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Abstract
Full thickness wounds, such as deep burns, need restoration of both the dermal and epidermal
layers of the skin. In normal wound healing, re-epithelialization occurs by migration and
proliferation of keratinocytes from the wound edges and by differentiation of stem cells from
remaining hair follicles. Restoration of dermis occurs by influx of growth factors secreted by
macrophages, platelets, and fibroblasts; by fibroblast proliferation and subsequent synthesis
and remodeling of collagenous dermal matrix. In the case of full-thickness acute burn injuries
and chronic wounds (e.g. pressure ulcers, venous ulcers and diabetic foot ulcers), these
processes are defective. With the principles of tissue engineering in mind (to correct, improve
and maintain tissues and their functions), researchers have developed promising materials and
methods to make it possible to restore either the dermal (Integra® DRT, Alloderm®) or the
epidermal layer (split thickness skin grafts (STSG), cultured epithelial autografts (CEA),
autologous keratinocytes in single cell suspension). It is now well established that superior
results are obtained if both dermal and epidermal components are combined, for example in a
bilayered skin equivalent. Apligraf® is recommended for use on venous ulcers and is the only
bilayered living skin equivalent currently approved by the FDA. Studies on different factors
affecting the wound healing capacity as well as techniques in use provide valuable
information for further development.

In this licentiate thesis, we evaluated different transplantation techniques for delivering
cultured human keratinocytes in single cell suspension, a measure becoming more frequently
used in addition to STSG and CEA for restoring the epidermal layer of the skin. We found
that the pressure device, commonly used to spray cell suspension onto the wound with
pressures as high as 200 kPa, killed around 0% of the cells. In comparison, an ordinary
syringe with the attachment of a spray nozzle showed almost 90% viable cells post
transplantation and provided an equally good distribution of the cell suspension.
We also studied different silver containing dressings regarding silver accumulation in human
skin. In addition, we graded the re-epithelialization to evaluate whether the dressings caused
any delay in the wound healing process. We found that the silver dressings tested, with few
exceptions, caused dermal accumulation of silver, primarily aggregated around blood vessels.
We could also show that most of the dressings had negative effect on the re-epithelialization.

For the restoration of the dermal layer of the skin, Integra® DRT functions as a scaffold for
guided tissue regeneration of the dermis. We had the possibility to study a case of necrotizing
fasciitis were the treatment consisted of the use of Integra® DTR together with subatmospheric pressure (after initial surgical debridement) and later transplantation of split
thickness skin grafts. This measure proved to be safe as well as giving satisfactory pliable and
aesthetically acceptable result.
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Abbreviations
BPE

Bovine pituitary extract

bFGF

Basic fibroblast growth factor

CEA

Cultured epithelial autograft
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Phosphate buffered saline

PDGF

Platelet derived growth factor

PEG

Poly ethylene glycol
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Don’t you know you fool, you never can win
Why not use your mentality, get up, wake up to reality
But each time I do, just the thought of you
Makes me stop just before I begin
Cause I’ve got you under my skin

5
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1 Introduction

1.1 The integument (skin, cutis)
The skin is the largest organ of the body, covering its entire surface. It functions as a sensory
organ and as a barrier against different pathogens and physical damage. It also protects the
body from ultra-violet radiation and plays a crucial role in the maintenance of life through the
regulation of water and electrolyte balance, and thermoregulation. Furthermore it plays a
central role in the immuno-regulation of the body. When this barrier is disrupted due to any
cause- surgery, ulcers, burns, neoplasms or traumas- the functions of the skin are no longer
adequately performed. It is therefore vital to restore the integrity of the skin as soon as
possible.
Understanding how the skin can function in so many ways starts with understanding of the
structure of the epidermal and dermal layers of the skin.

1.1.1 Epidermis
The outer most layer of the cutis (i.e. the epidermis) consists mainly of keratinocytes, and
originates from the surface ectoderm of the embryo. It consists of five layers where stratum
basale, the deepest layer adjacent to the basal lamina, contains the dividing cells. The other
layers are named stratum spinosum, stratum granulosum, stratum lucidum and stratum
corneum (Figure 1). The thickness of the epidermis varies in different areas of the body, being
only approximately 0.05 mm thick on the eyelids and 1.5 mm thick on the palms and soles.
Besides keratinocytes, the epidermis also contains melanocytes (pigment cells), Merkel‟s cells
(sensory cells) and immature dendritic cells known as Langherhans‟ cells (immunological
cells). The epidermis does not contain any blood vessels per se, but instead acquires oxygen
and nutrients, from blood vessels in the deeper layers of the skin (dermis), through diffusion.

1.1.2 Dermis
The dermis is a highly specialized, dynamic, and relatively sparsely cell-populated tissue. It
makes up for approximately 90 percent of the thickness of the skin, being considerably
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thinner in infants (underdeveloped) and elderly (atrophic). Dermis develops from the
mesenchyme, and the dermal papillae (rete pegs) formed during gestation projects into the
epidermis assuring a large surface area interface between the epidermis and the dermis. The
papillae also ensure elasticity and tensile strength of the tissue. The superficial layer of the
dermis (papillary dermis) contains the anchoring rete pegs. The cells of the papillary dermis,
primarily fibroblasts, are accountable for secreting the protein collagen (mainly type I)
providing durability of the dermis. In addition to collagen, fibroblasts also secrete elastin for
flexibility and cell-matrix adhesion proteins like fibronectin and tensin 1. Fibroblasts also
secrete proteins providing directional instructions for epidermal replication. The deeper
portion of the dermis, reticular dermis, is mainly responsible for anchoring of skin
appendages (i.e. hair, erector-pili muscles, sebaceous glands, and sweat glands) but also gives
additional strength to the dermal layer (Figure 1).

Figure 1. Drawing of normal human skin showing the different layers, as well as the overall
composition of the skin. (From Wikipedia http://en.wikipedia.org)

8

1.2 Wounds
A skin wound is defined as a break in the epithelial integrity of the skin (Teare and Barrett.,
2002). However, the disruption can extend deeper into the tissue, reaching the dermal layer,
the subcutaneous fat, fascia, muscle or even bone.

1.3 Wound healing
Except for minor, epidermal lesions, wounds heal with scarring. Skin scars develop when the
dermis is damaged and fibrous tissue is laid down to repair the skin. The formed scar tissue
usually has inferior functional quality. For example, scarred skin is less resistant to ultraviolet
radiation, and if it is a full thickness injury, sweat glands and hair follicles do not regenerate
within the scarred tissue. More important, the scar tissue lacks elasticity and pliability and the
aesthetic result can be far from acceptable. A foetus has the ability to heal without scarring, an
ability that disappears during foetal development in humans. In some amphibians though, the
capacity to form a new limb persists. For example, a lost tail may be regenerated; however,
the newly formed limb does not gain the same shape and functionality as the original limb.
The normal human wound healing process involves a complex and well-orchestrated series of
events leading to the repair of injured tissues. This requires several cellular activities e.g.
synthesis of collagen and other matrix components, phagocytosis, chemotaxis, and
mitogenesis. Under normal conditions, the wound healing process correlates well with the
appearance of different cell types in various phases of the wound healing process.
The normal wound healing process could be divided into four distinct, but overlapping,
phases; Haemostasis, Inflammation, Proliferation, and Remodelling (Yamada and Clark.,
1996).

1.3.1 The Haemostatic phase
The haemostatic mechanisms have several important functions: To maintain blood in a fluid
state while circulating within the vascular system, To arrest bleeding at the site of injury by
formation of a haemostatic clot, and To ensure the removal of the clot when healing is
complete. When the tissue is injured, extravasation of blood into the wound triggers the
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vessels to constrict and activate the coagulation cascade to limit blood loss. This starts within
seconds after injury. Platelets will bind to exposed collagen in the injured blood vessels and
form a haemostatic clot. The clot, consisting of fibrin, fibronectin, vitronectin and
thrombospondin, gives rise to a temporary matrix for cellular migration. The platelets trapped
in the clot provide growth factors (e.g. PDGF, IGF-1, EGF, and TGF-β) that initiate the
wound healing cascade by attracting and activating fibroblasts, endothelial cells, and
macrophages. Thus, the platelets are important for haemostasis as well as a normal
inflammatory response in a wound situation (Clark et al., 1982), (Grinnell et al., 1981)
(Koveker., 2000).

1.3.2 The Inflammatory phase
Within 24-48 hours after injury, the inflammatory phase begins. It is characterized by the
infiltration to the wound of granulocytes or polymorphonuclear leucocytes (PMNLs).
The localized inflammation following wounding and pathogen invasion generates many
activating signals for endothelial cells and circulating PMNLs. Associated activation of these
cells results in a strong binding of PMNLs to endothelial cells in the vessel walls, aiding
during their trans-endothelial migration (diapedesis). When PMNLs are attracted to the
infected area (via oriented migration, chemotaxis) and subsequently have reached the wound
area, they instantaneously start to phagocytose bacteria and other foreign substances. They
also secrete degrading enzymes to further clear the wound from micro organisms. The activity
of PMNLs usually seize within a few days, when contaminating cells have been cleared and
redundant cells have been extruded to the wound surface as slough, or phagocytosed by
macrophages.
Macrophages are the most important cells in the late inflammatory phase (48-72 hours) and
act as the main regulator for repair. They release cytokines and growth factors that recruit
fibroblasts, keratinocytes and endothelial cells, crucial for tissue repair. Macrophages also
secrete proteolytic enzymes that debride the wound. Additional growth factors such as TGF-α,
HB-EGF, and bFGF are secreted by PMNLs, stimulating the inflammatory response further
(Liebovich, Ross., 1975), (Hopkinson-Woolley et al., 1994).
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1.3.3 The Proliferative phase
At about day three (72 hours) after injury and for a coming period of approximately two
weeks the temporary fibrin/fibronectin matrix will be replaced with newly formed granulation
tissue consisting of a loose connective tissue, rich in capillaries. Fibroblasts have by now been
recruited to the wound site to proliferate and produce the matrix proteins hyaluronan (HA),
fibronectin and later collagen and proteoglycans. Collagens type I and III are synthesized by
invading fibroblasts and provide strength and stability to the skin, thus playing a crucial role
in wound healing. In parallel with the formation of granulation tissue, epidermal cells start to
migrate from the wound edges in a leap-frog fashion. When the advancing epidermal cells
meet, they halt due to contact inhibition, and start to lay down a new basal membrane, so that
further epithelial cell growth and differentiation can re-establish the new epithelium (Winter.,
1962).
If the wound area is too large however, the epidermal cells will most certainly fail in
completely re-epithelializing the wound and measures must be taken to promote further
healing. During all stages of the wound healing process the formation of new vessels and
capillaries occur in parallel. Growth factors like TGF-β and PDGF, released by platelets
during injury, attract macrophages that release a number of angiogenic substances such as
TNF-α and bFGF. Invading capillary sprouts will organize into a micro-vascular network
within days of injury, eventually giving the scar tissue a bluish-red colour. As collagen builds
up and remodels with time, the capillary network diminishes in response to the decreased
needs, leaving the scar pale and less visible (Cooper et al., 1994), (Clark., 1993). The
lymphocytes enter the wound site after approximately 72 hours, and are attracted to the
wound by IL-1 and complement components. The complete role of the lymphocytes in wound
healing has not been fully defined, but they are thought to be involved in collagen and ECM
remodelling in addition to their role as inflammatory cells (Boyce et al., 2000).

1.3.4 The Remodelling phase
The remodelling phase begins once the epidermal cell migration is complete and involves the
degradation of collagen by proteolytic enzymes produced by fibroblasts, neutrophils, and
macrophages. Type III collagen, which is prevalent in the newly formed dermis during
proliferation, is gradually degraded and the stronger type I is laid down in its place. The
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remodelling phase can last for a year or longer, depending on the size of the wound, the age
and nutritional status of the patient and whether the wound was initially surgically closed or
left open (healing by first or secondary intention respectively). This phase is also
characterized by the infiltration of mast cells which manage host wound repair through
increased inflammatory signalling. It has recently been shown that mast cells regulate
fibroblast proliferation by secretion of interleukin-4 (IL-4), High levels of IL-4 may also
down-regulate the expression of chemokines, thus limiting the inflammatory reaction
(Gillitzer and Goebeler., 2001), (Trautmannet al., 2000).

1.3.5 Impaired wound healing
In contrast to the above, some wounds fail to heal in a timely and orderly manner. Wounds
persisting for more than three months are often defined as „chronic‟ or „hard to heal‟ wounds
and result from different causes, including venous or arterial ulcers, neuropathic ulcers,
decubitus, vasculitis, or burns. Despite advances in medical research and the development of a
plethora of skin substitutes, chronic wounds remain a big problem in our society (Eaglstein et
al., 1997). The reason for why some, apparently normal wounds, fail to heal is not always
clear. Proteases are a family of proteolytic enzymes that play a critical role in each of the
phases of wound repair. Proteases are associated with the early inflammatory stage of wound
healing in several ways. During angiogenesis, proteases are expressed at the growing tip of
blood vessels to help vascular invasion. Proteases also assist in debridement and cleansing of
the wound from necrotic tissue, foreign bodies, and bacteria. One of the proteases‟ main
functions throughout the wound repair process is to regulate the balance between tissue
synthesis and tissue degradation. It has been shown that levels of one type of proteases,
matrix metalloproteinases (MMPs), are elevated in chronic wounds (Yager et al., 1996),
(Ovington., 2002). Macrophages, fibroblasts, neutrophils, epithelial cells, and endothelial
cells all synthesize MMPs in the presence of specific biochemical signals such as
inflammatory cytokines. A chronic wound is often static in the inflammatory phase, and
MMPs digesting synthesized tissue faster than, or at the same rate, as the new tissue is laid
down, can be one explanation to why the wound fails to heal. Furthermore, wounds that have
a high level of bioburden (colonizing bacteria) are prone to increased levels of proteases.
Bacterial endotoxins, released when bacteria are destroyed, or lipopolysaccharides from
Gram-negative bacteria, cause the release of inflammatory cytokines that stimulate production
12

of proteases (Ashcroft et al., 1997), (Ovington., 2002). In normal wound healing, the
proteolytic activity of MMPs is controlled by various mechanisms including gene
transcription and local secretion of endogenous enzyme inhibitors called tissue inhibitors of
metalloproteinases (TIMPs). During normal wound repair, a balance exists between the
activities of the MMPs and the TIMPs.

1.4 Dressings
The Papyrus of Ebers, 1500 BC, describes the use of lint, animal grease and honey as a
topical treatment for wounds. The lint provided a fibrous base that promoted wound site
closure, whilst the animal grease functioned as a barrier to environmental pathogens, and the
honey served as an antibiotic agent. Over time, different materials have been used to cover
wounds, both biological (as cadaver skin and dressings made from plants) and synthetic (such
as gauze-based dressings and zinc paste bandages). In the 1980‟s, the first modern wound
dressings were introduced. They delivered important characteristics of an ultimate wound
dressing: to keep the wound moist and be absorbing (e.g. polyurethane foams, hydrocolloids)
and provide antibacterial properties (e.g. iodine-containing gels). During the 1990‟s, synthetic
wound dressings expanded into the following groups of products: adhesive films, hydrogels,
hydrocolloids, alginates and silver- or collagen-containing dressings (Wasiak et al., 2008).
Unfortunately, there is no such thing as a universal dressing. Often a number of different
types of dressings will be used during the healing process of a single wound, depending on
the status of the wound (Seaman., 2002). Dressings should perform one or more of the
following functions:


Maintain a moist environment



Absorb excess exudate



Provide thermal insulation and mechanical protection



Have antibacterial properties



Be non-adherent to the wound surface and easily removed without further
traumatizing the wound



Be non-toxic, non-allergenic, and non-sensitizing (to both patient and medical staff)



Sterile
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On top of that, a wound dressing should promote pain relief and convenience of use and be
aesthetic, if possible.
A variety of modern wound dressings have been developed that claim to restore the bacterial
burden to an acceptable level and that this will promote healing. Silver containing dressings
are one such group of dressings and are available in a variety of forms including foams,
hydrofibres and hydrocolloids, all containing free silver ions as the active ingredient.

1.4.1 Silver dressings
Silver has long been recognized as a powerful antimicrobial and was used medically as early
as 1895 for dressing of surgical wounds and minimizing postoperative infection. Silver is an
effective antimicrobial due to its ability to bind to the DNA of bacteria and bacterial spores,
reducing their ability to replicate and is reported to be effective against almost all known
bacteria including fungi and some viruses (Ballard et a., 2002), (Ovington., 2001), (Lansdown
et al., 2003), (Burrell., 2003). Silver salts such as silver nitrate and silver sulphadiazine are
commonly applied to burns. Silver can be delivered to a wound in a number of chemical
formulations including metallic, nanocrystalline, or ionic silver. With the extended use of
different silver dressings additional side effects such as staining of the skin have been
reported (Walker et al., 2006), (Innes et al., 2001). Also, increased pain in patients treated
repeatedly with silver dressings has been described. These phenomena have rightfully caught
the attention of researchers. Silver has been described as highly cytotoxic to e.g. keratinocytes
and suggestions have been made that consideration of the cytotoxic effects of silver and
silver-based products should be taken into account for when deciding on what dressing to use.
When using cultured keratinocytes in situ, something that is becoming more frequent in
contemporary care of wounds and burns, this is particularly important to reflect upon (Poon
and Burd., 2004).
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1.5 Stem cells
Human development starts when a sperm fertilizes an egg and creates a single cell (zygote)
that has the potential to form an entire organism. This cell is totipotent, meaning that it can
divide and give rise to any cell type. After about 6 days post fertilization, and after several
cycles of cell divisions, a blastocyst is formed. The blastocyst has an outer layer of cells,
called trophoblasts, and a cluster of cells within the trophoblasst called the inner cell mass.
The cells of the inner mass will give rise to all cell types of the major tissue layers (ectoderm,
mesoderm and endoderm) of the embryo, but cannot form the placenta and supporting tissues
necessary for the development in the uterus. These cells are referred to as pluripotent (Figure
2).

Figure 2.
From the fertilized egg via the blastocyst,
pluripotent, embryonic stem cells originate
that can become any tissue in the body,
excluding a placenta. Only the morula's
cells are totipotent, able to develop into all
tissues and a placenta. (From Wikipedia
http://en.wikipedia.org)

Totipotent and pluripotent stem cell are mainly obtained from embryos or aborted foetuses, a
fact that is under constant ethical debate, and restricts the use of toti- and pluripotent stem
cells in research and clinical applications. Another group of stem cells, adult stem cells (or
tissue specific stem cells), can be found in various tissues including bone marrow, blood and
the brain in adults, and are more differentiated pluripotent stem cells. Depending on their
origin they have different properties, however studies have suggested that adult stem cells are
very versatile and can develop into many different cell types (Thomson et al., 1998). A wellcharacterized population of adult stem cells is the mesenchymal stem cell (MSC).
These cells, also found in the bone marrow, can form a variety of cells in the laboratory,
including fat-, cartilage-, bone-, tendon-, muscle-, skin- and even nerve cells. Furthermore,
15

unlike most other human adult stem cells, which are difficult to isolate and expand, MSCs can
be obtained in quantities appropriate for clinical applications, which make them good
candidates for use in tissue repair applications (Jiang et al., 2002), (Choumerianou et al., 2008).

1.6 Tissue engineering
Tissue Engineering (TE) is an interdisciplinary field which applies the principles of biology
and engineering to the development of viable substitutes which restore, maintain, or improve
the functions of human tissues and differs from standard drug therapies since the engineered
tissue becomes integrated with the patient, affording a potentially permanent and specific cure
of the diseased state (Langer and Vacanti., 1993).
“And The Lord God formed man from the
dust of the ground and breathed into his
nostrils the breath of life, and man became
a living being. “ (Genesis 2:7)

“He took one of the man's ribs and closed
up the place with flesh. Then The Lord God
made a woman from the rib He had taken
out of the man.” (Genesis 2:21-24)

Adam und Eva, Lucas Cranach 1513
(www.wikipedia.org)

This passage from the Holy Bible could be regarded as the first case of tissue engineering
described in the vliterature. The creation of Adam using but dust of the ground is far from
what can be done today. However, the idea of making Eve from a rib is not too far off. The
bone marrow contains stem cells that can be differentiated into any type of cells needed to
build whole organs, such as heart, liver, kidneys and so on. However, whole organs and even
relatively simple structures as connective tissue are difficult to produce. Short-comings in the
attempts to manufacture tissue-engineered products have had a negative impact on the view of
16

what is possible and not in this research field. Every year, millions of surgical procedures are
performed that require tissue and organ substitutes to repair, or replace, damaged or diseased
organs and tissues. Conventional strategies for the replacement of organs and tissues include:
Autografting, Allografting, Man-made materials and devices, Isolated cells or cell substitutes,
Cells placed on/within matrices and Tissue-inducing agents.

1.6.1 Autografting
Autografting means harvesting a tissue or organ from one location in the patient and
transplanting it to another location on the same patient. Examples of common autograft
procedures include skin grafts and coronary bypasses (Lineen and Namias., 2008).
Autologous tissue grafts usually produce the best clinical results since graft versus host
rejection is not an issue. However, the graft can be rejected or impaired anyway, due to e.g.
infection or lack of sufficient blood supply. Also, skin grafts fail to take on exposed bone,
tendon or infected wounds. Skin also has unique characteristics depending upon its location
on the body. It is important that the skin characteristic of the donor and recipient site matches.
Typically the donor site from which the skin graft is harvested will heal naturally, which can
take as long as 3 weeks. However, wound management of the open wound to which the donor
skin is grafted, demands constant dressing changes and can take several weeks to heal. It may
also require a hospital stay to ensure that the skin graft takes properly. Infection and pain at
the donor site are also associated problems in autografting (Priya et al., 2008)

1.6.2 Allografting
When harvesting tissues or organs from one individual (donor) and transplanting them to
another (recipient) we talk about allografting. Both donor and recipient are members of the
same species, and rejection of the transplanted material is a problem since the donor and
recipient do not have the same Human Leukocyte Antigen (HLA) histocompatibility surface
antigens. Matching surface antigens (HLA) and other factors between donor and recipient
together with the use of immunomodulating therapy can significantly lessen the risk of
rejection, but still the recipient needs immunosuppressive drugs for the remaining of his life.
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The advances in stem cell therapy, taking advantage of the fact that MSCs are acting
immunosuppressive, is promising as an alternative to standard drug therapy (Siemionow et al.,
2005), (Li et al., 2008), (Krampera et al., 2003).

1.6.3 Man-made materials and devices
Engineers and scientists have tried to create bio-mimetic devices and materials to replace or
enhance functions performed by biological systems. Examples range from artificial skin,
hearts and heart valves, to prosthetic hips and breast implants. Many of these systems have
had a positive impact in preventing death (heart pums and heart valves) and giving patients
back their mobility (hip and knee joints) as well as aesthetic improvements (breast implants
and lip augmentation). The materials used in these therapies, however, are subjected to
fatigue, fracture, wear, and do not remodel with time (i.e., an osteosynthetic implant cannot
grow with the patient). Also, they do not behave physiologically like true organs or tissues.
Thus, many of the man made materials are best suited to function as temporary therapies.
Langer and Vacanti described in 1993, three general strategies for recreation of tissues:
Isolated cells or cell substitutes, Tissue-inducing agents, and Cells placed on/within matrices,
(including closed systems and open systems) (Langer and Vacanti., 1993).

1.6.4 Isolated cells or cell substitutes
This strategy means supplementation of only those cells that resolve the lost or needed
functions, permitting manipulation of cells before transplantation. Examples are
transplantation of autologous melanocytes to patients with stable vitiligo and insulin
producing cells to patients with diabetes. This strategy might evade the need for invasive
surgery, but of course there are shortfalls. The cells might not retain their functions after
transplantation, or the host rejects the cells due to differentiation of the cells during expansion
or manipulation. (Nerem., 1991), (Langer and Vacanti., 1993).
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1.6.5 Tissue-inducing agents
Appropriate signal substances, such as cytokines and growth factors are supplied to the tissue
of interest, leading to an auto-regeneration of the tissue. Growth factors can be directly
delivered as recombinant proteins or expressed by genetically modified cells to induce tissue
formation (e.g. bone or cartilage), a common vehicle for delivering tissue-inducing agents is
hydrogels. Today, PDGF has been approved and licensed for use in treatment of diabetic foot
ulcers. (Bennett et al., 2003). In the future, growth factors might be administered in a timely,
tailor-made fashion, to mimic the wound healing process.

1.6.6 Cells placed on/within matrices
This strategy can be used in an open or closed system. As for the closed system: Cells are
contained within a membrane that allows passage of nutrients and waste products but prevents
destructive factors such as antibodies from reaching the cells. The closed systems can be
transplanted into the host or used as an extra-corporeal device. The rational for the open
system is based on in vivo observations showing that every tissue endures a never ending
remodelling. Under optimal conditions, as in 3D-matrices, cells in culture tend to reform, or
mimic, the appropriate in vivo tissue structure. As an example, endothelial cells cultured in a
collagen gel will spontaneously form capillary-like tubular network structures within the gel.
Cells transplanted in a suspension start without any intrinsic organisation and do not have a
template that guides the reconstruction, as is the case if a scaffold is used. If the cells/culture
is implanted in large volumes, the nutritional requirements can become a problem since the
distance to the nearest capillary can be too great. The open systems are designed to promote
cell organisation and proliferation but also to allow nutrients and oxygen to reach the cells.
When the cells expand by proliferation after transplantation, the matrix is vascularized either
as a host response to the material or induced by the release of angiogenic factors from the
matrix. In these systems, cells are seeded onto or attached to a scaffold and implanted into the
host to be incorporated with the surrounding tissue (Ma et al., 2003), (Langer and Vacanti.,
1993). The scaffold material can be biologic or synthetic, permanent or biodegradable.
Common biological materials in scaffolds are collagen, fibronectin, and hyaluronan. In
synthetic scaffolds, PLGA and PEG are well characterized and frequently used polymers.
(Zhang and Ma., 2001)
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So, what makes a material suitable as a scaffold? Should it be synthetic or biologic? Should it
be degradable or permanent? Some favour synthetic polymer scaffolds as they can be tailored
for specific applications. They can also be manufactured with a high degree of reproducibility
and long storage time. Biological materials, on the other hand, are by some favoured for their
ability to better mimic the in vivo milieu. Both synthetic and biologic materials should
promote attachment, migration, and proliferation of cells. They should also be biocompatible,
safe, and without toxic degradation products, and retain their properties for the time wanted.

1.7 Tissue engineering of the skin
Skin is an important tissue engineering target in reconstructive plastic surgery of e.g. burn
victims, but increasingly so also to assist in the healing of large and/or difficult wounds (e.g.
diabetic ulcers). The latter condition is becoming more and more prevalent with the increasing
incidence of late onset diabetes. Cultured cells and tissue-engineered skin have significant
advantages to offer patients with extensive burns or chronic non-healing ulcers. By means of
cell culture in vitro, the aim is to provide a large quantity of usable epidermis from a small
initial biopsy. This has proven to be life saving for patients with major burns and could spare
other patients the need for significant skin grafting. Since Rheinwald and Green in 1975
described a technique to culture keratinocytes in stratified and coherent layers, thin sheets of
integrated keratinocytes (cultured epithelial autografts, CEAs) have been used successfully in
the treatment of patients with extensive full thickness burns (Rheinwald and Green., 1975).
The above mentioned applications are based on the inherent ability of isolated skin
keratinocytes to proliferate rapidly in culture, and subsequently to form a stratified epidermis.
No matter how great these inventions have proven to be, there are draw-backs. The
production of stratified grafts inevitably involves some degree of maturation and
differentiation of the keratinocytes, different patterns of gene expressions are switched on to
enable the generation of an epidermal tissue with strong cell-cell junctions and the
proliferation rate declines which reduces the proliferative capacity of the cells. This in turn
may affect the take-rate and wound-healing capacity (Horch et al., 2000). For clinical use,
these cell sheets must be carefully released from the culture container by exposure to
digestive enzymes, like Dispase®, which breaks the cell-substrate but not the cell-cell bonds.
The enzyme treatment harms important adhesion molecules, probably affecting the take-rate
of the potential graft. The variability in the success-rate and the high labour input required to
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provide confluent sheets of epidermal cells have limited the widespread adoption of this
technology and stimulated a great deal of research into alternative delivery techniques. Today,
transplantation of cultured autologous keratinocytes in single cell suspension is becoming
more and more common. By culturing the keratinocytes in monolayer and transplanting the
cells in a suspension rather than as a sheet, the use of enzymes like Dispase® can be limited.
These cells also have an undiminished growth potential, as they have not yet switched their
patterns of gene expression to prepare for the formation of a multilayered sheet. There is a
belief that delivering proliferating sub-confluent cells will be a more effective approach to
restore the epithelium, although there have been no direct clinical comparisons. The fact that
keratinocytes in suspension can be transported from the laboratory to the patient in a handful
of small vials and be stored (frozen) at the clinic to be transplanted when the wound surfaces
are ready also makes it an appealing option (Gustafson and Kratz., 1999). The single cell
suspension of keratinocytes can then be transplanted to the patient with whatever method
available, such as being spray-painted on the wound surfaces with or without a soluble matrix
or adhesives like fibrin-glue.

2 Aims of the present study
The aims of this licentiate thesis were to study different factors affecting human
keratinocytes, in the context of their wound healing capacity.
This was done by:


-investigating different techniques used in various clinics to transplant keratinocytes in
single cell suspension. The study was designed so that we could analyze both cell
survival post transplantation as well as the proliferating capacity of transplanted
keratinocytes in vitro.



-studying the deposition of silver in epidermal and dermal tissue (in vitro wound
model)by the use of different silver containing dressings. I continuum we wanted to
study the grade of re-epithelialization to investigate whether the different dressings
affected the wound healing in any way.



-studying the clinical use of a 3D-biodegradable matrix for dermal regenerationsö.
Without a dermal layer, it will be difficult to achieve a proper re-epithelialization. A
split thickness skin graft transplanted to a wound without a proper dermal layer can
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become fragile, prone to blisters and give a poor aesthetic final result. The use of a
dermal regeneration template, such as Integra® DRT, could promote the infiltration of
fibroblasts, macrophages, lymphocytes, and capillaries derived from the wound bed,
resulting in a dermal regeneration. This will provide a base for transplantation of for
example split thickness skin grafts or keratinocytes in suspension. We hypothesized
that by additional sub-atmospheric pressure treatment, we could increase the take-rate
of the Integra® DRT as well as the split thickness skin graft used.

3 Materials and methods
For figures and full description of material and methods, please see paper I-III respectively.

3.1 Paper I

3.1.1 Cell culture
Normal human keratinocytes were isolated and expanded in vitro. Briefly, specimens of skin
from surgical waste were transferred to the laboratory in gauze soaked in physiological saline.
Subcutaneous fat was removed and the remaining tissue (dermis and epidermis) was cut into
roughly 1 cm2 pieces and incubated in Dispase. After incubation the epidermis was lifted off
the dermis and transferred to a mix of EDTA and trypsin. The tissue was incubated for
roughly 10-15 minutes, to dissociate the cells. Thereafter the action of trypsin was inhibited
by transferring the cell suspension to washing medium and centrifuged. The supernatant was
removed and the cell pellet re-suspended in culture medium and seeded into a culture flask.
Medium was changed every second day throughout the study. When 65%-75% confluence
had been achieved the primary culture was split. Cells of the second passage were used in the
study and the cultures were incubated in 37C, 95% humidity, and 5% carbon dioxide.
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3.1.2 Preparation and application of single cell suspensions
The cells were detached from the culture flasks. The supernatant was removed and the cell
pellet re-suspended in culture medium and the cell number was counted in triplicates.
Well-dispersed cell suspension was aspirated into 1 ml syringes and applied by 7 different
techniques into individual petri dishes from a distance of 10 cm (Figures 3A-F).

Figures 3A-F. The different transplantation techniques used in this study for transplanting
cultured keratinocytes in suspension: (A) Drop, (B) Paint brush, (C) Spray Nozzle attached to
a syringe, (D) Harvest® SK/S Spray Applicator Kit, (E) High pressure and Low pressure
spraying using the DuplojectTM spray kit. (Inset: Tissomat application device adjusted to
deliver 200 or 50 kPa, respectively), and (F) DuplojectTM nozzle.

3.1.3 Assessment of keratinocyte viability
The number of living and dead cells was counted in a haemocytometer (Bürker chamber), by
triplicate samples of cell suspension mixed with trypan blue (trypan blue exclusion assay).

3.1.4 Proliferation assay
Three samples of cell suspension, from each event, were seeded into 3 wells of a 6-well cell
culture plate and then incubated at 37C, 95% humidity, and 5% carbon dioxide. At 4, 8, and
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14 days after transplantation cells from each group were counted in triplicates in a
haemocytometer (trypan blue exclusion assay) to assess cell proliferation and the living:dead
ratio. The cells were detached from the wells with a 1:1 mixture of EDTA and trypsin.

3.2 Paper II

3.2.1 Wound model
Skin from surgical waste (abdominoplasties) was transferred sterile to the laboratory in gauze
soaked in physiological saline. Subcutaneous fat was removed and circular discs of skin were
made from the remaining tissue (dermis and epidermis) using an 8 mm diameter skin biopsy
punch. A dermal partial thickness wound in the centre of each disc (3 mm in diameter and
roughly 1 mm deep) was made using a skin biopsy punch. The discs were subsequently
transferred to cell culture inserts in 6-well plates and cell culture medium was added to the
outer wells leaving the skin discs in the air and liquid interface in the inner cell culture insert
(Figure 4).

Figure 4. Flow scheme of the creation of the wounds and the subsequent application of silver
dressings. © 2008 Camilla Fredriksson
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3.2.2 Application of silver dressings
Under sterile conditions, pieces of ActicoatTM, Aquacel®Ag, PolyMem®SilverTM, SilvaSorb®,
and Silverlon® dressings, roughly 8 mm in diameter, were cut and applied to the wounds of
the different groups. A thin layer of Flamazine ® was applied with a sterile cotton swab and a
drop of silver nitrate was dripped onto the wounds of the Flamazine ® and silver nitrate groups
respectively. All groups were incubated (37C, 95% humidity, and 5% carbon dioxide) for a
total of 14 days, before sampling. All dressings containing silver were applied to the wounds
and changed according to the manufacturers‟ directions and the culture media was changed
every 2nd day throughout the study. Skin from a single donor was used for each experiment
(n=4).

3.2.3 Histological preparation and routine staining
After 14 days of culture the wounds were sampled and fixed in 4% neutral buffered PFA,
dehydrated through an ethanol-xylene series and embedded in paraffin for histological
examination. Cross sections of the paraffin-embedded wounds, 7 μm thick, were stained using
H&E. Re-epithelialization was studied with regards to whether the wound surface was
entirely covered with keratinocytes or not (Figures 5 and 6).

Figure 5. A wound incubated in 10% FCS,
completely healed with a thin layer of
keratinocytes bridging the wound surface.
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Figure 6. A wound incubated in 2% FCS,
showing no signs of an ongoing reepithelialization process.

3.2.4 Immunohistochemistry targeting von Willebrand factor
Immunohistochemistry using a mouse monoclonal antibody against the glycoprotein von
Willebrand factor was used to verify the circular structures that were surrounded by black or
grey staining/discoloration (see below) as being blood vessels. Non-specific protein binding
was blocked with 2% normal horse serum in PBS for 20 minutes. The sections were incubated
with primary antiserum, rinsed in PBS and incubated with a biotinylated secondary antibody
for 30 minutes. After washing, the bound antibody was localized with an avidin-peroxidase
Vectastain® VIP-kit with hydrogen peroxide as peroxidase substrate. Positive control for the
immunohistochemistry included normal skin, and negative control the omission of the
primary antibody.

3.3 Paper III

3.3.1 Case report
A 45-year old, previously healthy Caucasian male, was surgically treated for a benign left
groin hernia. Per- and post-operative periods were uneventful and the patient was discharged
some hours after surgery. The very same night the patient started to feel ill. Thirty-six hours
later he experiences high fever and a painful, red and swollen, left groin. He presents himself
to the emergency department where local status indicates an infection in the operated area.
The skin of the penis and lower abdomen is affected and the initial diagnosis is „minor
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abscess with associated ascending cellulitis‟. He is put on intravenous broad spectrum
antibiotics and undergoes surgical debridement and drainage (prolene-net was removed). Over
the next 6 hours his condition rapidly deteriorates and he becomes increasingly septic. By
now (day 0) the patient was referred to our Burn unit in septic shock.
Rapid streptococcal test indicated a streptococcal infection and the patient was immediately
brought to the operating theatre. Necrotic skin and subcutaneous tissue in the lower abdomen,
left flank, and penis together with large areas of the muscles including fascias were
completely necrotic and were surgically removed until macroscopic viable tissue was found in
all areas. After surgery, the patient stabilized within hours. Necrotizing fasciitis was
confirmed by histology. The patient was treated with HBO for 3 hours and surgically debrided
from minor amounts of necrotic tissue (day 1). The wound was covered with an open-cell
polyurethane sponge, and a suction tube was placed within the sponge and an adhesive film
dressing draped the sponge. Sub-atmospheric pressure (adjusted to 100 to -125mm Hg) was
then continuously created with a regular suction device. The patient remained stable and at
day 5 the wound was again inspected without any progressing tissue necrosis evident.
The perineal wound was closed with local skin flaps and meshed (1:1.5) Integra® DRT was
stapled in place over the rest of the wound. The polyurethane sponge was applied directly
onto the silastic layer of the Integra® DRT and sub-atmospheric pressure was continuously
applied. The wound was examined at day 6, 8, and 12. Splinting was not necessary, as the
sub-atmospheric pressure dressing kept the Integra® DRT fixed at all times. The patient was
mobilized at day 7 with the continuous suction active. At day 16, examinations revealed the
awaited peach coloured appearance of regenerated neodermis and the silastic membrane was
manually peeled off. The take-rate of the Integra® DRT was estimated to around 95%. Split
thickness skin grafts (STSG) were harvested and stapled over the neodermis. The STSGs
were covered as above and the sub-atmospheric pressure treatment re-commenced. Only 2
days later (day 18) the wound was examined and an estimated 95% take-rate of the skin grafts
was obvious. The wound was thereafter treated with ordinary vaseline gauze. The patient
could be discharged to home on day 32. The patient returned to full-time work six months
after the original surgery. Follow-up photos were taken on day 65 and day 131. Full-thickness
punch biopsies (3mm in diameter) were obtained from the neodermis at day 16, 18, 32 and
131.
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3.3.2 Histological preparation and routine staining
The full-thickness punch biopsies were fixed in 4% neutral buffered PFA over night, washed
in PBS, dehydrated through a graded ethanol-xylene series, and embedded in paraffin. Cross
sections, 7μm thick, were stained using H&E, and studied with respect to dermal regeneration
and re-epithelialization.

3.3.3 Immunohistochemistry targeting collagen I
To target the Integra® DRT specifically a polyclonal rabbit anti-cow collagen I antibody was
used. Biotinylated anti-IgG antibodies were used as secondary antibodies. Sections were
rinsed in PBS and non-specific protein binding was blocked with 2% normal goat serum
diluted in PBS. The sections were then incubated with primary antiserum at a final
concentration of 1/500 for 30 minutes at room temperature. The sections were rinsed in PBS
and incubated with a biotinylated secondary antibody (2μg/ml) for 30 minutes. After washing,
the bound antibody was localized with an avidin-peroxidase Vectastain® VIP-kit with
hydrogen peroxide as peroxidase substrate. Positive control for the immunohistochemistry
included normal skin, and negative control the omission of the primary antibody.

3.4 Images Paper I-III
All sections were examined using an Olympus BX41 inverted light microscope, and images
were captured with an Olympus DP70 CCD camera.

3.5 Statistics Paper I
Each experiment was performed three times using cultures established from separate tissue
donors on each occasion. We analyzed the data from day 0, 4, 8, and 14 by using two-way
variance analysis with the cultures from the different tissue donors as explaining variables.
We used a statistical model without interaction, since the data did not confirm significant
interactions between the different methods. The triplicate samples from each donor-culture
28

and time point were regarded as random repetitions without mutual order within the
combination tissue donor-method. The significance of difference was assessed using Tukey’s
simultaneous pair wise analysis of variance test, with a 95% confidence interval. Results are
presented as mean if not otherwise stated.
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4 Results and discussion

4.1 Paper I
After transplantation there was a variable cell death between the different groups. Group
‘Spray nozzle’, showed significantly higher number of viable cells post transplantation than
the rest of the groups, except for the ‘Duploject’ and ‘Drop’ groups (Figure 7).

Figure 7. The percentage (%) viable cells after transplantation with seven different
techniques (day 0). The highest cellular survival rate after transplantation was found after
using technique „Spray nozzle‟. This technique showed significantly more viable cells than the
„High pressure‟, „Paintbrush‟, „Harvest®‟, and „Low pressure‟ groups and showed tendencies
towards higher numbers than groups „DuplojectTM‟ and „Drop‟, but not significantly so
(***p= < 0.001 compared with group Spray nozzle‟).
After being allowed to proliferate for four (4) days, the highest viability was still seen in the
group ‘Spray nozzle’, which showed higher numbers of viable cells than all groups, however
not significantly so regarding ‘Duploject’ and ‘Drop’ groups (Figure 8).
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Figure 8. The percentage (%) of initial number of viable cells after
4 days of culturing. The proliferation assays showed highest viability with the „Spray nozzle‟
group, showing significantly higher numbers compared with the „High pressure‟, „Paint
brush‟, „Low pressure‟, and „Harvest®‟ groups, and a tendency towards higher numbers
compared with the „DuplojectTM‟ and „Drop‟ groups, but not significantly so (**p=< 0.01,
***p =< 0.001 compared with group „Spray nozzle‟).
The cell count on day 8 showed that the ‘Spray nozzle’ group still displayed a significantly
higher number of viable cells compared to all other groups, except for group ‘Drop’. Group
‘Drop’ in turn, showed a significantly higher number of viable cells compared to the ‘High
pressure’, ‘Low pressure’, or ‘Paintbrush’ groups, and higher numbers of viable cells, but not
significantly so, than the ‘Harvest’, ‘Duploject’ and ‘Spray nozzle’ groups (Figure 9).
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Figure 9. The percentage (% of initial cell number) viable cells after
8 days of culturing. The cell count for proliferation assays on day 8 showed a shift in highest
number of viable cells from group „Spray nozzle‟ to „Drop‟. If looking at clinically interesting
techniques, the „Drop‟, „Spray nozzle‟, and „Duploject

TM

‟ groups show equal numbers of

cells with a p-value close to 1.0, compared with „High pressure‟, „Low pressure‟, and
„Harvest®‟ groups, which show significantly lower numbers than the „Drop‟ group (***p =<
0.001 compared with „Drop‟).
By day 14 the numbers had levelled out to some extent. The ‘Drop’, ‘Duploject’, ‘Low
pressure’, ‘Spray nozzle’, and ‘Harvest®’ groups all displayed significantly higher number of
viable cells compared to the ‘Paintbrush’ and ‘High pressure’ groups.
The ‘High pressure’ technique, frequently used in various clinics, showed only in the region
of 50% viable cells after transplantation delivered at the pressure of 138 kPa. Also, only 25%
of the cells adhered and the cells did not seem to fully recover in proliferative capacity,
compared with other regimes (Figure 10).
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Figure 10. The percentage (%) of initial cell number) viable cells after
14 days of culturing. At day 14 the numbers had leveled out to some extent, the „Drop‟ group
showing the highest numbers of viable cells, close to the „DuplojectTM‟, „Low pressure‟,
„Spray nozzle‟, and „Harvest®‟ groups. All of them show significantly higher numbers
compared with the „High pressure‟ and „Paintbrush groups, but show no significant
differences in relation to each other (***p =< 0.001 compared with the „Drop‟ group).

Even though other researchers have showed unaffected cell viability after transplantation,
they have noted a significant reduction in the metabolic activity of the cells (Harkin et al.,
2006). This corresponds quite well to our results, and might be the answer as to why the
keratinocytes, after transplantation, had a diminished capacity to proliferate compared with
what we usually see when passing keratinocytes in culture. The results of the ‘Drop’,
‘Duploject’, and the ‘Spray nozzle’ techniques, showed that at least half of the cells adhered
and started to proliferate. The other different techniques (apart from the high pressure
technique) showed surprisingly high cell survival after transplantation. The plating efficacy
was good, but the proliferative capacity seemed poor and the cultures never recovered to
reach the cell yield of the ‘Spray nozzle’ and ‘Drop’ methods even after 14 days of culture.
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This could be the result of different stresses, as it is likely that the cells sustained at least
elongation stress by being smeared across the surface (‘Paintbrush’) and splattered onto a hard
surface and that this in turn would lead to reduced cellular metabolism and proliferative
capacity. The spray nozzle used in our study had in a previous pilot study (data not shown), in
which we compared several nozzles on the market, proved suitable for this application. We
wanted the channel in the spray cap to be wide enough to let the cell suspension pass through
the nozzle but narrow enough to create a fine mist when distributing the suspension with only
minor pressure being applied. It also had to fit a standard syringe and permit being sterilized
through an autoclave without losing its properties.
Straightforward equipments like a spray nozzle attached to a syringe, would undoubtedly
facilitate the future use of single cell suspension in transplantations of burns and other
cutaneous wounds.

4.2 Paper II
In this study we have concentrated on suspected accumulation of silver in the dermis, and in
addition, studied the re-epithelialization of the wounds to find out whether the different
dressings used affected the wound healing in any way.

All groups were routinely stained using H&E and the re-epithelialization of the wounds was
studied. Wounds incubated in 10% FCS showed complete re-epithelialization, whereas
wounds incubated in 2% FCS showed no signs of re-epithelialization (corresponding to a state
of a chronic wound). Wounds treated with ActicoatTM, Silverlon®, SilvaSorb®, or silver nitrate
did not show any signs of re-epithelialization, while wounds treated with Flamazine® and
PolyMem®SilverTM did, such as buds of epithelial cells at the wound margins, and a small
tongue of epithelial cells extending towards the centre of the wounds. Aquacel®Ag had the
least effect on re-epithelialization, showing epithelial buds at the wound margins as well as an
epithelial tongue that almost covered the whole wound bed. However, none of the groups
treated with products containing silver showed the same grade of re-epithelialization or
healing as the controls incubated in 10% FCS (Figures 5 and 6).
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Immunohistochemistry that targeted von Willebrand factor was used to verify that the circular
structures surrounded by black or grey staining/discoloration in fact were blood vessels.
Wounds from all groups treated with silver dressings, except for PolyMem®SilverTM and
SilvaSorb®, had similar circular deposits around structures in the dermal layers (Figure 11A
and C). Cross-sections from the control groups showed staining for von Willebrand factor in
the endothelial cells in normal human skin incubated with primary antibody (Figure 11B).

Figure 11A. Cross section of a wound
from the ActicoatTM group revealed
structures in deep dermal tissue,
surrounded by aggregates of silver.
Immunohistochemistry targeting von
Willebrand factor proved the structures to
be blood vessels.

Figure 11B. Cross section of a wound
incubated in 10% FCS, displaying positive
staining for von Willebrand.
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Figure 11C. Cross section of a wound
from the Aquacel®Ag group, showing
circular aggregates around structures in
deep dermal tissue. Immunohistochemistry
targeting von Willebrand factor proved the
structures to be blood vessels.

We could see no particles, discoloration, or deposits at any level or structure in neither of the
control groups or in wounds treated with PolyMem ®SilverTM or SilvaSorb®. However, all
other products caused different amounts of deposits around blood vessels and in the wound
margin. ActicoatTM caused the most deposits, and was the only dressing to cause black
discoloration of the keratinocyte layer. Aquacel®Ag caused the second most deposits,
followed by Silverlon® and Flamazine® (Figures 12A-E).

Figure 12A-E. Figures A and B show wounds treated with PolyMem®SilverTM (A) and
SilvaSorb® (B), where no aggregates are visible. Figures 12 C-E show ActicoatTM (C),
Aquacel®Ag (D), and Flamazine (E) with different degrees of aggregation.
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Since both sets of controls, incubated without any products containing silver, showed no signs
of deposits or discoloration, we venture to hypothesize that that eliminates the medium and
the wound itself as the source of discoloration. It seems unlikely to be anything other than
silver, as all products have been manufactured in different ways and contains different
materials and substances; silver is the only common denominator. We therefore strongly
suspect that the discolorations and deposits in the wounds and surrounding tissue consist of
silver that has been released during treatment. It can only be speculated as to what extent
these deposits might be harmful to the patients and their wounds.
Silver deposited around blood vessels could damage the vessels and silver might escape into
the systemic circulation, causing deposits of silver-protein complexes in different parts of the
body (such as skin, liver, kidney, bone marrow, or eyes). When we consider the effect of
silver deposits in patients, we must also take into account the long-term effect of having silver
deposited in the dermal layer of the skin.

4.3 Paper III
At day 16 examinations revealed the awaited orange/peach coloured appearance of
regenerated neodermis. By visual inspection the take-rate of the Integra® DRT was estimated
to approximately 95%. Routine histology of the biopsy obtained at day 16 showed that the
matrix was thoroughly populated by fibroblasts and that the dermal tissue regeneration was
progressing (Figure 13).

Figure 13. Representative HTX-eosin
stained histological cross section of
Integra® DRT. The matrix is populated
with fibroblasts and the dermal
regeneration is progressing (day 16).
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Immunohistochemical staining targeting bovine collagen showed that Integra® DRT was still
present in the regenerating tissue (Figure 14).

Figure 14. Cross section of a biopsy (day
16), where Integra® DRT is detected using
an anti body targeting bovine collagen
type I.

At day 18, the wound was again examined and an estimated 95% take-rate of the skin grafts
obvious. The transplanted wound matured subsequently, immunohistochemistry revealed that
the dermal regeneration was almost complete and the STSG has attached and is healing
(Figures 15 and 16).

Figure 15. A representative histological
section of Integra® DRT (day 18)
subsequently overgrafted with STSG and
stained with HTX- eosin. The dermal
regeneration was almost complete and the
STSG has attached and was healing.
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Figure 16. Immunohistochemistry
targeting bovine collagen I, indicating the
presence of Integra® DRT in the
regenerating dermal tissue (day 18).

The clinical appearance and physical functions of the grafted wound were regarded excellent
with smooth and pliable skin. Histology revealed a quick and thorough infiltration of
fibroblasts and capillaries into the Integra® DRT, eventually giving rise to a neodermis. As
expected the Integra® DRT functioned as a scaffold for guided tissue regeneration of the
dermis.

Somewhat

surprising,

the

Integra®

DRT

could

not

be

targeted

by

immunohistochemistry after day 18 (13 days after application). Follow-up photos on day 131
reveal a pliable and aesthetically acceptable result (Figure 17). Routine histology from skin
biopsy obtained at day 131 revealed normal skin (Figure 18).

Figure 17. Wound examination at day 131.
The graft has matured and the skin
appears pliable and soft to the touch.
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Figure 18. A representative routine
histological section of Integra® DRT (day
131) subsequently overgrafted with STSG
and stained with HTX- eosin. The split
thickness skin graft and regenerated
dermis have matured. A virtually normal
looking skin is obvious, however the rete
pegs seem to have smoothen compared to
normal skin.
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5 Concluding remarks and future aspects
This licentiate thesis is entitled “Keratinocytes in Tissue Engineering of human skin; In Vitro
and In Vivo Studies”. Different factors influencing the wound healing capacity of human
primary keratinocytes, such as transplantation techniques and different dressings and
treatments, have been described. In Paper I we showed that a pressure device, such as the
Tissomat applicator, did substantial damage to the cells. The results we present are in the
region of 50% viable cells after transplantation of keratinocytes delivered at high pressure.
This is not optimal by any standards and the question arises; what can be done to improve this
technique? The use of a standard syringe and a spray nozzle showed promising results, with
around 90% viable cells after transplantation. The high percentage of viable cells together
with the fact that this is an easy and cost effective technique makes it an appealing option.
Another way of increasing the number of viable cells after transplantation might be the use of
carriers or sealants for co-transplantation. At our laboratory, a study on spray transplantation
of keratinocytes cultured on Cultisphere® microporous gelatine spheres is ongoing. We
hypothesize that providing the cells with a matrix, allowing them to adhere to and be
transplanted together with the matrix will increase the number of viable cells after
transplantation. So far we can show that keratinocytes can be cultured in suspension,
providing they have a matrix to adhere to (Cultisphere®). The keratinocytes/Cultisphere® can
then be spray transplanted onto the wound, where they eventually adhere and start to
proliferate. After transplantation, the Cultisphere® hopefully continues to function as a matrix,
this time providing a dermal regeneration scaffold for fibroblasts. In continuum, we conclude
that transplantation of keratinocytes in single cell suspension is a valuable tool in the
treatment of burns and other wounds. However, further studies are necessary to optimize the
techniques, so that we can take full advantage of the wound healing properties of human
primary keratinocytes.

A blackening of the wound bed when using silver-containing dressings is often just a transient
binding of silver to wound debris that will be shed as the wound heals. However, as suggested
in Paper II, silver may also be deposited deeper in the tissues. A dressing, whether it contains
silver or not, should promote wound healing and prevent further harm. It should not cause
(sustained or permanent) discoloration, leave any substance in the wound that can cause
potential harm to the patient nor should it cause pain. In this paper we showed that most of the
dressings tested did cause silver accumulation throughout the tissues, exceptions being
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PolyMem®SilverTM and SilvaSorb®. None of the controls, incubated without any products
containing silver, showed signs of deposits or discoloration, and we therefore conclude that it
is the treatment with products containing silver that results in black deposits throughout the
tissue. In addition we also studied the wound healing to investigate whether the use of silver
dressings affect the wound healing process. In continuum, the results indicate that all products
tested delayed wound healing.

In Paper III we used a set-up including sub-atmospheric pressure for three days in order to
stimulate the healing process with early granulations, to assure that infection was properly
treated and that no further necrosis was formed. We believe that this is a safe way to proceed
when the initial debridement is properly performed. We conclude that initial wide
debridement with a short delay until closing of the wound with a collagen matrix as Integra®
DRT and sub-atmospheric pressure device gives fast recovery and excellent results for the
patient as well as being a safe procedure. We will further study this concept in different
traumatic conditions.

The work done and presented here is barely scratching the surface, yet it hopefully contributes
to the overall knowledge on how to optimize the use of keratinocytes in tissue engineering
and wound healing.
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