphocytes

in

wounds

was

evaluated

using

CD3

immunohistochemistry. Though no significant differences were identified on day 10
(3.23 ± 0.52 vs 4.59 ± 0.61 %) and day 20 samples (1.77 ± 0.25 vs 1.62 ± 0.21 %),
MS+MF-treated wounds had nearly 30% less CD3+ T cells when compared to MS
samples on day 10.

Figure 3.5. Quantification of T-lymphocytes in the dermis on days 10 and 20 postsurgery. (A,B) Photomicrograph images show merged and color deconvoluted images
depicting diaminobenzidine (DAB) staining for CD3 T-lymphocytes and hematoxylin
staining showing nuclei in meshed skin (MS) and meshed skin + MeshFill (MS+MF)
groups. (C) Corresponding quantification of CD3+ cells in the dermis (n=5-8, p > 0.05).
Scale bars represent 200 µm.
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3.3.6 α-SMA immunohistochemistry
Due to the differences observed in contracture evaluations between the MS+MF
and MS-treated wounds (figure 3.1 A,B), we were interested in examining whether
these results translated to differences in the number of dermal myofibroblasts using
immunohistochemical staining for α-SMA . As shown in figure 3.6 A, the majority of cells
in the upper dermis stained positive for α-SMA in the void areas for both MS+MF and
MS-treated wounds. Similarly, the majority of cells in the middle to lower dermis stained
positive for α-SMA. On day 20 (figure 3.6 B), both groups contained relatively reduced
number of α-SMA+ cells, particularly in the upper dermis. From a qualitative standpoint,
no differences or patterns were observed between the MS+MF and MS punch biopsies
on both day 10 and 20 samples.
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Figure 3.6. Presence of dermal myofibroblasts on days 10 and 20 post-surgery
(A,B) I. Photomicrograph images showing α-SMA immunohistochemistry and no
primary antibody (Ab) control in meshed skin (MS) and meshed skin + MeshFill
(MS+MF) groups at 20x magnification. II. Corresponding color-coded magnifications at
200x showing α-SMA staining in the upper and lower dermis. Scale bars represent (I.) 2
mm and (II.) 200 µm (n=5-8).
51

3.3.7 Epidermal and dermal thickness
Hematoxylin and Eosin (H&E) stained tissue were examined to determine
epidermal and dermal thickness of wounds. The data obtained were normalized to
epidermal and dermal thickness of adjacent healthy skin. The epidermal thickness of
MS+MF-treated wounds on day 60 showed no significant differences when compared to
MS-treated wounds (97.32 ± 8.57 vs 107.10 ± 13.29 %). Similarly, no significant
changes in dermal thickness were found (115.6 ± 8.60 vs 125.80 ± 10.17 %), but
MS+MF treated wounds revealed an epidermal and dermal thickness that was more
comparable to adjacent healthy skin.

Figure 3.7. Epidermal and dermal thickness 60 days post-surgery. (A)
Photomicrograph histology images showing epidermal and dermal thickness in meshed
skin (MS) and meshed skin + MeshFill (MS+MF) groups. (B,C) Corresponding
quantification of epidermal and dermal thickness at day 60 (n=5-8, p > 0.05). Scale bars
represent 2 mm (upper panels) and 500 µm (lower panels).
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3.4 Discussion
The advent of MSGs has saved lives of patients with burn injuries. Due to their
ease of use and efficacy in treating full-thickness skin injuries, MSGs remain the current
standard of care (75). However, despite these advantages, MSGs often lead to
undesirable aesthetic outcomes. Although improvements in aesthetic outcomes have
received attention by altering surgical techniques, this topic has not been examined
closely in basic research (80, 112).
Due to healing by secondary intention in the fenestrated sites of MSGs, it is
desirable to place a readily available biological liquid scaffold to fill the empty areas
lacking a dermis. Studies examining the effects of skin substitutes when combined with
MSGs are limited. One study conducted by the Apligraf® burn study group concluded
that applying Apligraf® over MSGs in patients with burn injuries improved graft vascular
perfusion, pliability, and cosmetic outcomes when compared to meshed skin control
group (113). However, the lack of digital photographs and blinded evaluators was a
limitation of this study.
Ideally, substances added to void areas of MSGs should take shape of the
interstices and gelate in-situ. In this study, we added sufficient amount of MF to cover
the void areas. As seen in figure 3.1 (A,B: I., II.), with 1.6 mL of hydrogel added (20% of
the wound cavity), blinded evaluators judged the MS+MF group to be superior in
cosmetic outcomes and reducing contractures. To provide further support for the above
results, pliability of wounds should be examined in future studies.
A major concern in the use of skin grafts is secondary contractures, which can
affect the functionality of the area that is grafted. The wound surface area was
53

examined on days 10, 20, and 60, and as seen in figure 3.2 (A,B), MS+MF group
revealed a pattern of reduced contracture compared to MS alone, and this pattern
persisted at all time points examined in this study. Although not significant, the patterns
seen in figure 3.2 (A,B) provide support for the evaluators’ scores of contracture (figure
3.1 B II.). Interestingly, the surface area of grafted wounds increased by day 60, but the
overall surface area of MS+MF group remained relatively larger than the MS group. The
expansion of scars with MSGs has been observed in previous studies using porcine
animal models, and can be explained by the rapid growth of pigs from approximately
50 kg at day 20 to nearly 90 kg by day 60 (114, 115).
As a secondary objective, we examined wound healing outcomes using
histological measures. Tissue cellularity (figure 3.3 A-D) and cell types (Figures 3.4-3.6)
were identified in the wounds and scar areas. The results did not reveal significant
differences in the tissue cellularity of wounds on days 10 and 20, but there was a
marginal reduction in cellularity by day 60 in the MS+MF samples. It is plausible that the
decreased cellularity can be due to the reduced number of myofibroblasts, leading to
relatively reduced contractures seen in figure 3.2 (A,B). However, the results from this
study do not provide support for that concept. As shown in figure 3.6 (A,B), there were
no differences when α-SMA immunohistochemistry was examined qualitatively on days
10 and 20. However, as mentioned in the previous chapter, immunostaining and
immunofluorescence intensity quantification of α-SMA will provide a more reliable way
to measure potential differences between MS+MF and MS groups at each time point.
With regards to the infiltration of T-lymphocytes and vessel-like structures in the
dermis, similar outcomes of staining were observed as Chapter 2. Namely, the number
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of vessel-like structures in the MS+MF groups were significantly reduced on day 10.
Further, the number of T-lymphocytes (figure 3.5 A,B) showed a pattern of reduced
CD3+ T-cells in the MS+MF group on day 10 when compared to MS group. As
expected, the number of vessel-like structures and T-lymphocytes continued to reduce
in both groups by day 20, but there were no significant differences or patterns among
the two groups at this time point. As explained in the previous chapter, the differences
reported on day 10 may be due to the presence of MF accelerating the inflammatory
phase and regression of blood vessels. However, due to the degradation of MF over
time, these differences could have dissipated by day 20. Reapplication of MF after the
dressing changes could potentially change these outcomes.
Finally, the epidermal and dermal thickness of MS and MS+MF samples were
compared to adjacent healthy skin. As shown in figure 3.7 (A-C), both the epidermal
and dermal thickness showed patterns in being more comparable to adjacent healthy
skin in the MS+MF samples when compared to the MS samples. It is possible that with
reapplication of MF, these differences could become more discernable and similar to
healthy skin in the MS+MF samples.
In conclusion, this study has shown that the combination of MS and MF
improved the cosmetic outcomes of fishnet-like scarring. Further, one-time application
of MF reduced subjective evaluations of contractures in the MS+MF group. In order to
gain further insights on the mechanisms leading to improved aesthetic outcomes and
reduced contractures, experiments examining the pliability of wounds and expression of
matrix remodeling proteins should be conducted. Moreover, for future studies, the Red
Duroc pig may be a better animal model to use as this model is more prone to
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contractures and hypertrophic scarring (116). Using the Red Duroc pig may lead to
greater fishnet like scarring and potentially more prominent differences between
MS+MF and MS groups. Nonetheless, the findings in this study have shown that an offthe-shelf, patient-ready hydrogel has the potential to be used in a clinical setting to
improve aesthetic outcomes of scar formations in MSGs.
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Chapter 4: Discussion, limitations, and future directions
4.1 General Discussion
Burn injuries are devastating, leading to physical and psychological impacts on
patients’ health. Scars and hypertrophic scars resulting from these injuries cause
functional and aesthetic complications (104). The use of skin grafts remains the goldstandard for large 3rd degree burn injuries, and its value cannot be underscored as this
technology has saved lives of many patients. However, with advancements in tissue
engineering, development of skin substitutes used in burn injuries trail behind. Many
skin substitutes, whether in pre-clinical animal models or commercially available, have
been shown to facilitate wound closure (117). But with burn injuries, functional and
aesthetic outcomes are important factors to take into account. While functional recovery
of skin grafts has progressed by surgical interventions, improvements in aesthetic
outcomes of MSGs remain stagnant, ultimately leading to fishnet-like scar formation in
patients (75).
The primary reason for scar formation is the lack of a dermis (118). Many
products have attempted to emulate the dermal matrix components and properties
(elasticity, integrity, and tensile strength). Integra™ dermal regeneration template is a
pre-formed bi-layered construct comprised of bovine collagen and chondroitin-6-sulfate
layer, and a superficial silicone layer (119). As mentioned previously, pre-formed
constructs are limited in their adaptability to complex wound shapes. Integra™ also
requires close surveillance to minimize the occurrence of infections under the silicone
layer before its removal. Further, though it is an off-the-shelf skin substitute, the high
cost associated with this product makes it unfeasible for routine clinical use. Matriderm®
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is another commercially available skin substitute composed of a collagen-elastin matrix,
and when compared to Integra™ in full-thickness wounds of rats, no major differences
in healing rates were found (120, 121). Indeed, a study by Philandrianos group
compared five dermal substitutes (Integra™, Renoskin®, Matriderm®, Proderm®,
Hyalomatrix®) in a full-thickness porcine model, and concluded that the use of these
skin substitute, followed by split-thickness meshed skin grafting after 3 weeks made no
difference in the long-term (6 months) scar quality of wounds (115). Thus, due to the
lack of consistency in healing outcomes of deep wounds using various commercially
available skin substitutes, the need for a reliable, off-the-shelf, and cost-effective skin
substitute that improves aesthetic outcomes in burn injuries is crucial.
Previously, our group showed that MF gelates in-situ in approximately 15
minutes, and the application of MF in full-thickness wounds in a rabbit ear model
reduced scar elevation index, in addition to wound healing outcomes assessed through
histology and immunofluorescence staining (92). In the pilot study presented in this
thesis, we assessed the wound healing outcomes through a one-time application of MF
in full-thickness wounds, and in combination with split-thickness MSGs. In Chapter 2,
we showed that wounds without MF contracted significantly more on day 20 compared
to MF-treated group. In the third chapter, results of blinded evaluations showed that the
combination of MS and MF (MS+MF) were evaluated to have significantly better
aesthetic outcomes compared to MS alone. Further, blinded assessments showed that
MS+MF group was perceived to be significantly less contracted compared to MS group
on day 60. When contracture was quantified through wound area analysis, only patterns
of MS+MF group being less contracted compared to MS group was reported. These
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results aligned with previous in-vitro work done by our group showing the resistance of
MF to HSc fibroblasts when compared to a standard collagen:GAG matrix (91).

4.2 Limitations and Future Directions
In this pilot study, we utilized Yorkshire pigs as an animal model to examine the
healing of MSGs as this breed of pigs closely resembled the healing of full-thickness
wounds in healthy human skin (122). When wounds from groups with MSGs were
compared, we observed that the extent of fishnet-like scarring present in Yorkshire pigs
was comparatively less than those seen in humans with MSGs meshed at a 3:1 ratio.
This may be due to the use of excisional wounds rather burn wound in this study. Unlike
excisional injuries, burn injuries have varying thicknesses, and a different biochemical
milieu that cannot be replicated in excisional wounds (123). Indeed, when compared to
excisional wounds in Red Duroc pigs, a previous study found that burn scars healed at
a slower rate, contracted more, and were less pliable, elastic, and weaker when
compared with excisional wounds (123). As a result, future studies using a burnexcision model may be more suitable to enhance the scar profiles of wounds with MSGs
(124).
If limitations in equipment prohibit the use of a burn-excision model, larger
expansion ratios (6:1) are recommended to show discernable differences in fishnet-like
scar formation, and potentially reveal more robust differences in the aesthetic outcomes
of MF-treated MSGs when compared to MSGs alone.
Moreover, in order to improve the clinical feasibility and user-friendly status of MF
in deep wounds, an increase in viscosity and reduced gelation time of scaffold is
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suggested. Though MF can be useful for tunneled wounds, such as pressure ulcers, the
liquid state of MF is not ideal for large wounds, as this state allows escaping of the liquid
scaffold from the site of injury. Thus, the addition of inert agents, such as guar gum or
alginates should be examined to assess viscosity of MF pre-gelation, and its ability to
form a honey-like substance that can easily be added to fill void areas of MSGs without
compromising cell adherence and morphology within the scaffold (125). Alternatively, it
would be interesting for future studies to examine the mechanism by which PVA-PEG
interact with collagen to improve gelation time while providing a more viscous scaffold.
As contractures present a major issue with functional and aesthetic outcomes of
MSGs, it would be useful to investigate incorporating elastin into our hydrogel
formulation. In healthy skin, elastin serves to maintain the structural and mechanical
integrity of skin, in addition to playing a role in cell signaling (126). Previous studies
have shown reduced fibroblast differentiation into myofibroblasts, and increased
dedifferentiation of myofibroblasts with increasing matrix elasticity (127, 128). Further,
collagen-elastin scaffolds have been shown to promote synthesis of elastic fibers (129).
Thus, incorporating elastin into MF may decrease secondary wound contractures and
improve aesthetic outcomes. A concern in elastin-containing scaffolds is the extreme
insolubility of elastin, but with the advent of recombinant forms of human tropoelastin
and elastin-like peptides, solubility and incorporation into skin substitute matrices is
greatly facilitated (126, 130).
A common finding in commercially available skin substitutes is a foreign body
reaction (115). In our study, we observed the presence of foreign body giant cells in MFtreated groups (data not shown), but to our knowledge, this did not interfere with wound
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healing outcomes. Future studies will examine the role of giant cells in MF-treated
wounds, and examine ways to attenuate this response. One plausible reason for the
presence of giant cells is due to glutaraldehyde, a collagen chemical cross-linker used
in the formulation of MF (131). To minimize a foreign body reaction, the use of
alternative cross-linkers should be explored.
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