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AIMS OF THIS THESIS

Healing of full-thickness (burn) wounds frequently results in the formation of 

hypertrophic scars. These raised and inflexible scars cause serious functional and 

cosmetic problems for the patient. The “gold standard” treatment for deep wounds 

at present is transplantation with an autologous, skin graft. However, this treatment 

has several drawbacks. Due to limited availability of healthy skin, there may be a lack 

of sufficient donor sites. In addition, the skin graft does not provide an adequate 

amount of dermal tissue to prevent scarring. Furthermore, morbidity of the donor 

sites may occur.

 Tissue engineering is a promising alternative for the treatment of deep (burn) 

wounds. Several (a)cellular constructs have been developed in the past years and 

these substitutes accelerate wound closure and decrease length of hospital stay.1-

4 Cells used for tissue engineering (e.g., keratinocytes) are conventionally cultured 

in the presence of xenobiotic (animal-derived) materials, like fetal calf serum (FCS) 

and mouse feeder layer cells.5, 6 However, use of  these xenobiotic materials can be 

a potential risk for the patient. Therefore, the first aim of the work described in this 

thesis was to culture sufficient numbers of keratinocytes for transplantation without 

the need of a mouse feeder layer and FCS. 

 For the development of novel (tissue-engineered) strategies to improve wound 

healing, it is indispensable to have a better understanding of the processes involved 

in scar formation and tissue regeneration. Unlike adult wounds, fetal wounds heal 

without the formation of a scar.7, 8 As the composition and architecture of the 

extracellular matrix (ECM) plays a significant role in cell function, the constitution of 

fetal skin may be important in scarless healing. Moreover, previous studies showed 

that scar-free fetal healing does not require systemic factors (e.g., fetal serum and 

amniotic fluid),9, 10 indicating that the capacity for regeneration is probably inherent to 

the fetal skin itself. Thus, knowledge of the composition and architecture of fetal and 

adult skin may contribute to the comprehension of wound healing biology. Therefore, 

the second aim of this thesis was to study the differences between adult and fetal skin 

constitution.

 To examine the mechanisms of healing, (burn) wound models are essential.11, 12 

Model systems make it possible to study fetal and adult healing in great detail under 

controlled conditions and allow intervention at different phases of the wound healing 

process. Many animal wound models have been developed in the past years,13-16 

but due to ethical considerations and human-animal differences, there is a need 

for human in vitro alternatives. Several in vitro models have been described in the 
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literature,17-20 but these models lack multiple cell types or matrix elements of normal 

skin or could not be cultured for a long period of time. Therefore, the third aim of this 

study was to develop standardized human in vitro fetal and adult wound models that 

resemble the in vivo situation better than the current models. 

 These in vitro skin models, once characterized, can be used to investigate the 

process of fetal scar-free healing. This may lead to the identification of potential clues 

for improving adult healing. Hence, the fourth aim of this thesis was to compare 

the in vitro fetal skin model with an adult skin model and a scar model, in order to 

differentiate important factors involved in regeneration and scarring. 

The aims of these thesis will be put into perspective in the following pages. First, 

we will provide an overview on tissue-engineered skin, with respect to the current 

cellular skin substitutes, their disadvantages, and the recent approaches to avoid 

xenobiotic materials. Then, we will review the factors involved in scar formation and 

regeneration and the different in vivo and in vitro wound models.

TISSUE-ENGINEERED SKIN

The standard therapy for large skin defects (e.g., chronic wounds or burn wounds) 

is unsatisfactory in terms of quality and rate of healing. Therefore, there is a high 

demand for tissue-engineered skin that improves wound healing. For the development 

of tissue-engineered skin, knowledge of the normal skin architecture is important. It 

shows which components should be replaced by skin substitutes.

Anatomy of normal skin

The skin is composed of a stratified epidermis and an underlying dermis, which are 

connected by the basement membrane.21 The subcutaneous tissue or hypodermis 

is sometimes considered as a third layer of the skin (Figure 1). The epidermal layer 

is composed mainly of keratinocytes and forms an effective physical barrier against 

foreign substances.22 The epidermis can be divided into four layers: stratum basale, 

stratum spinosum, stratum granulosum and stratum corneum. From the stratum 

basale, the keratinocytes gradually migrate to the surface, differentiate, and finally 

form the stratum corneum.23 The dermis is situated underneath the epidermis 

and supports the epidermis structurally and nutritionally.22  It is composed of 

collagen, which provide mechanical resistance of the skin, and contains elastin and 

proteoglycans.21, 24 The main cells of the dermis are fibroblasts and their primary 

function is to synthesize and degrade ECM molecules. In addition, fibroblasts are 
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able to secrete different growth factors and cytokines during wound healing and 

skin diseases.22, 25 The final layer, the subcutaneous tissue, plays an important role 

in thermal isolation, shock absorption, and provision of energy.21 The subcutaneous 

tissue also houses mesenchymal stem cells, which are able to differentiate into 

mature cells of multiple mesenchymal tissues, like bone and cartilage.26, 27 These cells, 

which are thought to play an important role during wound healing, seem to be ideal 

candidates for tissue engineering, as they are easily isolated and amplified.28

 

Figure 1. Schematic representation of the skin.

Current tissue-engineered skin substitutes 

In recent years, both a-cellular and cellular tissue-engineered skin equivalents have 

been developed.29, 30 The a-cellular constructs can be used as dermal substitutes 

that encourage autologous cell recruitment and tissue formation. The (autologous) 

cellular tissue-engineered products usually consist of a synthetic or biological matrix 

that is populated with one or more skin cell types (Figure 2).

 The first cellular skin substitute was achieved by culturing autologous 

keratinocytes to form a confluent epithelial sheet. To obtain sufficient numbers of 

cells, the keratinocytes were co-cultured with irradiated mouse 3T3 feeder layer cells 

in the presence of fetal calf serum (FCS): the Rheinwald and Green method.5 The 

cultured epithelial autografts (CEA) can restore epidermal coverage and can be life-

saving for patients suffering from extensive burns. However, the take of the sheets 

was variable and often poor and there was a high chance of blistering.31 In addition, 

the grafts were fragile and it took 3-5 weeks to culture the sheets. An alternative for 

the transplantation with keratinocyte sheets is transfer of preconfluent keratinocytes. 
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These proliferating cells have a better take rate than confluent sheets and were 

shown to facilitate healing of both chronic ulcers and burn wounds.1, 32 In addition, 

the use of preconfluent keratinocytes decreased culture time and costs. Transfer of 

these cells to the wound bed can be accomplished by a variety of carrier systems,33-35 

which makes them easier to handle than the CEA.

 It is generally accepted that a dermal component is also needed in the treatment 

of large skin defects.36, 37 The incorporation of fibroblasts into the dermal substitutes 

was shown to be beneficial for the healing process.38 The presence of fibroblasts in 

skin equivalents not only stimulated keratinocyte outgrowth and differentiation, but 

it also improved the quality of dermal tissue regeneration.38-40 Fibroblast-populated

  

 

Figure 2. Overview of the production of autologous skin substitutes. To generate autologous 
skin equivalents, skin biopsies are obtained from the patient (1) and transferred to the 
laboratory. Keratinocytes are isolated from the epidermis and fibroblasts are isolated from the 
dermis of each biopsy (2). To acquire sufficient numbers of skin cells, the cells are expanded in 
the laboratory. As soon as adequate cell numbers are obtained, keratinocytes and fibroblasts 
are seeded onto a scaffold (e.g., collagen type I gel) (3). Subsequently, this construct is 
cultured to form a skin substitute (4). When the cultured autologous skin equivalent is ready, 
it is transplanted to the patient (5). Eventually, the ultimate aim would be to develop skin 
substitutes that are very similar to in vivo skin. To create such equivalents in the future, growth 
factors and other cell types, like melanocytes and endothelial cells, should also be added to 
these substitutes. 
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matrices can be used in combination with a thin split skin autograft; however, the 

persisting need for large donor sites is disadvantageous. Therefore, several researchers 

have developed full skin equivalents consisting of a fibroblast-populated matrix and 

a cultured epidermis.2, 41 Some years ago, a full skin substitute (i.e., Apligraf®) was 

approved by the US Food and Drug Administration (FDA) for the treatment of venous 

leg ulcers and diabetic foot ulcers. However, this construct contains allogeneic skin 

cells and is therefore less appropriate for the permanent repair of large burn wounds.

Limitations 

Although the current cellular skin constructs can be beneficial in the treatment of 

deep skin defects, they have major disadvantages. First, tissue-engineered products 

are difficult to store and transport. Second, treatment with skin substitutes is 

expensive, especially with the use of autologous cells. Third, xenobiotic materials are 

necessary during the culture process of the current skin equivalents. Keratinocytes 

and fibroblasts are conventionally cultured in medium containing FCS and keratinocyte 

culture techniques also require mouse feeder layer cells. These xenobiotic components 

may possibly contain prions (e.g., causing bovine spongiform encephalopathy (BSE)) 

or animal viruses that are able to infect human cells. To reduce risks, FCS can be 

obtained from countries where cow herds are free from BSE. However, if BSE spreads 

worldwide, serum-free culture medium will be necessary. Apart from the risk of 

disease transfer, patients can raise antibodies against FCS and murine cells after 

transplantation with tissue-engineered skin. This may lead to graft loss, anaphylaxis, 

and serum sickness.42-44 Due to these risks, national and international legislation 

would favor approval of xenobiotic-free materials above xenobiotic-containing 

materials for clinical use. In addition, it is feasible that xenobiotic materials will be 

banned completely in future. Therefore, further improvements of tissue-engineered 

products are necessary to reduce the risks of xenotransplantation.

Xenobiotic-free culture systems

In the past few years, several approaches have been developed to establish xenobiotic-

free culture systems. A first strategy is to omit FCS from the culture media. At this 

moment, some serum-free culture media are commercially available for the expansion 

of skin cells in the laboratory (e.g., EpiLife® or Gibco’s Keratinocyte-SFM). These 

media have been demonstrated to support the proliferation of epidermal and dermal 

cells. However, cells grown using those serum-free media require plating at high cell-

seeding densities and this may not be possible or practical in a clinical setting. Further, 

some formulations still contain animal-derived proteins, such as bovine pituitary 
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extract or bovine serum albumin (BSA), which carries the risk of BSE transmission. 

Even when serum-free media do not contain xenobiotic components, manufactures 

do not fully disclose the composition of the medium. Consequently, none of these 

culture media are currently approved for clinical use. Since commercial media have 

several limitations, it is important to search for other serum-free culture methods. 

Smola et al. showed that FCS can also be replaced by autologous patient serum in 

keratinocytes cultures.45 Experiments show that patient serum was equally or even 

better suited than FCS to stimulate keratinocyte proliferation. However, murine feeder 

layer cells were still necessary in the culture process. In addition, it is undesirable to 

draw blood from patients with large burn wounds, because these patients already have 

a fluid and blood cell shortage. A second approach to avoid xenobiotic constituents 

was shown by MacNeil’s group. They reported that murine feeder layer cells can be 

replaced by human dermal fibroblasts under serum-free conditions.46-48 Keratinocytes 

were able to attach and proliferate well on a chemically defined plasma polymer 

surface (PPS) in combination with human feeder cells. However, it took some weeks 

before sufficient numbers of the fibroblasts were cultured and the cells could be used 

as a feeder layer. A third possible solution is the replacement of mice feeder layer 

cells by extracellular matrix molecules.49, 50 Horch et al. found that keratinocytes were 

able to attach and grow on bovine collagen type I membranes without feeder layers 

under serum-free conditions.49 These keratinocytes could form a fully differentiated 

epidermis after transplantation to a nude mice model. However, more research is 

necessary to replace the bovine-derived collagen type I by human-derived collagen. 

A final strategy to avoid xenobiotic components is the use of a dermal scaffold that 

is completely composed of human-derived materials. To generate such a construct, 

human dermal fibroblasts were stimulated to produce a protein-rich matrix.51 This 

cell-derived matrix had a high mechanical strength and is therefore probably suitable 

for transplantation. In addition to a cell-derived construct, clotted human plasma can 

be used as a dermal scaffold.52 Both keratinocytes and fibroblasts proliferated well on 

this matrix and it was successfully transplanted to burn patients. To avoid risks, this 

construct can be generated from autologous plasma. 

 Although some of these strategies are very promising in establishing xenobiotic-

free cultures, there are still several drawbacks. Further adaptations to these methods 

should be made to overcome these difficulties. In addition, extensive studies will be 

necessary to test clinical efficacy.

 

Chapter 1

16



WOUND MODEL SYSTEMS

Wound model systems can be used to test preclinically the efficacy and safety 

of newly developed skin substitutes.11, 53 Models make it possible to study toxicity 

and wound healing parameters under controlled conditions. In addition, they allow 

extensive examination of efficacy and safety, because there is hardly any limitation to 

the collection of tissue samples.15 

 Apart from preclinical testing, wound models help to clarify the mechanisms of 

scar formation and regeneration.12 Despite extensive research, the mechanisms of 

adult scarring and fetal scar-free healing are only partly understood. Comprehension 

of fetal and adult healing may lead to new therapeutic strategies for improving adult 

healing. 

Factors involved in scar formation and regeneration

A wide array of processes have already been identified that are associated with 

adult hypertrophic scarring and fetal regeneration, like depth of injury, extent of 

inflammation, rate of reepithelialization, amount and type of ECM synthesis, and 

presence of myofibroblasts.54-56 

 Many studies showed that the depth of injury is an important factor  in 

scar formation and regeneration.57-59 In adult skin, partial thickness injuries heal 

with minimal scarring, whereas deep (burn) wounds result in hypertrophic scar 

formation.60 In fetal skin, large size wounds only heal without scar formation at very 

early gestational ages, whereas small defects are able to heal scar-free throughout 

the second trimester.61, 62 Since the dermis and its fibroblasts are largely destroyed 

in deep wounds, reconstruction may also require fibroblasts from other sources, like 

subcutaneous tissue.63, 64 It is possible that, except at very early-gestation, these cells 

have not enough plasticity to recreate the original dermis.  

 The extent of inflammation is also a significant factor in scarring.65 In contrast 

to adult healing, almost no inflammatory response is present in fetal scarless repair.8 

Since recruited inflammatory cells produce several pro-fibrotic growth factors (e.g., 

TGFβ, PDGF),25 it seems reasonable that a diminished inflammatory response may 

contribute to scarless healing. Similarly, an exaggerated inflammation response (e.g., 

due to bacterial contamination)66 results in a longer persistence of inflammatory cells 

and correspondingly high levels of pro-fibrotic growth factors, which may lead to 

hypertrophic scar formation. 

 Another factor important in scar formation is the rate of reepithelialization. It has 

been demonstrated that reepithelialization is faster in fetal scarless healing than in 
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adult healing.8, 67  Likewise, delayed reepithelialization is associated with hypertrophic 

scar formation in burn patients.68 The mechanism for this relationship is not entirely 

understood. It has been hypothesized that after complete reepithelialization the 

inflammatory response is down-regulated and keratinocytes decrease collagen 

production by fibroblasts.69, 70

 The amount and type of ECM synthesis also plays an important role in scar 

formation and regeneration. Deep adult (burn) wounds generally heal with excessive 

ECM production and/or deficient ECM degradation.56 The resulting high amount of 

ECM may lead to severe scar formation. In contrast, fetal skin heals with lower amounts 

of ECM deposition and consists of different types of ECM molecules than adult skin.71 

For example, fetal dermis contains a higher amount of glycosaminoglycans (e.g., 

chondroitin sulfate and hyaluronic acid) and has a lower collagen I:III ratio than adult 

dermis.72-74 Since ECM molecules not only regulate fibroblasts behavior, like migration 

and differentiation,75 but also influence the cell phenotype,76 it seems reasonable that 

type of ECM influences wound healing outcomes. 

 Finally, the presence of myofibroblasts at the wound site is important in 

hypertrophic scar formation. In adult wounds, myofibroblast are responsible for 

wound contraction and excessive ECM deposition.77, 78 Normally, the myofibroblast 

phenotype disappears after wound closure by apoptosis, but in hypertrophic scar they 

tend to persist.79, 80 This may result in extended contraction, excessive ECM production, 

and altered collagen remodelling and will eventually lead to severe scar formation.81-83 

In contrast to adult wounds, no myofibroblasts are present in fetal wounds.84, 85 The 

lack of myofibroblasts in fetal wounds probably contributes to scarless healing.86

In vivo model systems

Only human in vivo models can accurately reflect the events that lead to wound 

repair.17 However, apart from a few superficial adult wound models (e.g., suction-

blister model),87,88 use of human models is limited. First, ethical considerations restrict 

utilization of human in vivo models, especially use of human fetal skin models. 

Second, patient-related factors, such as genetic variation, may influence wound 

healing outcomes. Third, limited tissue sample collection and timing of treatments 

can be difficult in human subjects.  

 To overcome some of these shortcomings, animal models are frequently used.89, 

90 Similar to human studies, all local and systemic factors are present in animal 

model systems, but experiments could be performed under controlled conditions. 

In addition, tissue sample collection is much easier in animals and a high number of 

samples can be obtained. Furthermore, it is possible to study fetal scar-free healing in 
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animals model systems.

 Animals commonly used in wound healing studies are rodents, such as mice 

and rats.91, 92 Rodents are advantageous, because a large number of animals can be 

studied, housing and handling are relatively easy and modified animals, like knock-

out mice and atymic animals, can be used.12, 16 Frequently, incisional or excisional 

wounds are made on the backs of these animals to study (fetal) wound healing. 

However, adult wound healing characteristics differ considerably from humans, as 

wounds in adult rodents heal mainly through wound contraction and healing does not 

result in hypertrophic scar formation.11 In addition, animal fetal skin has a different 

composition than human embryonic skin. Furthermore, the short gestation of rodents 

limits fetal wound healing analysis to late in the third trimester.90 As an alternative, 

human (fetal) skin grafts can be implanted into athymic rodents. These grafts maintain 

their structural and functional integration after transplantation and can be wounded 

to investigate healing biology.10, 93, 94 However, wound healing is still dissimilar to the 

clinical human situation, possibly because rodent-derived cells and systemic factors 

may also participate in the healing process.95 

 Other animal models, such as pig and sheep models, can also be used to study 

(fetal) wound healing.96, 97 These large animals are advantageous, because surgical 

manipulation is easier and several treatments can be compared in the same animal. 

In addition, they permit fetal healing analysis throughout gestation and have a 

lower risk of abortion. Moreover, pig skin, especially from Duroc pigs, shows more 

resemblance to human skin and healing processes than rodent skin.98, 99 However, 

direct examination of single tissue components or single cell lineages is difficult in 

large animals, because no genetically modified animals (e.g., knock-out models) 

exist. In addition, high costs and difficulty of housing restrict the use of large animals. 

These arguments in combination with the growing public opinion against animal 

experiments urge the development of reliable in vitro models.

In vitro model systems

Due to limitations of in vivo studies, there is a demand for standardized, human in vitro 

models. In vitro models are rapid, simple, less costly, and generally involve minimal 

ethical considerations.11 In addition, they can be used to study directly the effect of 

an environmental change or substance on the tissue without influencing other tissue 

components. However, in vitro models can never completely replace animal models 

for the short term, because they are only a partial representation of in vivo wound 

healing and most systemic factors are not present.

 The simplest in vitro model is culture of cell monolayers, like keratinocyte 
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and fibroblast cultures.100, 101 Optionally, defects can be created in the cell layer to 

simulate wound closure.102, 103 These models can be used to study proliferation, 

protein synthesis and migration. However, the environment of cell monolayers is very 

different from the environment in which cells exist in vivo. For example, the cells are 

not totally enclosed by ECM in monolayers and cross talk with other cell types is not 

possible. 

 To mimic the in vivo situation more accurately, three-dimensional in vitro 

models (i.e., skin substitutes) can be used. These models are generally composed of 

a fibroblast-populated collagen or fibrin matrix which can be supplemented with an 

epidermis.104-106 They can be utilized to examine cell-matrix and cell-cell interactions, 

proliferation, and contraction. To investigate reepithelialization and fibroblast 

migration,  (burn) wounds can be created in three-dimensional models.107,108 Although 

these models are somewhat more similar to the in vivo situation than cell monolayers, 

they still lack important factors involved in wound healing processes, such as multiple 

cell types, matrix elements, inflammation, and blood clotting factors.   

 To overcome some of these disadvantages, intact skin cultures can be used in 

wound healing studies.109-112 All the cellular elements, including skin appendages, and 

matrix elements are present in these skin explants. These models are not only suitable 

for studying cell migration, proliferation, and reepithelialization, but are also useful 

for morphological studies of the ECM and for the assessment of tensile strength in 

full-thickness incisions.113, 114 However, animal skin is often used for the skin explants 

and they can only be maintained in culture for a short period of time.115-117  

CONCLUDING REMARKS

No reliable treatment has been developed (yet) for the prevention of hypertrophic 

scar formation. Tissue-engineered skin might be a promising therapy, but still has 

several drawbacks (e.g., use of xenobiotic materials) up to now. The absence of good 

anti-scarring treatments is probably caused by the lack of understanding of scar 

pathogenesis and fetal regeneration. Wound model systems are important in gaining 

more knowledge about these processes. However, the ideal wound model system is 

still not available. Animal models are favorable and cannot be banned completely, 

because all local and systemic factors involved in wound healing are present. However, 

human-animal differences and ethical considerations are major disadvantages of 

these model systems. Human in vitro models are an alternative for animal studies, 

but they only partially represent the in vivo situation. In order to develop reliable anti-

scarring treatments, research for better wound model systems is inevitable.
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Outline of the thesis

The studies in this thesis describe the development and characterization of improved 

keratinocyte cultures and in vitro fetal and adult wound models. Chapter 2 will 

address the development of a culture method for keratinocytes, which does not 

require mouse feeder layers cells and FCS. In Chapter 3, we compared adult skin with 

fetal skin, in order to obtain more knowledge of the differences between fetal and 

adult skin composition. This is important for the design of in vitro fetal and adult 

skin models and for the understanding of scarless fetal healing. Chapter 4 shows the 

development of an improved, adult in vitro wound model, which remained viable for 

a long period of time. In Chapter 5, this model is compared to an in vitro fetal skin and 

scar tissue model, in order to differentiate important factors involved in regeneration 

and scarring. Finally, in Chapter 6 the obtained results are summarized and discussed.  
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ABSTRACT

Background: Patients with large burn wounds have a limited amount of healthy donor 

skin. An alternative for the autologous skin graft is transplantation with autologous 

keratinocytes. Conventionally, the keratinocytes are cultured with mouse feeder layer 

cells in medium containing fetal calf serum (FCS) to obtain sufficient numbers of cells. 

These xenobiotic materials can be a potential risk for the patient. The aim of the 

present study was to investigate if keratinocytes could be expanded in culture without 

the need of a feeder layer and FCS. 

Methods: Keratinocytes were cultured on tissue culture plastic with or without 

collagen type IV coating in medium containing Ultroser G (serum substitute) and 

keratinocyte growth factor (KGF). An in vitro skin equivalent model was used to 

examine the capacity of these cells to form an epidermis. Keratinocytes in different 

passages (P2, P4, and P6) and freshly isolated cells were studied. 

Results: Keratinocytes grown on collagen type IV were able to form an epidermis 

at higher passage numbers than cells grown in absence of collagen type IV (P4 and 

P2, respectively). In both cases, the reconstructed epidermis showed an increased 

expression of Ki-67, SKALP, involucrin, and keratin 17 compared to normal skin. Only 

50,000 keratinocytes grown on collagen type IV in P4 were needed to form 1 cm2 

epidermis, whereas 150,000 of freshly isolated keratinocytes were necessary. Using 

this culture technique sufficient numbers of keratinocytes, isolated from 1 cm2 skin, 

were obtained to cover 400 cm2 of wound surface in 2 weeks. 

Conclusion: The results show that keratinocytes can be cultured without the need 

of a fibroblast feeder layer and FCS and that these cells are still able to create a 

fully differentiated epidermis. This culture technique can be a valuable tool for the 

treatment of burn wounds and further development of tissue engineered skin.
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INTRODUCTION

The standard treatment for extensive burn wounds is transplantation with a meshed 

split skin autograft. However, this treatment has disadvantages. Due to limited 

availability of healthy skin, insufficient donor sites may be present in patients with 

extensive burns. In addition, severe scarring and morbidity of the donor sites may 

occur and the burn wound often heals with an irregular mesh pattern.

An alternative for the use of autologous skin grafts is transplantation with 

engineered skin substitutes.1 In recent years, both dermal and epidermal substitutes 

have been developed. Clinical studies have shown that the use of dermal substitutes, 

like Integra® or AlloDerm®, in combination with a very thin split-thickness skin graft 

provides a permanent cover that is at least as satisfactory as an autologous meshed 

split-thickness skin graft alone.2 In addition, treatment with these dermal substitutes 

is associated with decreased length of hospital stay.3, 4 In this procedure, the split skin 

autograft can be widely meshed and for this reason a reduced amount of donor skin 

is required. In addition, the very thin grafts reduce the risk of donor site morbidity.

The first epidermal substitute was achieved by culturing autologous keratinocytes 

to form a confluent epithelial sheet. The keratinocytes used in this substitute were 

cultured according to the method described by Rheinwald and Green.5 With this 

technique, keratinocytes are co-cultured with irradiated mouse 3T3 feeder layer 

cells using medium containing FCS and epidermal growth factor (EGF). The cultured 

epithelial autografts (CEA) can restore epidermal coverage and can be life-saving for 

patients suffering from extensive burns.6 During the following years, contradicting 

literature concerning the clinical usefulness of the CEA in burn wound care has been 

published. The take of the sheets is variable and often poor and there is a high chance 

of blistering.7 In addition, the grafts are fragile and it takes 3−5 weeks to culture the 

sheets. 

An alternative for the transplantation with keratinocyte sheets is transfer of 

preconfluent keratinocytes. These proliferating cells have a better take rate than 

confluent sheets.8 In addition, the use of preconfluent keratinocytes decreases 

culture time and costs. Animal and clinical studies show that transfer of these cells 

to the wound bed can be accomplished by a variety of carrier systems such as fibrin9, 

polyurethane membranes10, porous synthetic carriers11 and aerosol sprays12. Such 

keratinocyte delivery systems are easier to handle than the epidermal sheets. For 

the coverage of large burn wounds, this technique can be used in combination with 

meshed skin autografts, which supplies the keratinocyte and fibroblast stem cells. 

Zhu et al. showed that keratinocytes cultured on a Plasma Polymer Surface (PSS) in 
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combination with a meshed split skin autograft accelerated reepithelialization and 

showed improved healing with a less visible mesh pattern.13 They also reported that 

application of the cultured keratinocytes to the donor sites accelerated healing.  

The standard culturing technique to obtain sufficient numbers of keratinocytes is 

co-culture with irradiated mouse 3T3 feeder layer cells in Green’s medium containing 

10% FCS. However, the use of mouse feeder layer cells or FCS is a potential risk for 

the patient, because of possible disease transfer (e.g., animal viruses or prions) and 

the possible immunological response in the patient.14, 15 For this reason, the European 

authority prefers xenobiotic-free culturing conditions for clinical applications. The 

latest proposal for a regulation on advanced therapy medicinal products, which 

includes tissue engineered products, states that Member States should decide 

themselves whether to allow the use of animal cells or medicinal products based 

on such cells.16 However, very detailed information has to be provided about many 

aspects of the involved animals before the European authority approves the utilisation 

of these products.17 

Several approaches have been developed to avoid the use of xenobiotic materials. 

Work by the group of MacNeil showed that murine feeder layer cells can be replaced 

by human dermal fibroblasts.18, 19 Keratinocytes attach and proliferate well on PPS 

in combination with the human feeder cells. However, it takes some weeks before 

sufficient numbers of the fibroblasts are cultured and the cells can be used as a feeder 

layer. Smola et al. showed that FCS can be replaced by autologous patient serum in 

keratinocytes cultures.20 However, this is only successful in the presence of murine 

feeder layer cells. In addition, it is undesirable to draw blood from patients with large 

burn wounds, because these patients already have a fluid shortage.  

It has been shown that the keratinocytes that adhere most rapidly to collagen 

type IV have characteristics of stem cells.21, 22 The rapidly adhering keratinocytes had 

a high colony forming efficiency (CFE) and showed low expression of differentiation 

markers.21 In addition, culture on collagen type IV increases the life-span of murine 

keratinocytes.23, 24 We hypothesized that collagen type IV could also improve the 

culture of human keratinocytes.

The aim of our study was to isolate and to culture sufficient numbers of 

keratinocytes, which are still able to regenerate an epidermis in a short time frame 

without the need of mouse feeder layer cells and FCS. 
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MATERIAL AND METHODS

Tissue handling and cell culture 

A 0.3 mm split-thickness skin graft was obtained using a dermatome (Aesculap AG 

& Co. KG, Tuttlingen, Germany) from tissues donated by healthy donors undergoing 

abdominoplasty. Epidermis and dermis were separated by incubation in 0.25% (w/v) 

dispase II (Boehringer, Mannheim, Germany) in saline at 37 °C for 1 h.

Keratinocyte culture:  Keratinocytes were isolated from the epidermis by trypsin 

digestion (0.05% trypsin with 0.53 mM EDTA; Invitrogen, Breda, The Netherlands) 

at 37 °C for 15 min. Isolated keratinocytes were cultured in DMEM/Ham’s F12 

(3:1) (Invitrogen), supplemented with 1% Ultroser G (Pall BioSepra, Cergy-Saint-

Christophe, France), 0.4 μg/ml hydrocortisone, 0.25 µg/ml isoproterenol, 5 µg/

ml insulin, 1 ng/ml recombinant human KGF (all Sigma-Aldrich, St. Louis, MO), and 

penicillin/streptomycin (100 IU/ml penicillin, 100 μg/ml streptomycin; Invitrogen). 

Cells were plated (80,000 cells/cm2) onto tissue culture plastic alone or tissue culture 

plastic coated overnight with 1 μg/cm2 collagen type IV from human placenta (Sigma-

Aldrich) at room temperature. Eighty-five percent confluent cells were trypsinized 

using trypsin/EDTA and seeded in new flasks at a density of 13,000 cells/cm2.

Fibroblast culture:  Dermal fibroblasts were isolated from the dermis as described 

by van den Bogaerdt et al.25 and cultured in fibroblast culture medium (DMEM 

supplemented with 2% Ultroser G, 1 mM L-glutamine (Invitrogen) and penicillin/

streptomycin). Fibroblasts were seeded at a density of 5,000 cells/cm2. Passage 2 

fibroblasts from one donor were used to construct all full skin equivalents.

Amplification of keratinocytes

To assess the amplification of cultured keratinocytes, cells were counted with a 

haemocytometer (Bürker, Omnilabo, The Netherlands) at isolation and after passaging. 

The amplification per passage number was defined as the number of harvested 

keratinocytes divided by the number of seeded keratinocytes. The amplification was 

defined for six independent cell isolations.

Reconstruction of epidermis

De-epidermized dermis (DED) was prepared by incubating human cadaver skin (Euro 

Skin Bank, Beverwijk, The Netherlands) in PBS for 3 weeks at 37°C under continuous 

agitation by shaking. Subsequently, the epidermis was scraped off and the remaining 

dermis was thoroughly washed in PBS. 

Fibroblasts (0.2 × 106) were seeded inside a stainless steel ring (diameter 1 cm) 
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at the reticular side of the DED. After 3 h, the ring was removed and fibroblast culture 

medium was added. After 3 days, keratinocytes were seeded inside a stainless steel 

ring at the papillary side of the DED. The ring was removed after 4 h and the skin 

equivalents were cultured in culture medium previously described by Gibbs et al.26 

After 4 days, the cultures were placed on a small stainless steel grid and lifted to the 

air-liquid (A/L) interface. After 7 days of culture at the A/L interface, KGF and EGF 

were omitted from the culture medium and the cultures were grown for an additional 

7 days at the A/L interface. Culture medium was refreshed two times per week.

Immunohistochemistry and immunofluorescence 

Cultures were harvested, fixed in 4% formaldehyde, and processed for paraffin 

embedding. Sections (5 μm) were cut, deparaffinized, and rehydrated in 

preparation for morphological analysis by hematoxylin and eosin (H&E) staining 

or immunohistochemical analysis by staining for keratin 17 (K17), skin-derived 

antileukoproteinase (SKALP), involucrin, Ki-67, p63, and β1-integrin. Table 1 shows 

specification of the monoclonal antibodies and dilution of the antibodies used. After 

Table 1. Antibodies used in the immunohistochemical analysis.

Primary 
antibody

Dilution Source Staining 
normal 

skin

Staining 
during wound 

healing

Reference

Keratin 17 1:100 Dako, Glostrup, 
Denmark

- + Kurokawa et al.43

SKALP 1:1,600 Hycult 
Biotechnology, Uden, 
The Netherlands

- + van Bergen et al.29

Involucrin 1:1,000 Novocastra, 
Newcastle Upon 
Tyne, UK

+ + Geer et al.31

Ki-67 1:50 Lab Vision, Fremont, 
USA

+ + Usui et al.30

p63 1:50 Dako + + Kurokawa et al.43

β1-integrin 1:1,000 Calbiochem, San 
Diego, USA

+ + Watt37 and 
Hertle et al.38

incubation with primary antibodies, sections were incubated with secondary 

biotinylated rabbit anti-mouse polyclonal antibody (Dako, Glostrup, Denmark) for 1 h at 

room temperature. Subsequently, the sections were stained with streptavidin-biotin-

peroxidase complex system (Dako) according to the manufacturer’s instructions. All 
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sections were counterstained with hematoxylin. 

For immunofluorescence, sections were incubated with streptavidin-alkaline 

phosphatase (Dako) after incubation of secondary antibody.  Staining was visualized 

using Liquid Permanent Red (Dako) according to manufacturer’s instructions.  

Fluorescence was detected by fluorescence microscopy using a Texas Red filter 

set (excitation  wavelength  510-560 nm and emission wavelength  590 nm). 

4’,6-diamidino-2-phenylindole (DAPI; Roche Diagnostics, Almere, The Netherlands) 

was used as a nuclear counter stain. Negative controls were performed in the absence 

of primary antibody.

Proliferation index

The proliferation index (PI) is defined as the number of Ki-67-positive basal cells divided 

by the total number of basal cells × 100%. Staining of Ki-67 was equally distributed in 

the epidermis. Cells were counted at the light-microscopic level (magnification 100×) 

at three randomly chosen regions in each section. The resulting values are expressed 

as the median of three independent experiments.

Statistical analysis

All data are expressed as the median of at least three experiments carried out 

in duplicate. Because normal distribution of the data could not be assumed, 

nonparametric tests were performed to analyse the data. Statistical significance was 

determined by Mann-Whitney U test for unpaired data or by Wilcoxon signed ranks 

test for paired data. Values of p < 0.05 were considered statistically significant.

RESULTS

Keratinocyte culture

Approximately 1 × 106 keratinocytes were isolated per 1 cm2 harvested skin. Cells were 

seeded onto tissue culture plastic alone or on tissue culture plastic coated with collagen 

type IV. The appearance of keratinocytes in passage 2 (P2), P4, and P6 is illustrated in 

Figure 1. In P2, no difference in morphology was found between keratinocytes cultured 

with or without collagen type IV coating. The keratinocytes were polygonal in shape   

with round, centred nuclei (Figure 1A,B). In P4, keratinocytes cultured on plastic alone 

formed small colonies and exhibited a large, irregular shape. The morphology was 

less organised and cell boundaries were not clearly visible (Figure 1D). In contrast, P4 

keratinocytes cultured on collagen type IV still formed large colonies and exhibited a 

cubical shape (Figure 1C). Keratinocytes grown on plastic alone reached senescence 
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before P6, whereas all keratinocyte cultures grown on collagen type IV could be 

expanded at least to P6, although by this time the keratinocytes had an elongated 

and flattened appearance (Figure 1E). The passage number, in which the cells  grown 

on collagen type IV undergo growth arrest, varied between different donors (P6-P10). 

In one occasion we were able to culture keratinocytes until P20 (results not shown).   

 

Figure 1. Phase contrast photomicrographs showing keratinocytes at different passage 
numbers. Keratinocytes cultured on collagen type IV coating in passage 2 (P2), in P4, and in P6 
(A,C,E). Keratinocytes cultured without collagen type IV coating in P2 and in P4 (B,D). Original 
magnification: 100×, scale bars: 100 μm. 

 Up to P2, keratinocytes cultured with or without collagen type IV coating were 

passaged approximately every 4 days. After P2, keratinocytes cultured on collagen 

type IV grew faster than keratinocytes cultured on plastic alone (Figure 2A). For 

this reason, after P2 keratinocytes grown on coating were trypsinized every 4 days, 

whereas keratinocytes grown on plastic were trypsinized every 7 days. The median 

culture time to reach P4 was 15 days for keratinocytes cultured with collagen type 

IV coating and 20 days for keratinocytes cultured on plastic alone (p < 0.05, Wilcoxon 

signed ranks test). The median amplification of keratinocytes cultured on collagen 

type IV was higher in P4 than the median amplification of keratinocytes cultured on 

plastic (19 and 7, respectively), but this result was not significant (p > 0.05, Wilcoxon 
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signed ranks test) (Figure 2B). In P2, no significant difference in amplification was 

found between keratinocytes cultured with or without coating (p > 0.05, Wilcoxon 

signed ranks test).

 

 

Figure 2. Culture time and amplification of cultured keratinocytes. A: Number of days until 
keratinocytes that were cultured with (+) or without (-) collagen type IV coating reach passage 
2 (P2) and P4. B: Amplification of keratinocytes in P2 and P4 cultured with (+) or without (-) 
collagen type IV coating. The amplification factor was defined as the number of harvested 
keratinocytes divided by the number of seeded keratinocytes. The short thin lines indicate the 
median of the observations in each group. Statistical significance was determined by Wilcoxon 
signed ranks test, *p < 0.05.

Morphology of the reconstructed epidermis

To examine the ability of the cells to reconstruct an epidermis, skin equivalents 

were made using keratinocytes directly after isolation (P0), in P2, P4, and P6. All 

experiments were performed at least in twofold with keratinocytes obtained from 

three different donors. Skin equivalents made with freshly isolated cells and with P2 

and P4 keratinocytes cultured on collagen type IV showed a multilayered epidermis, 

which closely resembles normal skin (Figure 3A-C, E). The reconstructed epidermis 

consisted of 8-9 viable cell layers and contained a well-defined basal layer, stratum 

spinosum, and stratum granulosum. The constructs contained a thicker epidermis 

than normal skin. P2 keratinocytes cultured without coating showed the same 

result (Figure 3D). In contrast, using P4 keratinocytes cultured without coating, the 

formed epidermis was less organised and consisted of fewer cell layers (Figure 3F). 

Keratinocytes in P6 (cultured on collagen type IV coating) formed a poor epidermal 

structure with very few viable cell layers (Figure 3G).
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Figure 3. Histology of the reconstructed epidermis. Hematoxylin and eosin (H&E)-stained 
sections of normal skin (A) and the skin equivalents made using freshly isolated keratinocytes 
(P0) (B), keratinocytes cultured on collagen type IV coating in P2 (C), in P4 (E), in P6 (G),  
keratinocytes cultured without collagen type IV coating in P2 (D), and in P4 (F). The differentiated 
epidermis contained a stratum basale (SB), stratum spinosum (SS), stratum granulosum (SG), 
and stratum corneum (SC). All H&E sections were from one representative donor. Original 
magnification 200×, scale bars: 50 μm. 

Characterisation of the reconstructed epidermis

To examine the reconstructed epidermis and to compare it to normal skin, expression 

of Ki-67, p63, and β1 integrin was determined.

Ki-67-positive cells were located mainly in the basal layer of both reconstructed 

skin equivalents and normal skin (Figure 4A). To determine the proliferation index 

(PI), the percentage of Ki-67-positive cells in the basal layer was determined. Figure 

4B shows that the median PI was nearly the same in all skin equivalents. In contrast, 

the PI of normal skin (13%, range 11 – 16%) was lower than the PI of reconstructed 

skin equivalents, but this result was not significant (p > 0.05, Mann-Whitney U test). 
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Skin equivalents made using P4 uncoated and P6 coated keratinocytes were excluded 

from PI analysis, because these skin equivalents did not have a well-defined basal cell 

layer.

Figure 4. Expression of Ki-67 in normal skin and in skin equivalents. A: The localization of Ki-67 
in epidermis using keratinocytes in P4 cultured on collagen type IV and in normal skin is shown. 
Original magnification: 100×, scale bars: 50 μm. B: Proliferation index (PI) in reconstructed skin 
equivalents and in normal skin. The PI was defined as the number of Ki-67-positive basal cells 
divided by the total number of basal cells × 100%. Each bar represents the median of three 
independent donors. Statistical significance was determined by Mann-Whitney U test.

Figure 5A shows the expression of p63 in normal skin and in the reconstructed 

epidermis made using keratinocytes cultured on collagen type IV. In both normal skin 

and cultured skin substitutes, p63 was present in the basal layer and in the lower 

layers of the stratum spinosum. The expression gradually decreased in the middle 

layer of the epidermis and no expression was seen in the stratum granulosum. The 

location of p63 expression was identical in all skin substitutes made using different 

passage numbers. No difference in expression was found between skin equivalents 

made using keratinocytes cultured on collagen type IV coating and skin equivalents 

made using keratinocytes cultured on plastic (data not shown).

β1-Integrin expression in reconstructed epidermis and in normal skin is shown 

in Figure 5B. In normal epidermis and in epidermis constructed from freshly isolated 

keratinocytes, the expression of β1-integrin was only confined to the basal layer. 

In epidermis made with P2 and P4 keratinocytes, β1-integrin was also present in 

suprabasal cell layers. The intensity of β1-integrin staining gradually decreased 

toward the stratum granulosum. No difference in expression was found between skin 

equivalents made using keratinocytes cultured on collagen type IV coating and skin 

equivalents made using keratinocytes cultured on plastic (data not shown).
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Figure 5. Expression of p63 (A) and the integrin subunit β1 (B) in the reconstructed skin 
equivalents and in normal skin. Skin equivalents were made using freshly isolated keratinocytes 
(P0) or keratinocytes cultured on collagen type IV coating in P2 and P4. Original magnification: 
200×, scale bars: 50 μm.

Expression of stress markers in the reconstructed epidermis

To examine whether expression of stress markers differs in the cultured skin 

equivalents, the tissue specimens were stained with antibodies directed against skin-

derived antileukoproteinase (SKALP), involucrin, and keratin 17 (K17). 

SKALP was not expressed in normal skin, but showed regular expression in all 

reconstructed skin equivalents (Figure 6A). In the regenerated epidermis, expression 

of SKALP was detected in the stratum granulosum and in the upper layers of the 

stratum spinosum. 

Involucrin was expressed in the stratum granulosum of normal skin. However, in 

all reconstructed skin equivalents, involucrin was expressed in every suprabasal layer 

(Figure 6B).

Figure 6C shows that K17 was not observed in normal skin. In contrast, K17 
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was expressed intermittently in most of the cultured skin equivalents, but it varied 

between different donors (data not shown). All donors showed that in P4 more 

expression of K17 was observed in epidermis made using keratinocytes cultured on 

plastic than in epidermis made using keratinocytes cultured on collagen type IV.

Figure 6. Expression of SKALP (A), involucrin (B), and K17 (C) is shown in the reconstructed skin 
equivalents and in normal skin. Skin equivalents were made using freshly isolated keratinocytes 
(P0) or keratinocytes in P2 and P4 cultured with (+) or without (-) collagen type IV coating. 
Original magnification: 200×, scale bars: 50 μm. 

Minimal required seeding density

To assess the minimal number of keratinocytes needed to form an epidermis, 

decreasing numbers (15 × 104 – 1 × 104/cm2) of cells were seeded onto the DED. Only 
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keratinocytes cultured on collagen type IV coating were used in this experiment.

Of the freshly isolated keratinocytes, 15 × 104 cells/cm2 were necessary to form a 

differentiated epidermis, whereas of the cultured keratinocytes lower numbers of 

keratinocytes were still able to form an epidermis (Figure 7). Of the P4 cells, 5 × 104 

cells/cm2 were sufficient to form an epidermis. P2 keratinocytes were still able to 

form an epidermis when only 1 × 104 cells/cm2 were seeded onto DED. 

Figure 7. Histology of the skin equivalents made using decreasing numbers of keratinocytes. 
Hematoxylin and eosin (H&E)-stained sections of the skin equivalents made using freshly 
isolated keratinocytes (P0) or keratinocytes cultured on collagen type IV coating in P2 and 
P4 in a density of 150,000, 50,000, and 10,000 cells/cm2. All H&E sections were from one 
representative donor. Original magnification: 200×, scale bars: 50 μm.

DISCUSSION

In the present study we show that keratinocytes can be cultured without the need of 

a fibroblast feeder layer and FCS. We show that these keratinocytes, when cultured 

on collagen type IV, are still able to generate a fully differentiated epidermis at  P4. 

Culture of keratinocytes without feeder layers and FCS has the advantage that 

it avoids the risk of transmitting infectious agents from animal origin and it simplifies 

culture procedures. In addition, European legislation would favour approval of 

xenobiotic free materials above xenobiotic containing materials for clinical use. 

Furthermore, it is feasible that in the future xenobiotic materials will be banned 

completely. 
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In this study, we replaced FCS with Ultroser G. This serum substitute has been 

used in keratinocyte cultures with good results by ourselves and others.27 Although 

the composition of Ultroser G is semi-defined, this study shows that it is possible 

to culture keratinocytes without FCS. Future efforts should be made to develop a 

completely defined medium for keratinocytes. 

Epidermal reconstruction is a good way to examine the usefulness of keratinocytes 

for clinical application. Skin equivalents made using cultured keratinocytes showed 

a well-organized epidermis at least up to P4, when keratinocytes were cultured 

on collagen type IV. However, patient-to-patient variations were observed. In one 

occasion the keratinocytes could be cultured until passage 20 (results not shown). 

An amount of 1 cm2 of harvested skin yielded 1 × 106 primary keratinocytes. A 

19-fold amplification was achieved by culturing the keratinocytes on collagen type 

IV in 15 days. Because 50,000 cultured keratinocytes per cm2 are sufficient to form 

an epidermis in P4, it is possible to obtain sufficient numbers of keratinocytes from 

1 cm2 skin, to potentially cover 400 cm2 of wound surface. In comparison with the 

traditionally used 1:3 meshed split skin graft, which has an expansion rate lower than 

328, we achieved more than a 100-fold increase in wound covering over this gold 

standard technique.

In the reconstructed skin equivalents, we found increased expression of SKALP, 

Ki-67, and involucrin compared to normal skin. These markers are also increased in 

wound healing or psoriasis in vivo and this suggests that the newly formed epidermis 

is in an activated state.29-31 Other studies also show that reconstructed skin equivalents 

display a hyperproliferative phenotype, similar to wounded skin and psoriatic 

epidermis.32, 33 This implies that in cultured skin equivalents homeostasis is not (yet) 

established.33 Epithelial-mesenchymal interactions probably play an important role 

in maintaining homeostasis. Cultured skin equivalents show decreased expression of 

keratinocyte activation markers (K6, K16, and K17), if the skin equivalents are cultured 

with increased numbers of fibroblasts.34 In addition, supplementation of KGF, a growth 

factor produced by fibroblasts, decreases K6, K16, SKALP, and involucrin expression 

in skin equivalents.35 If the cultured skin equivalents would be grafted in vivo, the 

hyperproliferative phenotype will be normalized, possibly because homeostasis is 

reestablished.36

β1-Integrins play an important role in keratinocyte adhesion and migration and 

are highly expressed on the surface of epidermal stem cells.37 Keratinocytes that 

express high levels of β1-integrins are able to adhere rapidly to collagen type IV and 

form large, actively growing colonies.22 In the present study, we found suprabasal 

expression of β1-integrins in P2 and P4 cultured skin equivalents. This also indicates that 
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the cultured skin equivalents are activated, because suprabasal integrin expression is 

observed during wound healing and in psoriatic lesions.38 However, no suprabasal 

integrin expression was found in epidermis made using freshly isolated keratinocytes. 

It has been suggested that in reconstructed skin equivalents suprabasal integrin is 

correlated to hyperproliferation.39 However, we did not find a lower expression of Ki-

67 in skin equivalents made using freshly isolated keratinocytes. When keratinocytes 

are cultured in vitro, the cell surface of β1-integrin increases.40 Therefore, cultured 

cells already had a higher expression of β1-integrin than freshly isolated keratinocytes 

before skin equivalents were made. This may explain the difference in β1-integrin 

expression seen in skin equivalents made using freshly isolated and cultured cells.

P63 is regarded as another potential epidermal stem cell marker based on the 

finding that p63-/- mice have severe defects in the development of stratified squamous 

epithelia.41, 42 Increased expression of p63 is observed during wound healing.43 We 

found high expression of p63 in both normal skin and reconstructed skin equivalents. 

Other studies also show high expression of p63 in the basal and suprabasal layers 

of normal skin.44, 45 Localization of p63-positive cells is associated with proliferative 

compartments in the epithelia.46 It is possible that p63 may play a role in maintaining 

proliferative potential of keratinocytes and preventing terminal differentiation.44 

Keratinocytes grown on collagen type IV coated plates in P4 were still able 

to reconstruct an epidermis when only 50,000 cells/cm2 were seeded, whereas 

150,000/cm2 of freshly isolated keratinocytes (P0) were necessary. Butler et al. also 

showed that cultured keratinocytes can more effectively form an epidermis than 

freshly isolated keratinocytes.47 They showed that cultured keratinocytes, grafted 

onto full-thickness wounds on Yorkshire pigs, were able to form a thicker epidermis 

with more sub-epithelial keratinocyte cysts per cm than uncultured keratinocytes. A 

likely explanation for this finding is that uncultured keratinocytes contain cells from 

all the different epidermal layers of the epidermis and contain only a small fraction 

of proliferating cells. During culture, the proportion of proliferating cells increases, 

because differentiated cells do not adhere to culture flasks. 

The results of the present study indicate that human keratinocytes can be 

cultured successfully without the use of feeder layer cells and FCS. When cultured on 

collagen type IV these cells are still able to form a fully differentiated epidermis up 

to P4. This culture technique can be a valuable tool for the further development of 

tissue engineered skin that can be used for treatment of burn wounds and other large 

and/or deep skin defects.
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ABSTRACT

Background: Healing of early-gestation fetal wounds results in scarless healing. Since 

the capacity for regeneration is probably inherent to the fetal skin itself, knowledge of 

the fetal skin composition may contribute to the understanding of fetal wound healing. 

The aim of this study is to analyze the expression profiles of different epidermal and 

dermal components in the human fetal and adult skin. 

Methods: In the human fetal skin (ranging from 13 to 22 weeks’ gestation) and 

adult skin biopsies, the expression patterns of several epidermal proteins (K10, K14, 

K16, K17, SKALP, involucrin), basement membrane proteins, Ki-67, blood vessels, 

and extracellular matrix proteins (fibronectin, chondroitin sulfate, elastin) were 

determined using immunohistochemistry. 

Results: The expression profiles of K17, involucrin, dermal Ki-67, fibronectin, and 

chondroitin sulfate were higher in the fetal skin than in adult skin. In the fetal 

skin, elastin was not present in the dermis, but it was found in the adult skin. The 

expression patterns of basement membrane proteins, blood vessels, K10, K14, K16, 

and epidermal Ki-67 were similar in the human fetal skin and adult skin. 

Conclusion: In this systematic overview, most of the differences between fetal and 

adult skin were found at the level of dermal extracellular matrix molecules expression. 

This study suggests that, especially, dermal components are important in fetal scarless 

healing. 
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INTRODUCTION

Many studies have shown that fetal and adult wounds heal via different mechanisms.1-3 

Early- to mid-gestation fetal healing is characterized by rapid reepithelialization, lack 

of inflammation, and restoration of normal tissue architecture. In contrast, adult and 

late-gestational skin heal less rapidly and with the formation of a scar.3 Understanding 

fetal scarless healing may lead to new therapeutic strategies for improving adult 

wound healing. Previous studies showed that scarless fetal healing does not require 

systemic factors, such as fetal serum or amniotic fluid.4, 5 Thus, the capacity for 

scarless repair is probably inherent to the fetal skin itself. Knowledge of the fetal skin 

composition and architecture may contribute to the comprehension of fetal healing 

biology. 

Several studies have been performed in which the composition of fetal epidermis 

was investigated.6-9 During fetal skin development, the epidermis changes from a 

single layer of ectodermal cells at 7−8 days of gestation into a stratified, keratinized 

epithelium at 22−24 weeks.10 Meanwhile, the epithelial cells express different 

patterns of cytokeratins and proteins of the cornified cell envelope. The basal cell 

keratins, K5 and K14, are present from 8 weeks of gestation, when the fetal epidermis 

consists of a basal layer and periderm.9 The differentiation-specific keratins (K1 

and K10) are induced between 9 and 10 weeks, when a third layer of cells (stratum 

intermedium) forms between the basal and periderm layers. Other keratins, such as 

K8 and K19, are present during fetal skin development, but are absent in the adult 

epidermis.11 Proteins involved in the formation of the cornified cell envelope, such as 

involucrin, loricrin and filaggrin, are detected from the time the stratum intermedium 

is formed.12 However, there are some discrepancies in literature with regard to the 

exact expression time and localization of these proteins.8, 9, 12

Many investigators have analyzed the composition of the fetal dermis.2, 3 It was 

shown that the extracellular matrix (ECM) of fetal skin differs from the ECM of adult 

skin. Collagen type I is the principal component of the ECM in both fetal and adult 

skin. However, the fetal skin contains a higher ratio of collagen type III to collagen 

type I than adult skin.13, 14 Another major difference in ECM content between fetal and 

adult skin is a higher level of glycosaminoglycans (GAGs) in the fetal skin. The amount 

of both hyaluronic acid and chondroitin sulfate is higher in the fetal skin than in the 

adult skin.7, 15 It was suggested that GAGs play a role in fetal scarless wound healing.16

Besides collagen and GAGs, elastin is an important component of the ECM. 

This protein is responsible for connective tissue resilience and is present in the 

adult dermis (i.e., 2-4%). It has been shown that (tropo)elastin is produced during 
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fetal development; however, reports disagree on the exact time of (tropo)elastin 

deposition.17, 18  

Although the composition of the fetal skin has been investigated in many 

studies, the evaluation of the components of the fetal skin components has not 

been completed. First, conflicting results have been presented in different studies 

with respect to the location and timing of the expression of various proteins. Further 

research is necessary to clarify this inconsistency. Second, many studies use animal 

models to investigate the constituents of the fetal skin.  Since the expression of 

several developmental genes in humans differs from that in animals,19 it is reasonable 

to suggest that several protein profiles in the human fetal skin deviate from that 

in animal fetal skin. Third, a few fetal skin components have not been thoroughly 

investigated yet. The aim of this study is to characterize the human fetal and adult 

skin, in order to give a more complete overview of the differences between the 

composition of the adult and fetal skin.  

MATERIAL AND METHODS

Skin biopsies 

This study was approved by the Medical Ethical Committee of Noord-Holland, 

Alkmaar, The Netherlands. Human fetal skin was harvested from the limbs of 21 

aborted fetuses. Human fetal samples were obtained from fully informed, consenting 

patients undergoing elective terminations of pregnancy. The gestational ages were 

estimated by menstrual age and ranged from 13 to 22 weeks. The embryo gestational 

ages and numbers were as follows: gestational age 13 weeks (1), 14 weeks (1), 16 

weeks (1), 17 weeks (2), 18 weeks (2), 19 weeks (4), 20 weeks (4), 21 weeks (3), 22 

weeks (3). Human normal skin was obtained from three healthy donors undergoing 

abdominoplasty after consent, according to institutional guidelines. The age of the 

patients ranged from to 34 to 45 years. All the skin samples were fixed in either 4% 

formaldehyde or kryofix (50% ethanol, 3% PEG300) for hematoxylin and eosin (H&E) 

staining and immunohistochemistry. 

Primary antibodies

The tissue specimens were stained with antibodies directed against keratin 10 (K10), 

keratin 14 (K14), keratin 17 (K17), keratin 16 (K16), involucrin (INV), skin-derived 

antileukoproteinase (SKALP), collagen type IV, laminin, Ki-67, CD31, α-smooth muscle 

actine (α-SMA), elastin, fibronectin (FN), and chondroitin sulfate (CS). See Table 1 for 

antibody specifications.
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Table 1. Antibodies used in immunohistochemical analysis.

Primary 
antibody

Clone Dilution Fixation Source

Keratin 10 DE-K10 1:150 Formaldehyde Dako, Glostrup, Denmark

Keratin 14 LL002 1:50 Formaldehyde Novocastra, Newcastle Upon 
Tyne, UK

Keratin 17 E3 1:100 Kryofix Dako

Keratin 16 LL025 1:30 Formaldehyde Novocastra

INV SY5 1:1,000 Formaldehyde Novocastra

SKALP TRAB2O 1:1,600 Formaldehyde Hycult Biotechnology, Uden,  
The Netherlands

Collagen type IV CIV 22 1:250 Formaldehyde Dako

Laminin Polyclonal 1:50 Formaldehyde MP Biomedicals, Illkirch, France 

Ki-67 MIB-1 1:50 Formaldehyde Dako

CD31 JC70A 1:50 Kryofix Dako

(Tropo)elastin BA-4 1:500 Formaldehyde Sigma-Aldrich, St Louis, USA

FN Polyclonal 1:1,200 Formaldehyde Sigma-Aldrich

CS CS-56 1:500 Formaldehyde Sigma-Aldrich 

α-SMA 1A4 1:250 Formaldehyde Dako

Immunohistochemistry and immunofluorescence

After fixation, skin biopsies were processed for paraffin embedding. Sections                             

(5 μm) were deparaffinized and rehydrated for hematoxylin and eosin staining or 

immunohistochemical analysis. Slides were incubated with primary antibodies, 

followed by incubation with secondary biotinylated rabbit anti-mouse or goat anti-

rabbit polyclonal antibody (Dako, Glostrup, Denmark) for 1 h at room temperature. 

Subsequently, the sections were stained with streptavidin-biotin-peroxidase complex 

system (Dako) according to the manufacturer’s instructions. Peroxidase activity was 

detected with DAB substrate. All sections were counterstained with hematoxylin. 

For immunofluorescence, sections were incubated with streptavidin-alkaline 

phosphatase (Dako) after incubation of secondary antibody. Staining was visualized 

using Liquid Permanent Red (Dako) according to the manufacturer’s instructions. 

Fluorescence was detected by fluorescence microscopy using a Texas Red filter 

set (excitation wavelength 510–560 nm and emission wavelength 590 nm). 

4',6-Diamidino-2-phenylindole (DAPI; Roche Diagnostics, Almere, The Netherlands) 

was used as a nuclear counterstain. Negative controls were performed in the absence 

of the primary antibody.
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Scoring of immunoreactivity

All sections were evaluated for the presence and intensity of specific staining at the 

light-microscopic level (magnification 200×) at five randomly chosen regions. Staining 

was classified as negative (−), weakly positive (+/−), moderate (+), and strongly 

positive (++).

Proliferation in the fetal and adult skin

In each section, DAPI-positive and Ki-67-positive cells were counted at the light-

microscopic level (magnification 200×) in the basal layer and in the interfollicular 

dermis at three randomly chosen regions. The number of positive cells/mm2 was 

calculated using NIS Elements (Nikon Instruments Europe B.V., Amstelveen, The 

Netherlands). The proliferation index (PI) in the epidermis is defined as the number 

of Ki-67-positive basal cells divided by the total number of basal cells × 100%. 

Statistical analysis

Because normal distribution of the data could not be assumed, statistical significance 

was determined by Mann-Whitney U. Values of p < 0.05 were considered to be 

statistically significant.

RESULTS

Histological assessment 

In early gestation (13−14 weeks), fetal epidermis contained a basal layer, one or two 

intermediate layers, and a periderm. At 14 weeks, the fetal dermis consisted of a 

finely fibrillar dermis that contained many cells (Figure 1). From 16 weeks of gestation,

Figure 1. Histology of 14 and 20 weeks’ gestation fetal skin and of adult skin. At 14 weeks, the 
epidermis consisted of a basal layer, an intermediate cell layer, and periderm. At 20 weeks, the 
number of intermediate cells layers was increased and developing hair follicles were visible. 
The adult skin contained basal, spinous, granular, and cornified layers. Scale bars: 100 μm
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hair pegs were visible that projected into the dermis. The dermis was organized 

into two regions: an upper fibrillar papillary region and a deep reticular region that 

contained larger fibers. During further development, the number of epidermal cell 

layers increased and the hair pegs matured into hair follicles. Developing eccrine 

sweat glands were detected from week 21.

Proliferation in the fetal epidermis and dermis

To investigate proliferation during fetal skin development, the skin samples were 

stained with Ki-67 antibodies. Ki-67-positive cells were mainly located in the basal 

layer of the epidermis and in the dermis of fetal and adult skin. To determine the 

proliferation in the epidermis during development, the percentage of Ki-67-positive 

cells in the basal layer was calculated (i.e., proliferation index (PI)). Figure 2A shows 

that the median PI of early-gestational epidermis (13-14 weeks) was higher than the 

PI of mid-gestational and adult epidermis, but this difference was not significant due

Figure 2. Proliferation during fetal skin development and in adult skin. A: Proliferation index 
in the fetal and adult epidermis. The proliferation index (PI) was defined as the number of Ki-
67-positive basal cells divided by the total number of basal cells × 100%. Each dot represents 
the mean PI of three randomly chosen regions in each section. B: The total number of cells/
mm2 and C: Ki-67-positive cells/mm2 in the dermis of fetal and adult skin. Each dot represents 
the mean total number of cells/mm2 or the mean number of Ki-67-positive cells/mm2 of three 
randomly chosen regions in each section. The broken lines indicate the median observation in 
each group, except for the group of 13-14 weeks in which the mean observation of two skin 
samples is indicated. Statistical significance was determined by Mann-Whitney U. *p < 0.05
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to the low number of samples obtained in the group of 13−14 weeks (p > 0.05, Mann-

Whitney U). The median PI of mid-gestational epidermis (16−22 weeks) was nearly 

similar to the PI of adult skin.

Figure 2B illustrates the total number of cells/mm2 in fetal and adult dermis. 

During fetal development, the total number of cell/mm2 was higher in the fetal 

dermis than in the adult dermis. The difference between fetal and adult dermis was 

significant at 16−22 weeks of gestation (p < 0.05, Mann-Whitney U). 

Figure 2C demonstrates that the number of Ki-67-positive cells/mm2 was also 

higher in the fetal dermis than in adult dermis. Similar to the total number of cells, 

this result was significant between 16−22 weeks of gestation and adult skin (p < 0.05, 

Mann-Whitney U).

Characterization of the fetal epidermis during development

To study epidermal differentiation during gestation, the presence of K10 and INV 

was determined. At 13−14 weeks, K10 was expressed in the intermediate layers 

and in some parts of the periderm (Table 2). From week 16, K10 was only present 

in the intermediate layers of the fetal epidermis and in the suprabasal layers of the 

infundibulum of the developing hair follicles. In the adult skin, K10 was visible in the 

suprabasal layers. INV was present in the intermediate layers and periderm from 

week 13, and it was found in the granular layer of the adult skin (Figure 3; Table 2). In

Figure 3. Presence of keratin 17 (K17) (A-C) and involucrin (INV) (D-F) in 14 and 19 weeks’ 
gestation fetal skin and of adult skin. At 14 weeks, K17 was detected in the basal layer, some 
cells of the intermediate layer, and in the periderm (A). At 19 weeks, K17 was visible in some 
cells of the basal and intermediate layers, in the periderm, and in developing hair follicles (B). 
Adult skin was negative for K17 (C). In fetal skin, INV was observed in the suprabasal layers (D, 
E). INV was present in the granular layers of adult epidermis (F). Scale bars: 100 μm
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the developing hair follicles, INV was detected in the upper layers of the infundibulum, 

in the inner root sheet (IRS), and in the lower part of the outer root sheet (ORS).

To investigate stratification of the fetal epidermis, the sections were stained with 

antibodies directed against K14. Similar to the adult skin, K14 was observed in the 

basal layer of the fetal epidermis from 13 weeks of gestation (Table 2). From 19 weeks, 

K14 was detected in the basal layer of the infundibulum and ORS of the developing 

hair follicles and in the sebaceous glands.

To examine the expression of proteins related to abnormal differentiation and 

hyperproliferation, the presence of K16, K17, and SKALP was studied in the fetal and 

adult skin. K16 was absent in the fetal and adult epidermis (Table 2). From week 21, 

K16 was only found in the hair canal that traversed the epidermis. At 13-14 weeks, 

K17 was expressed in the basal layer, in the lower intermediate cell layer, and in the 

periderm (Figure 3; Table 2). K17 was present in the basal layer and lower intermediate 

cell layers near developing hair follicles at week 16, but this expression gradually 

reduced during further development. In developing hair follicles, K17 was visible in 

all layers of the infundibulum, ORS, and sebaceous glands. K17 was not detected in 

adult epidermis. SKALP was absent in the adult skin and fetal skin until 20 weeks of 

gestation. From week 21, SKALP was present in the upper intermediate cell layers and 

in the hair canal that traversed the epidermis (Table 2).

Appearance of basement membrane proteins

To assess the presence of basement membrane during development, the sections 

were stained with antibodies directed against collagen type IV and laminin. A summary 

of collagen type IV and laminin expression in the fetal and adult skin is presented in 

Table 3. From week 13, both collagen type IV and laminin were detected along the 

basement membrane zone (BMZ) of the dermo-epidermal junction (DEJ) and the

Table 3. Presence of BMZ proteins during fetal skin development and in adult skin.

First 
trimester

Second trimester Adult 
skin

13-14 weeks 16-18 weeks 19-20 weeks 21-22 weeks

DEJ Bl      
ves

DEJ Fol Bl 
ves

DEJ Fol Bl 
ves

DEJ Fol Bl 
ves

DEJ Bl 
ves

CIV + ++ + +/− ++ + + ++ + + ++ + ++

Lam + ++ + +/− ++ + + ++ + + ++ + ++
DEJ = dermo-epidermal junction; Bl ves = blood vessels; Fol = developing hair follicles;  CIV = 
collagen type IV; Lam = laminin
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dermalvasculature. Staining of the basement membrane proteins was more abundant 

around blood vessels than in the DEJ. From the appearance of developing hair 

follicles (week 16), collagen type IV and laminin were visible underneath the follicular 

epidermis.

Presence of blood vessels in the fetal skin

The expression of CD31 and α-SMA was studied, to examine the presence of blood 

vessels during fetal skin development. Table 4 summarizes the expression of these 

proteins in the fetal and adult skin. From week 13, blood vessels were visible in the 

Table 4. Presence of CD31 and α-smooth muscle actin (α-SMA) during fetal development and 
in adult skin.

First trimester Second trimester Adult skin

13-14 weeks 16-18 weeks 19-20 weeks 21-22 weeks

Dermis Pap Ret Pap Ret Pap Ret Pap Ret

CD31 ++ + ++ + ++ + ++ ++ ++

α-SMA ++ + ++ + ++ + ++ ++ ++
Pap = papillary dermis; Ret = reticular dermis

Figure 4. Presence of 
blood vessels in 16 
week’s gestation fetal 
skin (A), in 18 weeks’ 
gestation skin (C), and in 
adult skin (B,D). In fetal 
and adult dermis, CD31 
(A,B) and α-smooth 
muscle actin (α-SMA) 
(C,D) were detected in 
small blood vessels in 
the upper part of the 
dermis and in larger 
blood vessels in the 
lower part of the dermis. 
Scale bars: 100 μm
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fetal skin. Small blood vessels were observed in the upper papillary region, whereas 

larger ones were found in the deep reticular dermis (Figure 4). 

Characterization of the fetal dermal component

To investigate several proteins of the ECM during fetal skin development, we stained 

the skin sections with antibodies against CS, FN, and elastin. Table 5 summarizes the 

expression of these proteins in the fetal and adult skin. From 16 weeks of gestation, 

CS was detected in the papillary dermis and in the upper part of the reticular dermis  

Table 5. Presence of chondroitin sulfate (CS), fibronectin (FN), and elastin during fetal 
development and in adult skin.

First 
trimester

Second trimester Adult skin

13-14 
weeks

16-18 weeks 19-20 weeks 21-22 weeks

Derm BMZ Pap Ret BMZ Pap Ret BMZ Pap Ret BMZ Pap Ret BMZ

CS + + + +/− ++ ++ + ++ ++ + ++ − − ++

FN ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ − − +

Elas − − − − − − − − − − − + + −
Elas = elastin; Derm = dermis; BMZ = basement membrane zone; Pap = papillary dermis; Ret = 
reticular dermis

Chapter 3

Figure 5. Presence of chon-
droitin sulfate (CS) (A,B), elastin 
(C,D), and fibronectin (FN) (E,F) 
in 18 weeks’ gestation fetal 
skin and in adult skin. In the 
fetal skin, CS was present in the 
upper part of the dermis (A). 
In the adult skin, CS was only 
visible around the basement 
membrane zone (B). Elastin 
was not present in early-
gestation fetal skin (C), but it 
was observed in the adult skin 
(D). FN was detected in the 
entire fetal skin (E), but it was 
only present in the basement 
membrane zone in the adult 
skin (F). Scale bars: 100 μm
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(Figure 5). In the adult skin, CS was only visible in the BMZ of the DEJ and blood 

vessels. From 13 weeks of gestational age, FN was observed in all the layers of the 

dermis in the fetal skin (Figure 5). In contrast, FN was only located in the BMZ of the 

DEJ and vasculature in the adult skin. Elastin was not present in the fetal skin up to 

week 22, but it was found in the papillary and reticular dermis of the adult skin (Figure 

5).

DISCUSSION

Early-gestation fetal skin has the unique ability to heal wounds without the formation 

of a scar. Since the composition and architecture of ECM plays a significant role in 

cell function, the constitution of fetal skin may be important in scarless healing. 

Therefore,  knowledge of the components and expression profiles of the fetal skin 

may contribute to the understanding of fetal wound healing biology. To give an 

overview of the differences between adult and fetal skin composition, we have 

systematically assessed the protein expression profiles of different epidermal and 

dermal components in the adult skin and during fetal development between 13 and 

22 weeks’ gestation. In order to clarify conflicting results found in previous studies, 

all analyses were performed in one, human-derived set of samples. This investigation 

shows that the expression patterns of several ECM proteins (CS, FN, and elastin) and 

of some epidermal proteins (K17 and INV) are different in the human fetal skin than in 

adult skin. In contrast, the expression profiles of basement membrane proteins, blood 

vessels, several cytokeratins (K10, K14, and K16), and of epidermal Ki-67 are similar in 

the human fetal skin and adult skin. It would be of interest to study fetal tissue before 

13 weeks and from 22 weeks, but this tissue was not available. 

In the literature, there is still some discrepancy regarding the localization and 

expression time of several proteins in the human fetal skin (e.g., INV and elastin) 

and some proteins have only been investigated in the animal fetal skin (e.g., K16 and 

K17). Therefore, we studied the presence of INV, elastin, K16, and K17 in our human-

derived set of fetal skin samples. Similar to Lee et al. and Akiyama et al., we found 

INV expression in both intermediate cells and periderm during fetal development.12, 

20 In contrast, Lourenço et al. only found presence of INV in the periderm of fetal 

skin.21 Lourenço et al. collected the fetal skin specimens from several regions of the 

body. Since some parts of the fetal skin (i.e., foot and head) show more precocious 

development than other parts,22 differences in biopsy location may explain this 

inconsistency. Similar to two previous investigations, elastin was not detected in the 

fetal skin up to 22 weeks of gestation in the present study.23, 24 However, Egging et al. 
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already showed presence of tropoelastin in fetal mouse skin at embryonic day 10, 

which equates to approximately 4 weeks’ human gestation.17 Since the study of Egging 

et al. was performed in mice, human-mouse differences may explain this dissimilarity. 

Both K17 and K16 have only been studied in mice models.25, 26 Comparable to 

McGowan et al., K17 was detected in the periderm, developing hair follicles, and the 

proximal epithelial tissues in the present study.25 However, McGowen et al. showed 

a peak expression of K17 in the basal layer during late epidermal development. K16 

expression in our study differs from that of Bernot et al.26 In our investigation, we did 

not find K16 in the fetal epidermis, but Bernot et al. reported the presence of K16 

within early hair germs of the mouse and in a subset of cells at the interface of the 

basal and suprabasal cells. The present study confirms that many differences exist 

between human and mice fetal development.

The expression profiles of other fetal proteins are unambiguous in literature. In 

this study, the expression patterns of those proteins were comparable to previous 

reports. Similar to literature, we showed that K14 is present in the basal layer and 

K10 is visible in the suprabasal layers.8, 9, 27 In addition, the finding that blood vessels 

and basement membrane proteins were found in the fetal skin from early gestation 

is consistent with previous studies.28-32  Furthermore, the observation that FN and CS 

were abundantly present during fetal development resembles other investigations.6, 

7, 30, 32, 33 However, we found CS staining only in the upper half of the fetal dermis, 

but CS was visible throughout the entire fetal dermis in most studies. Different anti-

CS monoclonal antibodies produce different staining profiles;6 therefore, this might 

explain the dissimilar staining pattern observed in this study.

In the present study, most differences between fetal and adult skin were found 

in the expression pattern of ECM molecules. Both FN and CS were more abundantly 

present in the fetal dermis than in adult dermis, and elastin was not found in the fetal 

skin up to 22 weeks of gestation. It has long been recognized that ECM affects cell 

behaviour and phenotype. Many studies show that ECM provides signaling cues that 

regulate fibroblast functions, including migration, differentiation, and proliferation, 

during wound healing and homeostasis.34-36 In addition, ECM is important in the 

formation of the epithelial appendages and influences terminal differentiation of 

keratinocytes.37-39 Therefore, it is reasonable that ECM molecules play an important 

role in fetal scarless healing. 

The results of this study suggest that the presence or absence of certain ECM 

molecules might be beneficial in wound healing. Hence, a possible therapeutic 

intervention for adult wound healing is the use of a dermal substitute that contains 

certain ECM molecules, such as CS and FN. Several studies have indeed shown that the 
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use of a CS-coated substitute improved wound healing.40, 41 However, previous reports 

showed that the use of elastin-collagen matrices also promoted wound healing.42, 43 

Since in these matrices fragmented elastin (elastin hydrolysate) was present rather 

than intact elastin fibers, further research is necessary to investigate the influence of 

elastin on adult healing more thoroughly. 

In addition to ECM molecules, the expression of K17 and INV was higher in 

the fetal skin than in adult skin. It has been suggested that cells that stain positive 

for K17 in the developing epidermis have a nonepidermal tissue fate, such as hair 

follicle, gland, or periderm.25 In the present study, K17 was especially observed in 

the developing appendages and in the surrounding epidermal tissue. During further 

development, the expression of K17 gradually reduced in the fetal epidermis, but 

remained present in the developing appendages. These findings support the idea 

that K17-postitive cells have a nonepidermal destination. In contrast to adult skin, 

INV was detected in all suprabasal layers of the fetal skin. This is similar to wound 

healing and psoriatic skin and suggests that homeostasis is not yet established in fetal 

epidermis.44, 45 

By comparing the composition of fetal and adult skin, the present study can 

contribute to the identification of proteins that are important in scarless healing. 

However, this investigation was only performed in unwounded skin samples. Many 

additional factors, such as cytokines and inflammatory cells, are important during 

wound healing. Therefore, a simple description of the unwounded skin component is 

not sufficient to disclose the mechanisms involved in fetal healing. Obviously, more 

research is necessary to unravel the mechanisms of fetal scarless healing, but this 

study provides important potential clues. 

In the present study, a systematic overview is given of the differences between 

the human fetal and adult skin composition. In one set of human fetal and adult 

skin biopsies, the expression profiles of several epidermal and dermal proteins were 

determined. Hence, conflicting results found in previous studies could be clarified. 

Most differences between fetal and adult skin were found in the expression pattern 

of ECM molecules. This study suggests that, especially, dermal components are 

important in fetal scarless healing. 
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ABSTRACT

Background: Healing of a deeper burn wound is a complex process that often leads 

to scar formation. Skin wound model systems are important for the development of 

treatments preventing scarring. The aim of this study is to develop a standardized in 

vitro burn wound model, which resembles the in vivo situation. 

Methods: A burn wound (10 x 2 mm) was made in ex vivo skin and the skin samples 

were cultured at the air-liquid interface for 7, 14, and 21 days. 

Results: Cells in the skin biopsies maintained their viability during the 21-day 

culture period. During culture, reepithelialization of the wound took place from 

the surrounding tissue and fibroblasts migrated into the wound area. Cells of the 

epithelial tongue and fibroblasts near the wound margin were proliferating. During 

culture, SKALP and K17 were expressed only in the epithelial tongue. Both collagen 

type IV and laminin were present underneath the newly formed epidermis, indicating 

that the basement membrane was restored. 

Conclusion: These results show that the burn wound model has many similarities to in 

vivo wound healing. This burn wound model may be useful to study different aspects 

of wound healing and testing pharmaceuticals and cosmetics on e.g., migration and 

reepithelialization. 
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INTRODUCTION

In full-thickness wounds, like third-degree burn wounds, healing often leads to 

excessive scarring. For the development of treatments preventing scarring, skin 

wound models are important. Model systems make it possible to study the wound 

healing process in great detail, and in most cases allow intervention at different 

phases of the healing process. In addition, the models can be used for preclinical 

testing of novel therapeutics. Several in vivo and in vitro models have been described 

in the literature.1-3

In vivo studies are performed in different animal models as well as in human 

volunteers.1-4 Ethical considerations, high genetic variation, and other patient-related 

factors limit the use of human subjects as a model system. To overcome some of 

these shortcomings, animal studies are frequently performed to investigate wound 

healing.2, 3, 5, 6 Animals commonly used in wound healing studies are mice, rats, and 

pigs. Mice and rats are advantageous since large numbers of animals can be studied 

and strain-related mutants or genetically modified animals can be used. However, 

wound healing characteristics in rodents differ considerably from humans, as wounds 

in these animals mainly heal through wound contraction rather than tissue restoration. 

The pig shows more resemblance with human skin and the human healing process. 

However, this animal model also has restrictions. High costs and cumbersome 

handling of the large animals limit their use. In addition, the Yorkshire pig, the most 

used strain in wound healing research, does not develop hypertrophic scars. Several 

reports have been published in which the red Duroc pig has been used as a model for 

hypertropic scar formation, but this model does not have widespread use.7 

Because of the limitations of in vivo studies, there is a demand for well-controlled 

in vitro alternatives. In vitro models are generally rapid, less costly, can easily be 

standardized and manipulated, and involve less ethical considerations compared with 

in vivo models.8 In addition, in vitro models can contribute to the reduction of test 

animals. Since September 11, 2004, it is prohibited to test finished cosmetic products 

on animals in EU Member States and in 2009 the EU will pass a ban on all cosmetic 

animal testing. However, it seems unlikely that in vivo studies can be banned from 

wound healing research completely in the near future, because it is difficult to mimic 

all local and systemic factors (e.g., different cell types, inflammatory response etc.) 

important in the wound healing process in in vitro models.

The simplest in vitro model is wounding of fibroblasts or epithelial cell 

monolayers.9, 10 These two-dimensional models can be used to study cytotoxicity, 

migratory, and proliferative responses. More complex models are the three-
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dimensional models, commonly composed of a fibroblast-populated scaffold with 

or without an epidermis.11 These models can be used to study contraction, protein 

synthesis, and proliferation. To study reepithelialization, incision or burn wounds can 

be created.12, 13 Although multiple cell types and systemic factors are missing in most 

models, it does allow detailed research on the effect of individual cell types and other 

factors. 

In this study, we have developed an ex vivo burn wound model that is based on 

in vitro culture of normal human skin. All the cellular elements of the skin, including 

skin appendages and matrix elements, are present. We show that this model can be 

supplemented with other factors important in wound healing e.g., by the addition of 

lipopolysaccharide (LPS) to mimic bacterial infection.

MATERIAL AND METHODS

Burn wound healing model

Human skin was obtained from five healthy donors undergoing abdominoplasty after 

obtaining oral consent according to institutional guidelines. A 0.5 mm split-thickness 

skin graft was harvested using a dermatome (Aesculap AG & Co. KG, Tuttlingen, 

Germany) and was cut into 1 cm2 pieces. A copper device (2 × 10 mm) attached to a HQ 

soldering iron (Niehoff, Denekamp, The Netherlands) was heated to 95°C and applied 

for 10 seconds to the stratum corneum without exerting pressure. The temperature 

of the copper device was measured by a digital thermometer (Farnell InOne, Utrecht, 

The Netherlands). The burned skin samples were placed dermis down on a stainless-

steel grid and cultured at the air-liquid interface at 37°C with 5% CO2 in DMEM/Ham’s 

F12 (3:1)(Invitrogen, Paisley, UK), 2% FCS (Hyclone, Logan, UT), 1 µM hydrocortisone, 

1 µM isoproterenol, 0.1 µM insulin, 1.0 × 10-5 M L-carnitine, 1.0 × 10-2 M L-serine, 1 

µM DL-α-tocopherol, 130 µg/ml ascorbic acid, a lipid supplement (containing 25 µM 

palmitic acid, 15 µM linoleic acid, 7 µM arachidonic acid, and 24 µM BSA) (all Sigma-

Aldrich, St. Louis, MO), and penicillin/streptomycin (100 IU/ml penicillin, 100 μg/ml 

streptomycin; Invitrogen). Culture medium was refreshed twice a week.

Measurement of viability

To assess the cell viability throughout the culture period, a separate set of experiments 

was performed. On days 0, 7, 14, and 21 after burning the culture was stopped and 

a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and RNA 

staining were performed on different parts of the same skin sample.
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MTT assay: Cell viability was measured with the MTT assay described by Mosmann 

et al.14 Briefly, 3-mm-diameter punch biopsies were taken form the unwounded part 

of the skin directly after burning, and after 7, 14, and 21 days of culture. In addition, 

cross-sectional biopsies were taken directly after burning. The biopsies were incubated 

with MTT (2 mg/ml; Sigma-Aldrich) for 2 h at 37°C. To localize formazan, the cross-

sectional biopsies were snap frozen in liquid nitrogen and sectioned at -20°C. 

The punch biopsies were transferred to DMSO to dissolve the formazan. 

Formazan concentration was measured at 560 nm with reference wavelength 650 

nm. Each biopsy was weighted and the results of the MTT assay were expressed as 

OD per gram tissue.

RNA-staining: The presence of RNA, as a measure for cell viability, was assessed 

by pyronine Y staining as described previously.15 Four-micrometer sections were 

deparaffinized and incubated for 30 min at room temperature in 0.1% pyronine Y 

(Sigma-Aldrich) in 0.2 M sodium acetate buffer, pH 4.0. 

Immunohistochemistry 

Biopsies were fixed in either 4% formaldehyde or kryofix (50% ethanol, 3% PEG300) 

directly after burning and after 1, 7, 14, and 21 days of culture and processed for paraffin 

embedding. Sections (4 μm) were deparaffinized and rehydrated for hematoxylin 

and eosin (H&E) staining or immunohistochemical analysis by staining for keratin 17 

(K17), skin-derived antileukoproteinase (SKALP), collagen type IV, laminin, α-smooth 

muscle actin (α-SMA), CD31, heat shock protein 47 (Hsp47), and chondroitin sulfate 

(CS). See Table 1 for specifications. Sections (4 μm) were incubated with primary 

antibodies, followed by incubation with secondary biotinylated rabbit anti-mouse 

or goat anti-rabbit polyclonal antibody (Dako, Glostrup, Denmark) for 1 h at room 

temperature. Subsequently, the sections were stained with streptavidin-peroxidase 

polymer (Sigma-Aldrich). Peroxidase activity was detected with DAB substrate. All 

sections were counterstained with hematoxylin. Negative controls were performed in 

the absence of primary antibody.

Cell proliferation in the wound healing model

To evaluate cell proliferation in the burn wound model, the incorporation of 

bromodeoxyuridine (BrdU) was examined. The skin samples were incubated with 20 

μM BrdU (Sigma-Aldrich) for 24 h. The samples were fixed in 4% formaldehyde and 

embedded in paraffin. Sections (4 μm) were deparaffinized, rehydrated, and pepsine 
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(0.25%; Sigma-Aldrich) treated for 15 min at 37°C. The cellular DNA was denatured in 2 

M HCl for 30 min and neutralized with 0.1 M Borax (Sigma-Aldrich). The sections were 

incubated with monoclonal anti-BrdU antibody (MP Biomedicals, Illkirch, France) and 

further processed as described above. 

Incubation with LPS derived from Pseudomonas aeruginosa 

In an additional experiment, the wound model was incubated with or without LPS 

from P. aeruginosa (Sigma-Aldrich). Directly after wounding, 10 μl LPS (20 ng/ml) was 

applied onto the burn wound. In control wounds, 10 μl PBS was applied onto the 

wound. The samples were cultured for 21 days as described above and fixed in 4% 

formaldehyde.

Statistical analysis

All data are expressed as the median of at least two experiments carried out in 

duplicate. Because normal distribution of the data could not be assumed, statistical 

significance was determined by Wilcoxon signed ranks test. Values of p < 0.05 were 

considered statistically significant.

RESULTS

Cell viability in the burn wound model

To determine cell viability in the unwounded skin during culture, histology, RNA 

staining, and MTT assays were performed. Figure 1A shows that the histology of the 

unwounded skin after a 21 day-culture period was similar to normal uncultured skin. 

All layers of the epidermis were still present and no vacuoles or signs of pyknosis 

were visible. However, the number of stratum corneum layers was increased in the 

unwounded skin compared to normal skin. Staining of RNA in normal skin and in 

unwounded skin after 21 days of culture is shown in Figure 1B. In both the dermis 

and the epidermis, the presence of RNA in unwounded cultured skin was comparable 

to normal uncultured skin. Figure 1C shows that the median metabolic activity of the 

cells in the unwounded part of the skin was 53 OD/g at day 0. The metabolic activity 

remained similar during the culture period (p > 0.05). 

In contrast to cells in the unwounded part of the skin, cells in the burn wound 

were not able to convert MTT into the insoluble, blue formazan (Figure 2). 
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Figure 2. Presence of formazan in the burn wound model after incubation with MTT solution 
directly after burning. Scale bar: 100 μm, n=2 donors, duplicate analysis.  

Figure 1. Viability of cultured 
skin. A: Histology of normal 
skin and unwounded skin after 
21 days of culture. Scale bars: 
100 μm, n=5 donors, duplicate 
analysis. B: RNA staining in 
normal skin and in unwounded 
skin after 21 days of culture. 
Scale bars: 100 μm, n=5 donors, 
duplicate analysis. C: Box plot of 
MTT conversion in unwounded 
skin directly after burning, after 
7, 14, and 21 days of culture. 
Values are expressed as OD of 
560 nm – 650 nm/g tissue of 
four independent donors. The 
metabolic activity remained 
similar during the culture 
period (p > 0.05, Wilcoxon 
signed ranks test). 
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Histology of the burn wound model

Immediately after infliction of the wound, the injury was evident by the detachment 

of the epidermis from the dermis (Figure 3). In addition, the extracellular matrix in the 

wound area was disrupted. During the first day of incubation, there was a progression 

of necrosis. The wound margins were 3,872 μm wide (range 3,417−3,957 μm, n=3 

donors, duplicate analysis) after 24 h, which was almost twice the width of the device 

used to inflict the burn wound (2,000 μm).

After 7 days of culture, reepithelialization occurred from both sides of the wound 

margins and progressed toward the wound centre (Figure 3). The newly formed 

epidermis contained several organized layers of cells and had a rounded tip with no 

features of differentiation (Figure 3, inset). After 7 days, the neo-epidermis covered 

28% (range 16-34%, n=4 donors) of the burn wound. After 14 days of culture, the neo-

epidermis covered 39% (range 33-41%, n=5 donors) of the burn wound and after 21 

days 52% (range 43-55%, n=5 donors) of the wound was covered. 

Figure 3. Histology of the burn wound model directly after burning, after 7 days (n=4 donors, 
duplicate samples), 14 days (n=5 donors), and 21 days (n=5 donors) of culture. Scale bars: 200 
μm. Insets show the epithelial tongue in more detail. Scale bars: 100 μm. 

Presence of fibroblasts in the burn wound   

To examine the presence of fibroblast in the wound area, the sections were stained 

with anti- Hsp47. Hsp47 acts like a molecular chaperone during biosynthesis and 

secretion of procollagen and is present in viable fibroblasts.16 In contrast to the 

unwounded skin, no Hsp47-positive cells were visible in the wound directly after 

burning (Figure 4A). After 7 days of culture, expression of Hsp47 was still only observed 

in unwounded skin (Figure 4B). From day 14, Hsp47 was detected in the wounded 
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dermis close to the wound edge (results not shown). At day 21, Hsp47-positive cells 

were clearly visible in the wound area (Figure 4C). 

Figure 4. Presence of heat shock protein 47 (Hsp47) in the burn wound area and in unwounded 
skin of the wound healing model directly after burning (A) (n=3 donors, duplicate analysis),  
after 7 days (B) (n=4 donors), and after 21 days (C) (n=5 donors) of culture. Arrows indicate 
Hsp47-positive cells. Scale bars: 100 μm.

Cell proliferation in the burn wound model

Proliferation of fibroblasts and keratinocytes in the burn wound model was evaluated 

by incorporation of BrdU. After 7 days, nearly 100% of the basal and some parabasal 

Figure 5. Cell proliferation in the wound healing model after 7 and 21 days of culture shown 
by immunoperoxidase staining of bromodeoxyuridine (BrdU). Scale bars: 200 μm, n=3 donors, 
duplicate analysis. Insets show the leading edge and the burn wound in more detail. Scale bars: 
100 μm. Arrows indicate BrdU-positive cells.  

Chapter 4

76



keratinocytes in the neo-epidermis were proliferating (Figure 5). No BrdU-labeled 

fibroblasts were detected at the wound margins or in the burn wound. After 21 days 

of culture, many keratinocytes of the neo-epidermis were still proliferating (Figure 

5). At this time point, BrdU-labeled fibroblasts were not only detected at the wound 

margins, but also in the burn wound. In the unwounded skin, a few proliferating cells 

were detected in the basal layer of the epidermis after 21 days (results not shown).

Presence of stress markers in the (neo)epidermis

To study abnormal epidermal differentiation, the presence of K17 was determined. 

Figure 6A shows that K17 was detected in all cell layers of the epidermal tongue, 

except for the basal layer after 7 days of culture. K17 was absent in unwounded skin 

of the model as it is in normal uncultured skin. During prolonged culture, K17 was 

detected in the leading edge of the neo-epidermis and weak expression was observed 

in unwounded skin.

 

Figure 6. Presence of keratin 17 (K17) (A) and skin-derived antileukoproteinase (SKALP) (B) in 
the epidermal tongue and unwounded cultured skin of the burn wound model and in normal 
skin. Expression in the wound model is shown after 7 and 21 days of culture. Scale bars: 100 
μm, n=5 donors, duplicate analysis. 
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 To further investigate the differentiation of the epidermis, we studied expression 

of SKALP, which is a known epidermal activation marker during wound healing.17 

SKALP was only detected in the migrating epidermal tongue (Figure 6B). Close to the 

wound edge, SKALP was expressed in the stratum granulosum and in the upper layers 

of the stratum spinosum of the neo-epidermis. Toward the leading edge, expression 

of SKALP was found in all suprabasal cells. Expression of SKALP was not detected in 

uncultured normal skin.

Presence of basement membrane proteins 

To assess the presence of basement membrane, the sections were stained with 

antibodies directed against collagen type IV and laminin. Figure 7 shows that in normal 

skin and unwounded cultured skin, collagen type IV and laminin were localized at the 

dermo-epidermal junction (DEJ) and in the basal lamina of capillaries. In the wound,

Figure 7. Presence of collagen type IV and laminin in normal skin and in the wound area, 
epidermal tongue, and unwounded skin of the burn wound model after 21 days of culture. 
Scale bars: 100 μm, n=5 donors, duplicate analysis. 
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collagen type IV could no longer be detected at the DEJ and was significantly decreased 

in the capillaries. Remnants of laminin were still visible at the DEJ after infliction of the 

burn wound. During the culture period, both collagen type IV and laminin deposition 

were restored underneath the epidermal tongue. Toward the leading epidermal 

edge, collagen type IV deposition was less intense, while expression of laminin was 

detected underneath the whole neo-epidermis. 

Characterisation of the dermal components in the burn wound model

To investigate the presence of blood vessels and myofibroblasts in the wound model, 

the sections were stained with anti-CD31 and anti-α-SMA. As in normal skin, CD31 

was expressed in the blood vessels of the in vitro wound model after 21 days of 

culture (Figure 8A). CD31 expression was also detected in the burn wound area. 

During the culture period, expression of α-SMA in the burn wound model was only 

observed in the blood vessels and not in the fibroblasts (Figure 8B). In contrast to 

CD31, expression of α-SMA was barely found in the burn wound.

Figure 8. Presence of CD31 (A), α-smooth muscle actin (α-SMA) (B), and chondroitin sulfate 
(CS) (C) in normal skin and in the wound area, epidermal tongue, and unwounded skin of  the 
burn wound model after 21 days of culture. Scale bars: 100 μm, n=5 donors, duplicate analysis. 
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To examine the presence of new ECM, the expression of CS was determined. 

In both normal skin and unwounded cultured skin, CS was detected in the DEJ and 

around blood vessels (Figure 8C). Toward the epidermal leading edge, expression of 

CS became less intense. In the burn wound, only weak expression of CS was found in 

the lower part of the dermis after 21 days of culture.

Incubation of the wound model with LPS

Incubation with LPS derived from P. aeruginosa resulted in a decreased rate of 

reepithelialization of the burn wound (Figure 9). The neo-epidermis of the wound 

cultured with LPS covered 39% (range 33-56%, n=6 donors, tetraplicate analysis) of 

the wound, whereas the migrating tongue wound cultured without LPS covered 48% 

(range 41-93%, n=6 donors) after 21 days. This difference was significant (p < 0.05). 

Furthermore, the epidermal tongue of the wound incubated with LPS was detached 

from the dermis and grew upward.

Figure 9. Histology of the burn wound model after incubation with lipopolysaccharide (LPS) 
derived from Pseudomonas aeruginosa. Sections of burned ex vivo skin cultured with and 
without P. aeruginosa LPS after 21 days. Scale bars: 200 μm, n=6 donors, tetraplicate analysis. 
Insets show the epithelial tongue in more detail. Scale bars: 100 μm. 

DISCUSSION

In the present study, we developed a burn wound model by wounding ex vivo skin and 

subsequently culturing the skin samples air-exposed. The cell types normally present 

in the skin are present in this model and these cells remained intact and vital at least 

until day 21. During culture, reepithelialization and fibroblast migration into the 

wound took place from the surrounding tissue. Earlier studies showed degeneration 

of the epithelial layers already after 72 hours.8, 18-20 It is possible that the life span of 

our skin explants was increased by use of an enriched culture medium. 

The developed wound healing model showed many similarities to in vivo 

wound healing. Reepithelialization took place to cover the damaged tissue and the 
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morphology of the epidermal tongue in the wound model was comparable to the 

migrating tongue in human wounds.17, 21 However, reepithelialization of the in vitro 

wound model occurred much slower than in vivo,  i.e., ≈50 µm instead of 150-300 

µm/day.17, 22 It is known that growth factors released by inflammatory cells increase 

proliferation and migration and hence speed up reepithelialization. The wound model 

displayed normal patterns of activation in the neo-epidermis. Expression of SKALP 

was similar to normal wound healing.17 As in vivo, K17 expression was found in the 

epidermal tongue, but was less intense.23, 24 Since IFN-γ induces the expression of 

K17, it is possible that inflammatory cells are necessary for a prolonged expression 

of K17.25 

As in vivo, epidermal healing was accompanied by restoration of the basement 

membrane as shown by immunostaining for collagen type IV and laminin. In contrast 

to collagen type IV, some residual laminin was still visible after burning. Because 

laminin is an anchoring filament protein, it is possible that remnants remained 

strongly attached to the keratinocytes or underlying dermis even after burning, while 

collagen type IV was lost. 

Similar to normal wound healing, fibroblasts were able to proliferate and migrate 

into the wound area; however, at a much slower rate. The lack of chemotactic factors 

from inflammatory cells is probably responsible for the slower migration of fibroblasts 

in our model. 

Despite the similarities to in vivo wound healing, we also observed differences. 

In contrast to in vivo wound healing, CS was hardly expressed in the burn wound 

after 21 days of culture.26 It is possible that at day 21 of culture insufficient numbers 

of fibroblasts were present in the wound area to produce a significant amount of 

CS. In addition, α-SMA-positive fibroblasts were not observed. Because fibroblasts 

in the burn model are not stimulated by growth factors such as TGF-β1 or PDGF and 

mechanical stress, it is reasonable that myofibroblasts were absent. Currently, we are 

investigating whether the addition of the inflammatory response could fine tune the 

model.

In order to show that this model can be extended with other important 

contributors of wound healing and scar formation, we added LPS to the system in 

order to mimic a bacterial infection. Previous literature showed that LPS impairs 

wound healing.27, 28 Also, in this in vitro model, addition of LPS resulted in retarded 

reepithelialization of the burn wound. This experiment shows that the developed 

wound model can be used to test the effect of a compound on reepithelialization. 

In the present study, an in vitro burn wound model is described that has many 

similarities to in vivo wound healing. This model can be used in testing of wound 
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healing agents, pharmaceuticals, and cosmetic products and to study the mechanism 

of wound healing. It can therefore possibly contribute to the reduction of animal 

experiments.  
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ABSTRACT 

Background: Early-gestation fetal wounds heal without scar formation. Understanding 

the mechanism of this scarless healing may lead to new therapeutic strategies for 

improving adult wound healing. The aims of this study are to develop a human fetal 

wound model in which fetal healing can be studied and to compare this model with a 

human adult and scar tissue model. 

Methods: A burn wound (10 x 2 mm) was made in human ex vivo fetal, adult, and scar 

tissue under controlled and standardized conditions. Subsequently, the skin samples 

were cultured for 7, 14, and 21 days. 

Results: Cells in the skin samples maintained their viability during the 21-day culture 

period. Already after 7 days, a significantly higher median percentage of wound 

closure was reached in the fetal skin model versus the adult and scar tissue model 

(74% vs. 28 and 29%, respectively, p < 0.05). After 21 days of culture, only fetal wounds 

were completely reepithelialized. Fibroblasts migrated into the wounded dermis of all 

three wound models during culture, but more fibroblasts were present earlier in the 

wound area of the fetal skin model than in the wound area of the adult and scar tissue 

model. 

Conclusion: The fast reepithelialization and prompt presence of many fibroblasts in 

the fetal model suggest that rapid healing might play a role in scarless healing.

Chapter 5

86



INTRODUCTION

Fetal and adult skin heal via different mechanisms.1 In adults, healing of deep 

wounds often leads to excessive scarring. In contrast, early-gestation fetal skin has 

the ability to heal wounds without a scar.2, 3 During fetal healing, tissue architecture 

and appendages are reconstituted and normal function is restored.1, 2 Understanding 

the mechanisms of this scarless healing may lead to new therapeutic strategies for 

improving adult wound healing. Fetal skin model systems are important in unravelling 

the mechanisms underlying this scarless wound healing. Several in vivo and in vitro 

models have been described in the literature.4-7

The possibilities to use in vivo human models are limited, due to obvious ethical 

considerations. As an alternative to human studies, animal studies are frequently 

performed to investigate fetal wound healing.4, 8, 9 Animals commonly used in fetal 

wound healing studies are mice, rats, and sheep. Mice and rats are advantageous, 

because relatively large numbers of animals can be studied and genetically modified 

animals, such as nude mice, transgenic or knock-out animals, can be studied. 

However, the short gestation of rodents limits analysis to late in the third trimester 

and due to their small size, surgical manipulation is difficult.5 Larger experimental 

animals, like sheep, permit fetal wound healing analysis throughout gestation, allow 

easier fetal surgical manipulation, and have a lower risk of abortion after fetal surgery. 

However, the difficulty of housing large animals and the high costs restrict the use of 

sheep as test animals. In addition, animal fetal skin has a different composition than 

human embryonic skin. For example, animal fetal skin contains more developing hair 

follicles and a higher chondroitin sulfate level than human fetal skin.10 This makes 

extrapolation to the human situation difficult.  

Because of limitation of in vivo studies, there is a demand for well-controlled 

human, in vitro alternatives. In vitro models are generally rapid, less costly, can easily 

be standardized, and involve minimal ethical considerations compared to in vivo 

studies. The simplest in vitro model is wounding of fetal fibroblast monolayers.6,7 In 

this model system, it is possible to study cell migration, proliferation, and protein 

synthesis. More complex models are three-dimensional models, which are commonly 

composed of a fetal fibroblast-populated collagen lattice with or without an 

epidermis.11, 12 These models can be used to study contraction, cell migration, cell-

matrix interaction, and cell-cell interaction. The major disadvantage of in vitro models 

is that multiple cell types, inflammation, blood clotting, and physical factors, such as 

multiple cytokines or correct oxygenation, are not present. After all, in vivo models 

are far more complete than in vitro models and for the short term cannot be banned 
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from wound healing research completely. 

To circumvent some of the disadvantages of in vitro models, several researchers 

have developed an ex vivo explant model of fetal skin.13-15 This model is based on 

the in vitro culture of excised fetal skin. All matrix and cellular elements, including 

developing appendages, are present in this model. However, most of these studies 

use animal skin for their explant model. Since there are differences between animal 

skin and human skin development,16 extrapolation to the human situation can be 

difficult. In addition, the explants were only maintained in culture for a few days. 

Recently, we have developed an in vitro adult skin model that remained vital for a 

longer period of time and had many similarities to in vivo wound healing.17

The aims of this study are to develop a human fetal ex vivo wound model that 

can be cultured for a long period of time and to compare the fetal ex vivo wound 

model with a human ex vivo adult skin and scar tissue model, in order to differentiate 

important factors involved in regeneration and scarring.

MATERIAL AND METHODS

Burn wound model

This study was approved by the Medical Ethical Committee of Noord-Holland, Alkmaar, 

The Netherlands and was performed in accordance with institutional guidelines. 

Tissues were collected after informed consent.

Human fetal skin was harvested from five fetuses at 17−22 weeks gestational 

age. Human fetal samples were derived from fully informed, consenting patients 

undergoing elective terminations of pregnancy. Human adult skin was obtained from 

five healthy donors undergoing abdominoplasty. Human hypertrophic scar tissue 

was derived from ten patients during reconstructive surgery (more than one year 

postburn) and was confirmed to be hypertrophic by the plastic surgeon. Human fetal 

skin was excised from the fetal limbs and cut into 1 cm2 pieces. From the adult skin 

and scar tissue, a 0.7 mm split-thickness skin graft was harvested using a dermatome 

(Aesculap AG & Co. KG, Tuttlingen, Germany) and this graft was also trimmed into 1 

cm2 pieces. A copper device (2 x 10 mm) attached to a HQ soldering iron (Niehoff, 

Denekamp, The Netherlands) was heated to 95°C and applied for 10 seconds to the 

epidermis without exerting pressure. The temperature of the copper device was 

measured by a digital thermometer (Farnell InOne, Utrecht, The Netherlands). The 

burned skin samples were placed dermis down on a stainless-steel grid and cultured 

at the air-liquid interface at 37°C with 5% CO2 in culture medium described previously 

by Coolen et al.17 Parallel to the air-exposed cultures, burned fetal skin samples were 
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cultured submerged under the same conditions. Medium was refreshed twice a week.

Assessment of viability

To assess the cell viability throughout the culture period, a 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed. Cross-sectional 

biopsies were taken directly after burning, and after 7, 14, and 21 days of culture and 

they were incubated with MTT (4 mg/ml; Sigma-Aldrich, St. Louis, MO) for 3 h at 37°C. 

To localize formazan, the biopsies were snap frozen in liquid nitrogen and sectioned 

at -20°C. 

Immunohistochemistry 

Biopsies were fixed in either 4% formaldehyde or kryofix (50% ethanol, 3% PEG300) 

directly after burning and after 1, 7, 14, and 21 days of culture and processed for paraffin 

embedding. Sections (4 μm) were deparaffinized and rehydrated for hematoxylin and 

eosin (H&E) staining or immunohistochemical analysis by staining for keratin 17 (K17), 

keratin 14 (K14), skin-derived antileukoproteinase (SKALP), collagen type IV, laminin, 

α-smooth muscle actin (α-SMA), heat shock protein 47 (Hsp47), chondroitin sulfate 

(CS), and elastin (see Table 1 for specifications). Sections were incubated with primary

Table 1. Antibodies used in immunohistochemical analysis.

Primary 
antibody

Clone Dilution Fixation Source

Keratin 14 LL002 1:50 Formaldehyde Novocastra, Newcastle Upon 
Tyne, UK

Keratin 17 E3 1:100 Kryofix Dako, Glostrup, Denmark

SKALP TRAB2O 1:1,600 Formaldehyde Hycult Biotechnology, Uden,  The 
Netherlands

Collagen type IV CIV 22 1:250 Formaldehyde Dako

Laminin Polyclonal 1:50 Formaldehyde MP Biomedicals, Illkirch, France 

α-SMA 1A4 1:250 Formaldehyde Dako

BrdU MIB-1 1 :50 Formaldehyde Dako

Hsp47 M16.10A1 1:500 Formaldehyde Stressgen, Victoria, Canada

Elastin BA-4 1:500 Formaldehyde Sigma-Aldrich, St Louis, USA

CS CS-56 1:500 Formaldehyde Sigma-Aldrich 

antibodies, followed by incubation with secondary biotinylated rabbit anti-mouse 

or goat anti-rabbit polyclonal antibody (Dako, Glostrup, Denmark) for 1 h at room 

temperature. Subsequently, the sections were stained with streptavidin-biotin-
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peroxidase complex system (Dako) according to the manufacturer’s instructions. 

Peroxidase activity was detected with DAB substrate. All sections were counterstained 

with hematoxylin. Negative controls were performed in the absence of primary 

antibody.

Cell proliferation in the wound model

To evaluate cell proliferation in the burn wound model, the incorporation of 

bromodeoxyuridine (BrdU) was examined. The skin samples were incubated with 20 

μM BrdU (Sigma-Aldrich) for 24 h. The samples were fixed in 4% formaldehyde and 

embedded in paraffin. Sections (4 μm) were deparaffinized, rehydrated, and pepsine 

(0.5%; Roche Diagnostics, Mannheim, Germany) treated for 15 min at 37°C. The 

cellular DNA was denatured in 2 N HCl for 30 min and neutralized with 0.1 M Borax 

(Sigma-Aldrich). The sections were incubated with monoclonal anti-BrdU antibody 

(MP Biomedicals, Illkirch, France) and further processed as described above. 

Scoring of immunoreactivity

All sections were evaluated for the presence and intensity of specific staining at the 

light-microscopic level (magnification 200x) at five randomly chosen regions. Staining 

was classified as negative (−), weakly positive (+/−), moderate (+), and strongly 

positive (++).

For Hsp47 and BrdU staining, the number of positive cells/mm2 in the wounded 

dermis was calculated using NIS Elements (Nikon Instruments Europe B.V., Amstelveen, 

The Netherlands). In addition, the number of BrdU-positive keratinocytes/μm in the 

neo-epidermis was determined using NIS Elements.  

Statistical analysis

All data are expressed as the median of at least three experiments carried out in 

duplicate. Because normal distribution of the data could not be assumed, statistical 

significance was determined by Mann-Whitney U for unpaired data or by Wilcoxon 

signed ranks test for paired data. Values of p < 0.05 were considered statistically 

significant.

RESULTS

Cell viability in the air-exposed cultured fetal, adult, and scar tissue model

To determine cell viability in the unwounded part of the fetal, adult, and scar tissue 

model, MTT assay and histology were performed. The ability of the cultured and 
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uncultured skin to convert MTT into the insoluble, blue formazan is shown in Figure 

1A. Similar to uncultured skin, both the epidermal and dermal cells in the unwounded 

part of the fetal, adult, and scar tissue model were able to form formazan crystals 

after a 21-day culture period. This indicates that the cells were still viable after culture.

Figure 1. Viability of the air-exposed cultured fetal, adult, and scar tissue. A: Presence of 
formazan after incubation with MTT solution in uncultured fetal, adult, and scar tissue and 
in unwounded fetal, adult, and scar tissue after 21 days of culture. In the in vitro models, the 
ability to form formazan crystals after a 21-day culture period was similar to uncultured skin. 
This indicates that the cells were still viable after culture. Scale bars: 100 μm. B: Histology of 
uncultured fetal skin and of unwounded fetal skin after 21 days of culture. After 21 days of 
culture, no vacuoles or pyknotic cells were visible in the fetal skin model. Scale bars: 100 μm.

Figure 1B shows the histology of the uncultured fetal skin and of the unwounded 

part of the fetal skin model after 21 days culture. In the cultured fetal skin, no vacuoles 

and no signs of pyknosis were visisble and the epidermis was still attached to the 

dermis. In comparison with the uncultured fetal skin, the cultured fetal skin contained 

more epidermal layers and had a stratum corneum. The histology of the unwounded 

part of the adult skin and scar tissue model after a 21-day culture period was similar 

to uncultured adult skin and scar tissue (results not shown). However, the number of 

stratum corneum layers was increased in cultured adult skin and scar tissue compared 

with uncultured skin.
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In contrast to cells in the unwounded part of the fetal skin, cells in the complete 

burn wound were not able to convert MTT into formazan directly after burning (Figure 

2). This was similar in the adult skin and scar model (results not shown).

Figure 2. Presence of formazan in fetal tissue after incubation with MTT solution directly after 
burning. In unwounded fetal skin, formazan crystals were detected after incubation with MTT 
solution, indicating viable cells, but no crystals were found in the entire burn wound. Scale bar: 
100 μm. 

Histology of the air-exposed cultured fetal, adult, and scar tissue model 

Immediately after infliction of the burn wound, both the epidermis and the 

complete thickness of the dermis were damaged. After 7 days of air-exposed culture, 

reepithelialization occurred in the fetal wound model from both sides of the wound 

margins and progressed toward the wound centre (Figure 3A). In the fetal wound 

model, the newly formed epidermis first grew underneath and then over the old 

disrupted epidermis (Figure 3A, inset). After 7 days, the neo-epidermis covered 74% 

(range 36-88%) of the fetal burn wound (Table 2). After 14 days of culture, the median 

wound closure was 91% (range 63-93%) and after 21 days 100% (range 88-100%), 

but the neo-epidermis was detached from the dermis. In contrast to the fetal wound 

model, the neo-epidermis did not cover the wound area completely in the adult skin 

and scar model after 21 days of culture (52% (range 43-55%) and 42% (range 32-57%), 

Table 2. Median percentage of wound closure in the fetal, adult, and scar tissue model after 7, 
14, and 21 days of culture. Values displayed are medians (range).

7 days 14 days 21 days

Fetal skin model 74% (36-88%) 91% (63-93%) 100% (88-100%) 

Adult skin model 28% (16-34%)* 39% (33-41%)* 52% (43-55%)*

Scar tissue model 26% (24-38%)* 36% (30-51%)* 42% (32-57%)*
*p < 0.05 vs. fetal wound model; Mann-Whitney U
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respectively) (Table 2). In addition, the neo-epidermis of the adult skin and scar tissue 

model grew underneath the old burned epidermis, whereas the neo-epidermis of the 

fetal wound model grew over the burned epidermis (Figure 3B). 

Figure 3. Histology of the air-exposed cultured fetal skin (A), adult skin, and scar tissue (B). A: 
H&E staining of the fetal wound directly after burning, after 7 days, 14 days, and, 21 days of air-
exposed culture. Open arrow heads indicate wound margins and closed arrow heads indicate 
the middle of the burn wound. Due to lack of space, only half of the wounds are shown. Scale 
bars: 200 μm. Insets show the epithelial tongue in more detail. After 7 days of culture, the neo-
epidermis grew first underneath (open arrow) and then over the old burned epidermis (closed 
arrow). After 21 days, the neo-epidermis covered the burn wound completely and grew over 
the old burned epidermis (closed arrows). Scale bars: 100 μm. B: H&E staining of the adult skin 
and scar tissue model after 21 days of culture. Scale bars: 200 μm. Insets show the epithelial 
tongue in more detail. The neo-epidermis of the adult skin and scar model did not cover the 
burn wound completely and grew underneath the old burned epidermis (closed arrow). Scale 
bars: 100 μm.
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Presence of fibroblasts in the wound area

To examine the presence of fibroblasts in the wound area, the sections were stained 

with anti-Hsp47. Hsp47 acts like a molecular chaperone during biosynthesis and 

secretion of procollagen and is present in viable fibroblasts.18 Directly after burning, 

no Hsp47-positive cells were visible in the wound area of the fetal, adult, and scar 

tissue model throughout the entire dermis (Figure 4A-C). Expression of Hsp47 was 

visible in the unwounded part of the skin models throughout the culture period 

(results not shown). During the culture period, the number of Hsp47-positive cells 

was increased in the wound area of the in vitro wound models (Figure 4G). In all three

Figure 4. Presence of heat shock protein 47 (Hsp47) in the burn wound area of fetal, adult, and 
scar tissue model directly after burning (A-C) and after 21 days of air-exposed culture (D-F). 
Number of Hsp47-positive cells/mm2 in the wounded dermis of the fetal, adult, and scar tissue 
model after 7, 14, and 21 days of air-exposed culture (G). Directly after burning, no expression 
of Hsp47 was found in the wound area of the fetal, adult, and scar tissue model (A-C). In the 
fetal wound model, most Hsp47-positive cells were visible in the wounded dermis close to the 
wound edges, but several fibroblasts were also detected in the central part of the fetal burn 
wound (arrows) at day 21 (D). In the adult skin and scar tissue model, Hsp47-positive cells were 
present throughout the dermis (arrows) at day 21 (E,F). Scale bars: 100 μm, *p < 0.05 vs. fetal 
wound model; Mann-Whitney U, #p < 0.05 vs. day 7; Wilcoxon signed ranks test.
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wound models, significantly more Hsp47-postive cells were detected in the wounded 

dermis after 21 days than after 7 days of culture. However, a higher number of 

fibroblasts was present in the wound area of the fetal wound model than in the wound 

of the adult and scar tissue model. In the fetal wound model, most Hsp47-positive 

cells were visible in the wounded fetal dermis close to the wound edges at day 21, 

but several fibroblasts were also detected in the central part of the fetal burn wound 

(Figure 4D). In the adult and scar tissue model, Hsp47-positive cells were observed 

throughout the wound area after 21 days of culture (Figure 4E,F).

Figure 5. Cell proliferation in the fetal skin (A,D), adult skin (B,E), and scar tissue model (C,F) after 
21 days of air-exposed culture shown by immunoperoxidase staining of bromodeoxyuridine 
(BrdU). Number of BrdU-positive keratinocytes/μm in the neo-epidermis (G) and number of 
BrdU-positive fibroblasts/mm2 in the wounded dermis (H) of the fetal, adult, and scar tissue 
model after 7, 14, and 21 days of air-exposed culture. Many proliferating cells were detected 
in the neo-epidermis of the fetal, adult, and scar tissue model after 21 days of culture (A-C). In 
the fetal wound model, many proliferating cells were also found in the unwounded cultured 
skin (D), but only a few proliferating cells were visible in unwounded cultured skin of the adult 
skin and scar tissue model (E,F). Scale bars: 100 μm, *p < 0.05 vs. fetal wound model; Mann-
Whitney U, #p < 0.05 vs. day 7; Wilcoxon signed ranks test.
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Cell proliferation in the air-exposed fetal, adult, and scar tissue model

Proliferation of fibroblasts and keratinocytes in the burn wound model was evaluated 

by incorporation of BrdU. At day 7 of culture, many basal and some parabasal 

keratinocytes were proliferating in the newly formed epidermis of all three wound 

models. However, the neo-epidermis of the fetal skin model contained significantly 

more proliferating cells than the neo-epidermis of the adult and scar tissue model 

after 7 days of culture (Figure 5G). At day 21, many keratinocytes were still proliferating 

in the neo-epidermis of the fetal, adult, and scar tissue model (Figure 5A-C), but the 

number of proliferating keratinocytes was significantly decreased in the fetal and scar 

tissue model (Figure 5G). Different from the fetal wound model, only very few BrdU-

positive fibroblasts were detected in the unwounded skin of the adult skin and scar 

tissue model throughout the culture period (Figure 5D-F).

In contrast to the adult and scar tissue model, many BrdU-positive fibroblasts 

were detected in the wounded dermis of the fetal skin model at day 7 (Figure 5H). 

During prolonged culture, the number of BrdU-positive fibroblasts was decreased 

in the wound area of the fetal skin model, whereas the number of proliferating 

fibroblasts was increased in the wound of the adult and scar tissue model.

 

Presence of activation markers in the new epidermis

To study abnormal epidermal differentiation and hyperproliferation, the presence of 

K17, SKALP, and K14 was determined. Table 3 summarizes the expression of these 

proteins in the fetal, adult, and scar tissue model after 21 days of air-exposed culture.

Table 3. Presence of K17, SKALP, and K14 in uncultured skin and in the fetal, adult, and scar 
tissue model after 21 days of air-exposed culture.

Wound 
model

Tongue tip Regenerated 
epidermis 

Unwounded 
cultured 

epidermis

Uncultured 
epidermis

Fetal n.a. ++ + +/−

Keratin 17 Adult + − − −

Scar ++ + + −

Fetal n.a. + +/− −

SKALP Adult + + − −

Scar + + + −

Fetal n.a. ++ + +/−

Keratin 14 Adult ++ + + +/−

Scar ++ ++ ++ +
n.a. = not applicable, because of complete reepithelialization.
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The regenerated epidermis (i.e., neo-epidermis) of the fetal and scar tissue model 

contained more positive layers for K17, SKALP, and K14 than the uncultured skin of the 

fetal and scar tissue model. In the adult wound model, only the expression of SKALP 

and K14 was higher in the regenerated epidermis than in the uncultured adult skin. 

During culture, the presence of K17, SKALP, and K14 was increased in the unwounded 

skin of the fetal and scar tissue model. In contrast, only the expression of K14 was 

enhanced in the unwounded skin of the adult tissue during culture.

Presence of basement membrane proteins

To assess the presence of basement membrane during wound healing, the sections 

were stained with antibodies directed against collagen type IV and laminin. A 

summary of collagen type IV and laminin expression in the different wound models is 

presented in Table 4. In uncultured fetal, adult, and scar tissues, collagen type IV and 

laminin was localized at the dermo-epidermal junction (DEJ) and in the basal lamina 

of capillaries. During air-exposed culture, the expression of the basement membrane 

proteins remained almost similar in the unwounded cultured skin. Strong expression 

of both collagen type IV and laminin was found in the DEJ of the wound margins of the 

fetal wound model; however, only a weak expression of these proteins was observed 

underneath the regenerated epidermis in the middle of the fetal burn wound. In 

the adult and scar tissue model, the basement membrane proteins were restored 

underneath the regenerated epidermis. Toward the leading epidermal edge (tongue 

tip), the deposition of the proteins became less intense.

Table 4. Presence of basement membrane proteins in the DEJ of uncultured skin and in the DEJ 
of the fetal, adult, and scar tissue model after 21 days of air-exposed culture. 

Wound 
model

Tongue tip Regenerated 
epidermis 

Unwounded 
cultured 

epidermis

Uncultured 
epidermis

Fetal n.a. +/− ++ +

Collagen type IV Adult − + ++ ++

Scar +/− + ++ ++

Fetal n.a. +/− ++ +

Laminin Adult +/− + ++ ++

Scar +/− + ++ ++
n.a. = not applicable, because of complete reepithelialization.
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Figure 6. Presence of chondroitin sulfate (CS) in uncultured skin (A-F) and in the fetal, adult, 
and scar tissue model after 21 days of air-exposed culture (G-L). In fetal uncultured skin, CS 
was found in the entire dermis (A) and was still present after wounding (D). After 21 days of 
culture, CS was detected in the entire burn wound (G) and in unwounded skin of the fetal 
wound model (J). In uncultured adult skin, CS was visible in the DEJ and around blood vessels 
(B), but it was not present directly after burning (E). After a 21-day culture period, CS was only 
slightly detected in the burn wound (H) and was still found in the DEJ and around the blood 
vessels in the unwounded cultured skin of the adult wound model (K). Similar to adult skin, CS 
was present in the DEJ and around the blood vessels in uncultured scar tissue (C) and it was 
not visible immediately after burning (F). After 21 days of culture, CS was present in the entire 
burn wound (I) and at the DEJ, around blood vessels and in some parts of the dermis in the 
unwounded skin of the scar model (L). Scale bars: 100 μm.

Characterization of dermal components

To investigate the presence of blood vessels and myofibroblasts in the wound models, 

the sections were stained with anti-α-SMA. Expression of α-SMA was only observed in 

the blood vessels and not in the fibroblasts in uncultured fetal, adult, and scar tissues 

(Table 5). During the culture period, α-SMA remained only visible in the blood vessels.

 To examine the presence of new extracellular matrix (ECM) components, the 

presence of CS and elastin was determined in the wound models. Table 5 demonstrates 

the expression of these proteins in the fetal, adult, and scar tissue model after 21 days 

of air-exposed culture. In both the fetal and adult skin model, the presence of CS 
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remained similar during culture (Figure 6). Remnants of CS were still observed in the 

fetal burn wound directly after burning. In contrast to the fetal and adult skin model, 

expression of CS was increased in the burn wound and in the unwounded part of the 

scar tissue model after 21 days of culture. 

Table 5 summarizes the expression of elastin in the fetal, adult, and scar tissue 

model. The presence of elastin was not changed during the culture period in all three 

wound models. 

Table 5. Presence of α-SMA, CS, and elastin in uncultured skin and in the fetal, adult, and scar 
tissue model after 21 days of air-exposed culture. 

Wound 
model

Burn wound directly 
after burning

Burn wound  
after culture

Unwounded 
cultured skin

Uncultured 
skin

Fetal − − +/− +

α-SMA Adult − − + +

Scar − − +/− +

Fetal + + ++ ++

CS Adult − − +/− +/−

Scar − ++ + +/−

Fetal − − − −

Elastin Adult ++ ++ ++ ++

Scar +/− +/− +/− +/−

      

Submerged culture of the fetal wound model

Fetal skin is normally not exposed to air; therefore, we also cultured the fetal skin 

model under submerged conditions. Figure 7A shows the histology of the uncultured 

fetal skin and of the unwounded part of the fetal skin model after 21 days of 

submerged culture. Remarkably, the unwounded fetal epidermis was sloughed off 

during submerged culture and a new epidermis grew underneath the shed fetal 

epidermis. This new epidermis contained less epidermal layers than the uncultured 

fetal epidermis and had a stratum corneum. Although the cultured epidermis 

appeared viable, some pyknotic cells were visible in the dermis. The MTT test also 

showed a reduced viability in the dermis of the submerged cultured model (results 

not shown).

Similar to the air-exposed cultured fetal wound model, reepithelialization 

occurred in the submerged cultured fetal skin model from both sides of the wound 

margins. After 7 days, the neo-epidermis covered a smaller part of the fetal burn 

wound than the neo-epidermis of the air-exposed cultured model (33% (range 20-

38%) and 74% (range 36-88%), respectively), but this difference was not statistically 
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significant (p > 0.05, Mann-Whitney U). Comparable to the air-exposed cultured model, 

the neo-epidermis covered 100% (range 91-100%) of the burn wound after 21 days 

of culture (Figure 7B). The neo-epidermis of the submerged model grew underneath 

the old burned epidermis and remained attached to the underlying dermis, whereas 

the neo-epidermis of the air-exposed model grew over the burned epidermis and was 

detached from the dermis. In addition, the new epidermis of the submerged model 

contained less cell layers than the neo-epidermis of the air-exposed model.

Figure 7. Histology of the submerged cultured fetal wound model. A: H&E staining of uncultured 
fetal skin and of the unwounded fetal skin after 21 days of submerged culture. Remarkably, 
unwounded fetal epidermis was sloughed off (arrow) during submerged culture and a new 
epidermis (arrow head) grew underneath the shed epidermis. Scale bars: 100 μm. Inset shows 
the dermis in more detail. Pyknotic cells (arrows) were visible in the dermis after culture. Scale 
bar: 50 μm. B: H&E staining of the wound area of the fetal wound model after 21 days of 
submerged culture. The neo-epidermis in the submerged model grew underneath the old 
burned epidermis (arrow). Scale bar: 200 μm. Inset shows the neo-epidermis in more detail. 
Scale bar: 100 μm.

Like the air-exposed cultured model, the expression of K17 and SKALP was 

increased during submerged culture. However, the epidermis of the submerged 

model contained less positive layers for SKALP than the epidermis of the air-exposed 

model after 21 days of culture (results not shown). Identical to the air-exposed model, 

laminin was found in the DEJ of the wound margins in the submerged model, but it 

was only weakly detected underneath the regenerated epidermis in the middle of the 

burn wound. 

DISCUSSION

In the present study, we developed a fetal wound model by wounding ex vivo fetal 

skin and subsequently culturing the skin samples. In order to differentiate important 

factors associated with regeneration and scarring, we compared the fetal wound 
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model with a scar model and an adult skin model, previously described by us.17 

The cell types normally present in fetal skin, adult skin, and scar tissue are present 

in the models and these cells remained intact and vital at least until day 21. Some 

investigations also showed prolonged culture of ex vivo fetal skin samples,19, 20 but in 

most studies ex vivo fetal skin was only maintained in culture for a few days.14, 15 It is 

possible that the life span of our skin explants was increased by use of an enriched 

culture medium.  

The developed fetal wound healing model shows many similarities to in vivo 

epidermal wound healing. Reepithelialization started directly after wounding and the 

burn wound was closed during the culture period. In addition, reepithelialization was 

faster in the fetal wound model, than in the adult skin models (i.e., adult and scar tissue 

model).1, 4, 21 However, reepithelialization of the in vitro wound models occurred much 

slower than in vivo. Different from our fetal skin model, wounds are generally closed 

between 1 and 7 days in the fetus in the in vivo situation, depending on wound size.4, 8 It 

is possible that additional systemic growth factors or other variables are necessary for 

faster reepithelialization. The finding that wound closure was faster in the fetal than 

in the adult and scar tissue model suggests that an increased reepithelialization rate 

might partially be responsible for better wound healing outcome. This is supported by 

the fact that delayed reepithelialization is associated with hypertrophic scar formation 

in burn patients.22 The mechanism for this relationship in burn patients is not entirely 

understood, but it has been hypothesized that after complete reepithelialization 

the inflammatory response is down-regulated and that keratinocytes decrease the 

production of collagen by fibroblasts.23, 24 The present study suggests that stimulation 

of early wound closure is a beneficial clinical strategy to decrease hypertrophic scar 

formation. 

As in vivo, many proliferating cells were observed in neo-epidermis of the in vitro 

wound models. However, the number of proliferating cells in the fetal neo-epidermis 

was decreased during prolonged culture. As reepithelialization was finished in the 

fetal wound from day 14, it seems reasonable that less proliferating cells were present 

in the fetal neo-epidermis during extended culture. Similarly, the number of BrdU-

positive cells in the adult neo-epidermis did not decrease significantly during culture, 

probably because the adult wound was still not closed. Remarkably, the number of 

proliferating cells in the neo-epidermis of the scar model diminished after day 14, 

even though the wound was not closed yet. Possibly, the different composition of the 

dermal scar tissue might have accounted for this difference. 

Restoration of the basement membrane was observed in the fetal, adult, 

and scar tissue model and this was identical to the in vivo situation.4, 25 However, 
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a weak expression of basement membrane proteins was found underneath the 

regenerated epidermis in the middle of the fetal burn wound. In fetal in vivo healing, 

reepithelialization is not immediately accompanied by laminin and collagen type 

IV staining.4 These basement membrane proteins are only visible in the DEJ some 

time after finishing reepithelialization. It is possible that a prolonged culture time is 

necessary for the fetal wound model to complete basement membrane restoration. 

Possibly, the weak expression of basement membrane proteins in the middle of the 

fetal wound may have accounted for the detachment of the fetal neo-epidermis from 

the underlying dermis. However, the growth of the fetal neo-epidermis over the old 

burned epidermis (see below) may also have resulted in detachment of the fetal 

neo-epidermis from the dermis. Due to this event, the fetal neo-epidermis was only 

attached to the underlying dermis via the old burned epidermis. Since the basement 

membrane between the burned epidermis and dermis was severely damaged, the old 

burned epidermis could disassociate from the dermis without difficulties. 

The neo-epidermis of the fetal wound model exhibited an increased expression 

of SKALP, K17, and K14 upon wounding. This is similar to previous studies, which also 

showed an increased expression of proteins associated with activation in the fetal 

wound edge.26, 27 In addition to the fetal neo-epidermis, the unwounded fetal skin was 

also activated during culture. Since the fetal skin samples were cultured under non-

physiological conditions (i.e., exposed to air), it is reasonable that the unwounded 

keratinocytes were also activated.

Remarkably, the neo-epidermis grew over the old burned epidermis in the air-

exposed cultured fetal wound model. This is dissimilar from the adult skin and scar 

tissue model, in which the epidermis grew underneath the burned epidermis. An 

explanation for this finding is elusive. The fact that reepithelialization in fetal wounds 

proceeds according to a different mechanism than in adult wounds might be involved. 

In adult healing, epithelial cells form lamellipodia and filopodia and they upregulate 

various proteases in order to cut their way through the damaged dermis and blood 

clot.28 In contrast, embryonic wounds heal by a process independent of either 

lamellipodial crawling or an adhesive substrate.29 Fetal reepithelialization involves 

the formation of an actin cable in the basal marginal epidermal cells that may act as 

a purse-string to draw the wound margins together.30 Possibly, the fetal mechanism 

of reepithelialization allows easier growth of the neo-epidermis over the old burned 

epidermis. Another possible explanation for the this unusual finding might be the 

lower expression of  basement membrane proteins underneath the regenerating 

epidermis (see above), thus causing a less effective binding of the keratinocytes to 

the DEJ. 
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As in vivo, fibroblasts were able to migrate into the wound area of all three 

models, but fibroblast migration occurred at a much slower rate than in vivo.4 The lack 

of growth factors or other variables is possibly responsible for the retarded migration 

of fibroblasts in our wound models. In contrast to the adult skin and scar tissue 

model, a large number of fibroblasts was detected in the fetal wound model at an 

early time point. This finding may suggest that prompt presence of many fibroblasts 

in the wound area might be important in scarless healing. It allows rapid production 

of ECM components, such as fibronectin and tenascin, which are important in fast 

reepithelialization and cell migration.21

Similar to the in vivo situation, proliferating fibroblasts were detected in the 

wound area of the fetal, adult, and scar tissue model. However, the number of 

proliferating cells decreased in the fetal wound area from day 7. Possibly, signals from 

the closed epidermis (present from day 14) may reduce fibroblast proliferation in the 

fetal wounded dermis. 

No myofibroblasts were detected in the fetal, adult, and scar tissue model during 

in vitro culture. The finding that myofibroblasts were absent during fetal healing was 

in agreement with the in vivo situation. It has been shown by several studies that 

myofibroblasts were not present in early scarless fetal wounds.8, 31, 32 In contrast, 

other studies demonstrated that myofibroblasts appear early but transitory in fetal 

healing.33, 34 Therefore, it is also possible that no myofibroblasts were detected in 

the fetal wound model, because these cells have already disappeared after 7 days of 

culture. In contrast to fetal healing, the absence of myofibroblast in the adult and scar 

tissue model was different from in vivo healing. Several studies demonstrated that 

both mechanical tension and pro-fibrotic growth factors, like TGF-β1 and PDGF, are 

important in promoting myofibroblasts.35-37 As neither of these factors were present 

in the adult skin and scar tissue model, it seems reasonable that myofibroblasts 

were absent. Furthermore, it has been suggested that fibrocytes are the precursor 

cells for myofibroblasts.38 Fibrocytes are thought to migrate from the bone marrow 

into the wound area, where they contribute to the myofibroblast population. Since 

no bone marrow or blood flow were present in our wound models, fibrocytes 

could not have migrated into the in vitro wound area. Consequently, no fibrocyte-

derived myofibroblasts could be formed in the wound model systems. Remarkably, 

no myofibroblasts were found in the uncultured hypertrophic scar tissue. Since the 

hypertrophic scar samples were obtained from patients after more than one year 

postburn, it is possible that the myofibroblasts have already disappeared over time.39 

Moreover, myofibroblasts are usually located in deeper parts of the scar.40 Therefore, 

it is also possible that no myofibroblasts were detected in the uncultured hypertrophic 
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scar samples, because only the upper part (i.e., 0.7 mm) of the scar tissue was used 

for this model. 

In contrast to the in vivo situation, we did not find histological signs of dermal 

regeneration in the fetal skin model. This suggests that in this model neither fibroblast 

activity nor epidermal cell-derived factors were sufficient to trigger the rapid dermal 

healing. However, Hsp47 was produced by fibroblasts in the wound area during culture 

(see above), indicating synthesis of collagen in the wounded dermis.18 In contrast, we 

were not able to show new production of CS in the fetal burn wound after culture. 

Although the dermis was severely damaged after burning, the monoclonal antibody 

against CS could still detect this protein in the fetal burn wound. Consequently, new 

deposition of CS could not be studied in the burn wound. Due to lower amounts of CS 

in scar tissue, no CS was detected in the wound area of the scar model directly after 

burning; therefore, new CS production could be shown in scar tissue after culture. 

Similarly, we were not able to demonstrate new production of elastin in the adult 

wound models, because the monoclonal antibody against elastin could still detect 

this protein directly after burning. 

Fetal skin is normally not exposed to air; therefore, we also cultured the fetal 

skin model under submerged conditions. The submerged cultured model contained 

less epidermal layers and was less viable than the air-exposed cultured model. In 

contrast to our model, Zeltinger et al. were able to maintain fetal skin in submerged 

culture.19 Different culture conditions may account for this difference. In contrast to 

the air-exposed cultured model, the neo-epidermis grew underneath the old burned 

epidermis in the submerged cultured model. We cannot explain this phenomenon. 

The finding that the unwounded epidermis was shed during submerged culture 

suggests that the epidermis could easily detach from the dermis. Hence, the new 

epidermis could grow more easily underneath the damaged epidermis. Obviously, 

more research is necessary to investigate these findings in more detail. 

In the present study, an in vitro fetal wound model is described that remained 

viable for a long period of time and is compared to similar models in adult skin and 

scar tissue. After 21 days of culture, the burn wound was completely closed in the 

fetal wound model and new fibroblasts had migrated into the wound. Compared to 

the adult and scar tissue model, reepithelialization was faster in the fetal skin model 

and more fibroblasts were present in the wound area at an early time point. These 

findings suggest that rapid healing might play an important role in scarless healing. 

The fetal skin model can be useful in studying different aspects of fetal wound healing. 

In addition, it can be manipulated to study the role of specific growth factors or other 

elements in scar formation.
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CHAPTER 6
GENERAL DISCUSSION





Full-thickness (burn) wounds heal with the formation of a (hypertrophic) scar, which 

causes great discomfort to the patient. No satisfying treatment is available yet for 

the prevention of scar formation. Although several promising therapies (e.g., tissue-

engineered skin) are under development, clinical implementation is hampered. 

Xenobiotic materials are currently used during the manufacturing of tissue-

engineered skin and this can be a potential risk for the patient. In addition, lack of 

clear, uniform regulations makes commercialization of tissue-engineered products 

rather difficult.1 Furthermore, different reimbursement policies in various countries 

hamper clinical implementation even more. Apart from these difficulties with skin 

substitutes, detailed, basic knowledge about wound healing and scar formation is still 

lacking. Understanding wound healing mechanisms is very important, because it may 

lead to new therapeutic strategies for improving adult healing. A wide array of factors 

that are associated with hypertrophic scarring have already been identified, like the 

presence of myofibroblasts, the lack of dermal tissue, the extent of inflammation, 

and the rate of re-epithelialization.2-5 However, the exact role of and synergism 

between some of these factors is still unclear and on top of that other (unidentified) 

processes may also be involved. Wound model systems are important in the further 

understanding of scarring and regeneration.6 However, no ideal wound model has 

been developed (yet). Animal models are favorable, but their use is limited due to 

ethical considerations and human-animal differences. As an alternative, several 

human in vitro models have been developed, but these models are only a partial 

representation of the in vivo situation.

This thesis aims to contribute to the development of anti-scarring therapies by 

optimizing keratinocyte cultures and by developing improved in vitro wound models 

which allow detailed studies on the sequential events in wound healing. As defined in 

the Introduction chapter, this thesis has the following specific objectives:

1. To culture sufficient numbers of keratinocytes for transplantation without  

 the need of a mouse feeder layer and fetal calf serum (FCS). 

2. To analyze the differences between uncultured adult and fetal skin, in order  

 to obtain insights into the mechanisms of scar-free healing.

3. To develop standardized human in vitro fetal and adult skin models that  

 resemble the in vivo situation better than the current models.

4. To compare our in vitro fetal skin model with our adult skin models, in 

 order to differentiate important factors involved in regeneration and scarring.

In the following sections, the main results will be summarized and discussed. 
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TISSUE ENGINEERING

Tissue-engineered skin is a promising alternative therapy for the treatment of deep 

burn wounds.7, 8 It can reduce requirements for autologous skin grafts and can 

accelerate healing of burns.9, 10 In recent years, both a-cellular and cellular tissue-

engineered products have been developed.11 The a-cellular constructs can be used as 

dermal substitutes that encourage autologous cell recruitment and tissue formation. 

As these constructs are relatively easy to manufacture and to handle, they are 

currently most often used in clinical practice. The cellular tissue-engineered products 

usually consist of a synthetic or biological matrix that is populated with one or more 

skin cell types. The first cellular substitute was the cultured epithelial autograft 

(CEA).12, 13 Although these CEA’s can restore epidermal coverage, they have several 

disadvantages (e.g., long culture time, poor take, poor long term outcome).14, 15 As 

an alternative, preconfluent keratinocytes can be transferred to the wound bed.16 

Keratinocytes used for cellular substitutes are conventionally cultured in the presence 

of fetal calf serum (FCS) and mouse feeder layer cells.17 However, utilization of these 

xenobiotic constituents can be a potential risk for the patient and may complicate 

commercialization. Therefore, we aimed to culture human keratinocytes without the 

need of a fibroblast feeder layer and FCS in Chapter 2.

Culture of keratinocytes without mouse feeder cells and FCS

We found that keratinocytes can be successfully cultured without the use of mouse 

feeder cells and FCS. We were able to culture sufficient numbers of keratinocytes 

from 1 cm2 skin to potentially cover 400 cm2 of wound surface in 2 weeks, when the 

cells were grown on collagen type IV. Collagen type IV is an important component 

of the basement membrane and may have supported keratinocyte growth, because 

it mimicked the physiological environment of basal, proliferating cells. Stem cells of 

the interfollicular epidermis reside in the basal layer.18 These cells have an extensive 

self-renewal capacity and give rise to the interfollicular epidermis, hair follicles, and 

sebaceous glands in the long term.19, 20 Therefore, it is very important that keratinocytes 

used for tissue-engineering contain epidermal stem cells.21 As epidermal stem cells 

are in close contact with the basement membrane, it is possible that collagen type 

IV is an important component of the microenvironment (niche) of epidermal stem 

cells. Consistent with this hypothesis, epidermal stem cells are able to adhere more 

rapidly to collagen type IV than transit amplifying cells, as they express higher levels 

of β1 integrin.22, 23 Possibly, the collagen type IV coating may form a stem cell niche. 

However, the cells grown on collagen IV underwent growth arrest after more than 
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six passage numbers. This indicates that other factors are also necessary for the 

persistence of epidermal stem cells in culture.

Since discriminating markers for keratinocyte stem cells are missing, it is not 

possible to determine the presence of stem cells in the cultured population. However, 

the keratinocytes grown on collagen type IV could form an epidermis at least up to 

passage 4, which may indicate that these cells are still useful in clinical applications. 

This reconstructed epidermis resembled the morphology of normal skin, but was in an 

activated state. We found that, in contrast to normal skin, the stress markers K17 and 

SKALP were present in reconstructed epidermis. In addition, the expression of Ki-67, 

involucrin and β1-integrin was higher in the cultured epidermis than in normal skin. 

These markers are also increased during wound healing or in pathological conditions 

such as psoriasis,24-28 indicating that homeostasis has not been established (yet) in 

the epidermis.29, 30 The culture period, 3 weeks, might have been too short to achieve 

normal homeostasis. Therefore, a situation similar to wound healing (e.g., migration, 

proliferation and differentiation) may still be in process. Furthermore, the (growth) 

factors important for establishing homeostasis might not be present in the in vitro 

culture condition. As a result, the normal epidermal phenotype could not be obtained 

in vitro. In agreement with this, Smiley et al. showed that the hyperproliferative 

phenotype of in vitro cultured skin will be normalized after transfer to the in vivo 

situation.31  

We also demonstrated that it is beneficial to culture keratinocytes before 

transferring them to the patient. After culture, more cells were available for 

transplantation and less cells were needed to reconstruct a fully differentiated 

epidermis. During the isolation process, cells are obtained from all the different layers 

of the epidermis. Consequently, freshly isolated cells contain a high percentage of 

differentiated, non-proliferative cells, which cannot form a new epidermis. As basal 

cells are attached to the basement membrane under physiological conditions (i.e., 

in vivo), especially basal, proliferating cells will adhere to collagen type IV coated 

culture flasks. As a result, cultured cells contain a higher percentage of proliferating 

cells than freshly isolated cells. As particularly basal, proliferating cells are able to 

reconstruct an epidermis, cultured cells can form an epidermis more effectively than 

freshly isolated cells.32 

 

Conclusion

From the data presented in Chapter 2, it can be concluded that it is possible and 

useful to culture keratinocytes for transplantation without FCS and mouse feeder 

layer cells. These keratinocytes can be utilized for a safe treatment of (burn) wounds 
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and for the further development of tissue engineered skin. However, studies have 

to be performed to test the clinical efficacy of these keratinocytes in burn patients. 

Currently, our research group is conducting a multicentre clinical trial in order to 

evaluate the efficacy of the cultured keratinocytes in combination with a meshed, 

split skin autograft.  As transplantation with only keratinocytes does not replace lost 

dermis, a dermal component is also needed in the treatment of deep burn wounds.33 

The absence of a dermal component still results in poor outcome and there is a high 

chance of wound contraction.34 For that reason, an autologous meshed, split skin is 

used in conjunction with the cultured keratinocytes in the clinical study. Moreover, the 

mesh split skin autograft will supply fibroblasts and the necessary keratinocyte stem 

cells in case the culture technique reduced  the keratinocyte stem cell population. 

However, this method still requires relatively large amounts of donor skin, which are 

not always available. Therefore, the ultimate aim is to generate a xenobiotic-free skin 

equivalent that contains both an epidermal and a dermal component and requires 

only a small skin biopsy.  

HUMAN IN VITRO WOUND MODELS

Standardized wound models are important for the development and evaluation of 

novel (tissue-engineered) treatments. Model systems can be used to test the safety 

and efficacy of these new therapies. In addition, they are important in unraveling the 

mechanisms of hypertrophic scar formation and regeneration. Many studies show 

that, unlike adult wounds, early-gestation fetal wounds heal without the formation 

of a scar.35-37 However, the mechanisms for this finding are only partly understood. 

Model systems may help to clarify this process, which is very important for the 

development of new anti-scarring therapies. In the past, several fetal and adult 

models have been developed.38-41 Animal models are advantageous, because they 

contain all local and systemic factors. However, extrapolation to the human situation 

can be difficult, because some healing characteristics are different in animals than 

in humans. In addition, use of animal models involves ethical considerations. In 

contrast, in vitro models have no ethical considerations and direct examination of 

single tissue components is straightforward. However, the current in vitro models 

only partly correspond to the in vivo situation, because they do not contain most 

local and systemic factors, such as different cell types, matrix elements, and growth 

factors. In addition, they are only viable for a short period of time. Therefore, we 

aimed to develop enhanced adult and fetal in vitro wound models. 
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Comparison between uncultured fetal and adult skin

For the development of in vitro fetal and adult wound models, it is important to have 

knowledge of the differences between fetal and adult skin architecture. Moreover, 

insights into these differences may contribute to the understanding of scarless fetal 

healing, as the capacity for regeneration is probably inherent to the fetal skin itself.42,43 

Therefore, we studied the differences between fetal and adult skin in one human-

derived set of samples in Chapter 3.

We especially found differences between fetal and adult skin in the expression 

profile of dermal extracellular matrix (ECM) molecules. The expression of fibronectin 

(FN) and chondroitin sulfate (CS) was higher in fetal skin than in adult skin, whereas 

elastin was not present in fetal skin at least up to 22 weeks’ gestation. It has long 

been recognized that ECM plays an important role in the regulation of fibroblasts 

functions, such as migration, proliferation, and differentiation.44-46 Specific attachment 

sequences on ECM molecules are able to bind to  fibroblast transmembrane 

proteins, predominantly integrins, which trigger outside-in signaling. Subsequently, 

this results in many different cell responses. Not only the type of ECM, but also the 

mechanical properties (e.g., stiffness and tension) of the ECM influence these cell 

responses.47-49 It has been demonstrated that the degree of substrate stiffness may 

direct the differentiation of mesenchymal stem cells into different cell lineages.50, 51 

In addition, several studies showed that mechanical load influences myofibroblast 

differentiation.52, 53 TGF-β1 induces myofibroblasts differentiation in mechanically 

restrained collagen gels, but not when the gels are free-floating and relaxed. These 

studies confirm that the fibroblasts’ microenvironment is extremely important for 

their cell behavior. It is possible that the fetal dermis provides a microenvironment 

that enables fetal fibroblasts to acquire a  scar-free phenotype. This suggests that it 

might be beneficial to mimic a fetal microenvironment in adult wounds during the 

healing process. Hence, a possible therapeutic intervention would be to use dermal 

substitutes in adult wound healing that contain certain ECM molecules, such as FN 

and CS. 

In contrast to dermal ECM molecules, we only found a few epidermal differences 

between fetal and adult skin. Of the studied epidermal proteins, only K17 and 

involucrin had a higher expression in fetal skin than in adult tissue. McGowan et 

al. showed that K17-expressing cells in the fetal epidermis give rise to developing 

appendages and to periderm, suggesting that these cells have a nonepidermal cell 

fate.54 Therefore, the high expression of K17 in fetal epidermis is probably not related 

to scar-free healing. In contrast to K17, there is no reliable explanation for the high 

expression of involucrin in fetal skin. As the elevated expression of involucrin is similar 
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to wound healing and psoriatic skin,27, 28 it might suggest that homeostasis is not yet 

established in fetal skin. 

Development of in vitro wound models 

In Chapter 3, we compared unwounded fetal skin to unwounded adult tissue. 

However, this is not sufficient to disclose the complex mechanisms involved in fetal, 

scar-free healing and therefore, wound model systems are needed to unravel wound 

healing biology. In Chapter 4 and 5, we developed enhanced in vitro adult and fetal 

wound models in order to study wound healing in more detail.

We demonstrated that our wound models showed many similarities to in vivo 

wound healing. During culture, reepithelialization took place to cover the damaged 

tissue and fibroblasts migrated into the wound area in all wound models. Because 

these model systems are based on the in vitro culture of excised skin, all the cellular 

and matrix elements of normal, human skin are present. As ECM molecules influence 

cell behavior (see above),55 it is very important that the microenvironment of cells in 

in vitro models is identical to the environment in vivo. 

In contrast to earlier studies,56-58 the skin biopsies remained intact and vital during 

a prolonged culture period. It is possible that the life span of our skin explants was 

increased by use of an enriched culture medium. Furthermore, air-exposed culture 

conditions may improve viability of the adult wound models, because it corresponds 

to the physiological conditions of adult skin. Remarkably, fetal skin explants remained 

viable during non-physiological circumstances (i.e., air-exposed culture), but showed 

a reduced viability during submerged culture. This is dissimilar from a previous 

study, in which fetal skin remained viable under submerged culture conditions.59 This 

discrepancy can possibly be explained by use of different culture conditions and by 

use of dissimilar gestational ages (i.e., 8-13 wk vs. 17-22 wk).

Although these in vitro wound models have many similarities to in vivo healing, 

there were also differences. In contrast to the in vivo situation, we did not observe 

dermal restoration in the in vitro wound models. We did not find histological signs of 

dermal repair and we were not able to demonstrate new deposition of ECM in the 

adult and fetal skin model. This indicates that in the wound models neither the culture 

media nor fibroblast- and keratinocyte-derived factors were sufficient to induce 

dermal healing in this time frame. Probably, additional mechanical and systemic 

factors (e.g., cytokines and blood clotting factors) are necessary for dermal repair. 

These factors may induce faster fibroblast migration and ECM production. In addition 

to lack of dermal restoration, no α-SMA-positive fibroblasts (i.e., myofibroblasts) 

were present in the adult wound model. Several studies showed that both TGF-β1 
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and mechanical tension are pivotal in promoting α-SMA-positive fibroblasts.60, 61 As 

neither of these factors were present in the adult skin and scar tissue model, it seems 

reasonable that myofibroblasts were absent. Junker et al. showed that myofibroblast 

formation could be enhanced in an in vitro scar model by stretching hypertrophic scar 

biopsies during in vitro culture.62 

The dissimilarities between in vitro and in vivo healing suggest that it is necessary 

to further optimize the wound models in order to resemble the in vivo situation more 

accurately. We already showed that our wound model can be extended with LPS to 

mimic a bacterial infection. However, mechanical and systemic factors, like mechanical 

tension, growth factors (e.g., TGF-β, PDGF), and inflammatory cells, should also be 

added separately or simultaneously during culture to further improve the wound 

model.  

Comparison of fetal and adult skin models

In Chapter 5, we compared the adult wound models with the fetal wound model, 

to identify important factors involved in regeneration and scarring. We found that 

reepithelialization was more rapid in the fetal wound than in adult wounds. This 

finding was also shown by other studies63, 64 and suggests that faster reepithelialization 

is important in scar-free healing. In agreement with this, Deitch et al. showed that 

hypertrophic scar formation is more likely to occur if reepithelialization requires more 

than 3 weeks.4 Possibly, the inflammatory response is down-regulated early after 

complete wound closure and keratinocytes modulate fibroblasts by reducing their 

activity at this stage.65, 66 

In addition to the speed of reepithelialization, we also demonstrated that the 

mode of reepithelialization was different in the fetal wound model than in the adult 

skin models. The fetal neo-epidermis grew over the old burned epidermis, whereas 

the adult neo-epidermis grew underneath the burned epidermis (i.e., similar to the 

in vivo situation). It has been shown that reepithelialization in fetal wounds proceeds 

according to a different mechanism than in adult wounds.67, 68 In adult wounds, 

epidermal cells at the wound edge extend finger-like lamellipodia and subsequently 

crawl over the wound bed.69 The leading epidermal cells have to upregulate various 

proteases to cut through the damaged dermis and blood clot.70 This may allow easier 

growth of the adult neo-epidermis underneath the old burned epidermis. In contrast, 

in fetal wounds epidermal cells at the wound edge assemble an actin cable that 

contracts like a purse string to close the wound.68, 71 It is possible that such contractile 

machinery provides enough force to draw the epithelium across the wound bed, over 

the old-burned epidermis in vitro. This possibly does not occur in vivo, because the old 
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burned epidermis is cast due to shearing forces and available proteases. Remarkably, 

the fetal neo-epidermis grew underneath the old burned epidermis in the submerged 

cultured model. As the unwounded epidermis was shed during submerged culture, 

it is possible that the neo-epidermis could grow easier underneath the old burned 

epidermis. Obviously, more research is necessary to elucidate these remarkable 

findings. 

Furthermore, Chapter 5 showed that new fibroblasts were present earlier in the 

wound area of the fetal skin model than in the wound area of adult skin models. 

Other studies also reported that fetal fibroblasts are able to migrate at a faster rate 

than adult fibroblasts.39, 47, 72 More rapid fibroblast migration might occur in fetal 

skin, because it consists of ECM molecules (e.g., fibronectin) that promote cell 

migration.73,74 This finding suggests that fast presence of fibroblasts in the wound area 

might be important in fetal, scar-free healing. 

Conclusion

In conclusion, Chapter 4 and 5 showed that we were able to develop in vitro 

fetal and adult wound models that have many similarities to in vivo healing. Both 

reepithelialization and fibroblast migration took place in the wound models and all 

cellular and matrix elements of normal, human skin were present. In addition, the 

wound models remained viable for a long period of time. As no dermal repair was 

apparent in the model systems, these wound models are especially useful in studying 

reepithelialization. They can be utilized to examine the effect of different agents 

on reepithelialization in great detail. Therefore, they can possibly contribute to the 

reduction of animal experiments. However, these wound models still lack important 

factors involved in in vivo healing. To resemble the in vivo situation more accurately, 

these wound models should be optimized by adding important factors, like platelets, 

inflammatory cells (e.g., macrophages), growth factors (TGF-β and PDGF), and 

mechanical tension, during culture. These factors should be supplemented in small 

steps to fine-tune the wound models accurately.

Chapter 3 and 5 demonstrate that most of the differences between fetal and 

adult skin were found at the level of dermal composition and reepithelialization. 

The fetal dermis consists of different ECM molecules than the adult dermis and 

reepithelialization and fibroblast migration were present at an early time point in the 

fetal wound model than in the adult skin models. This once more implies an important 

role for dermal ECM components in scar-free healing. Therefore, it might be beneficial 

to mimic the fetal microenvironment in adults wounds. This can be accomplished by 

use of dermal substitutes that contain ECM molecules especially present in fetal skin. 

Chapter 6

118



In addition, these findings suggest that rapid healing might play an important role 

during scar-free healing. Possibly, adult healing can be improved by stimulating fast 

reepithelialization and fibroblasts migration. 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES  

Despite many research efforts, no treatment has been developed that prevents 

(hypertrophic) scar formation in deep (burn) wounds. Tissue-engineered skin is 

a promising therapy for these wounds, but still has several drawbacks. During the 

manufacturing process, xenobiotic-derived materials are currently used and tissue-

engineered constructs do not restore complete tissue function or prevent scar 

formation. Therefore, more research is required to improve these skin substitutes. In 

this thesis, we contributed to the further development of tissue-engineered skin by 

culturing keratinocytes without use of FCS and mouse fibroblasts. These keratinocytes 

can be utilized for a safe treatment of (burn) wounds. However, these keratinocytes 

should be used in combination with a dermal substitute in order to obtain good 

healing outcomes. Model systems are also very important in the development of 

tissue-engineered skin. They are useful in testing efficacy of skin equivalents and they 

may provide new clues for improving skin substitutes. We developed enhanced in 

vitro wound models which allow detailed studies on the sequential events in wound 

healing. After studying these model systems, it was concluded that certain ECM 

molecules (i.e., FN and CS) and rapid healing might be important during fetal, scar-

free healing. Therefore, it may be beneficial to incorporate these ECM molecules into 

dermal substitutes and to insert factors that promote fast healing in skin equivalents. 

Although the developed in vitro wound models are very useful in studying several 

healing parameters (e.g., reepithelialization and fibroblast migration), they need to 

be optimized in order to resemble the in vivo situation more accurately. This can be 

accomplished by adding several important factors involved in wound healing, like 

mechanical tension, growth factors, and inflammatory cells.

In the present thesis, we optimized the culture system for clinical application of  

keratinocytes and developed improved in vitro wound models. This may lead to safer 

transplantation of keratinocytes and to more insights into the mechanisms of scarring 

and regeneration. Consequently, this thesis may contribute to the development of 

reliable treatments preventing (hypertrophic) scar formation. 
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CHAPTER 7
SUMMARY/SAMENVATTING





Summary

ENHANCED CULTURE TECHNIQUES AND MODEL DEVELOPMENT FOR 
SKIN REGENERATION

Deep, (burn) wounds in humans generally heal with the formation of a hypertrophic 

scar. This severe scar affects appearance and causes serious restrictions on joint 

mobility. The standard treatment for full-thickness burn wounds is transplantation 

with a meshed split skin autograft. However, this therapy has several disadvantages. 

Healing still results in scar formation and morbidity at the donor site may occur. In 

addition, insufficient donor sites may be present in patients with extensive burns, due 

to limited availability of healthy skin.  

Transplantation with autologous keratinocytes is a promising alternative for 

the treatment of deep (burn) wounds. However, keratinocytes are conventionally 

cultured in the presence of fetal calf serum (FCS) and mouse feeder layer cells. These 

xenobiotic materials can be a potential risk for the patient (e.g., transfer of prions). 

Chapter 2 showed that we could successfully culture keratinocytes without FCS and 

mouse feeder layers cells. If the keratinocytes were grown on collagen type IV, these 

cells were able to form a fully differentiated epidermis at least up to passage 4. This 

indicates that the cultured keratinocytes are still suitable for clinical application. Using 

our culture technique, sufficient numbers of keratinocytes can be obtained from           

1 cm2 skin to potentially cover 400 cm2 of wound surface in 2 weeks.

For the development of new (tissue-engineered) anti-scarring therapies, it is 

essential to have detailed knowledge about scar formation and tissue regeneration. 

Many studies show that fetal skin has the ability to heal without scar formation. 

The composition of fetal skin itself probably plays an important role in this process. 

Thus, knowledge about fetal and adult skin constitution may contribute to the 

understanding of wound healing. In Chapter 3, we studied the differences between 

human fetal and adult skin architecture. We found that most differences between 

fetal and adult skin were present at the level of dermal extracellular matrix (ECM) 

molecular expression. The expression of fibronectin (FN) and chondroitin sulfate (CS) 

was higher in fetal skin than in adult skin, whereas elastin was not present in fetal skin 

at least up to 22 weeks of gestation. In contrast, the fetal epidermis was only slightly 

different from the adult epidermis in skin. These findings suggest that the presence 

or absence of certain ECM molecules might be beneficial in promoting adult wound 

healing. Therefore, a possible therapeutic intervention for improving adult healing is 

the use of a dermal substitute that contains certain ECM molecules (e.g., FN and CS).

To investigate the mechanisms of wound healing, wound model systems are 

indispensable. No ideal wound model is available at this moment. Animal models 
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are advantageous, because they contain all local and systemic factors involved in 

wound healing. However, their use is limited due to ethical considerations and 

human-animal differences. In vitro models involve minimal ethical considerations, 

but these models are only a partial representation of the in vivo situation. In Chapter 

4 and 5, we aimed to develop fetal and adult in vitro skin models, which resemble in 

vivo wound healing better than the current in vitro models. The developed models 

consisted of ex vivo fetal, adult, and scar tissue samples that were burned before 

air-exposed culture. We showed that these wound models remained vital for long 

period of time and showed many similarities to the in vivo situation. In both the fetal 

and animal wound models, reepithelialization took place from the surrounding tissue 

and fibroblasts migrated into the wound area. As these models are based on the in 

vitro culture of human skin, all the matrix and cellular elements of normal skin are 

present. In addition, we demonstrated that the wound model can be extended with 

LPS. However, more contributors of wound healing (e.g., mechanical tension, growth 

factors, and inflammatory cells) should be added to further optimize the in vitro 

wound models. 

These in vitro skin models can be used to investigate the process of fetal scar-

free healing. In Chapter 5, we compared the developed fetal and adult wound 

models, in order to differentiate important factors involved in fetal regeneration. 

This may lead to the identification of potential clues for improving adult healing. We 

found that reepithelialization was faster in the fetal skin model than in the adult skin 

models. Remarkably, the fetal neo-epidermis grew over the old burned epidermis, 

whereas the adult neo-epidermis grew underneath it. In addition, we found that new 

fibroblasts were present earlier in the wound area of the fetal skin model than in the 

wound area of the adult skin models. These findings suggest that fast healing might 

play an important role in scarless healing. Possibly, adult healing can be improved by 

stimulating fast reepithelialization and fibroblasts migration.

In this thesis, we contributed to the further development of tissue-engineered 

skin by culturing keratinocytes without use of FCS and mouse fibroblasts. In addition, 

we developed enhanced in vitro wound models which allow detailed studies on 

the sequential events in wound healing. This may lead to safer transplantation of 

keratinocytes and to more insights into the mechanisms of scarring and regeneration. 

Consequently, this thesis may contribute to the development of reliable treatments 

preventing (hypertrophic) scar formation. 
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Samenvatting

VERBETERDE KWEEKTECHNIEKEN EN MODELONTWIKKELING VOOR 
HUIDREGENERATIE

Bij de genezing van diepe (brand)wonden bij mensen ontstaan hypertrofische 

littekens. Dit zijn sterk verdikte littekens, die vaak pijnlijk zijn en jeuk veroorzaken. 

Deze ernstige littekens zijn niet alleen ontsierend, maar kunnen ook de functie van 

de huid en de onderliggende gewrichten beperken. De standaard behandeling van 

diepe brandwonden is een transplantatie met huid van de patiënt zelf. Hier zit echter 

een aantal nadelen aan vast. Om te beginnen ontstaan er nog steeds littekens bij deze 

behandeling. Daarnaast is er bij mensen met uitgebreide brandwonden een beperkte 

beschikbaarheid van gezonde huid, omdat een groot deel van de huid verbrand is. 

Ook ontstaat er een nieuwe wond op de plaats waar de huid voor transplantatie 

wordt weggenomen, die erg pijnlijk kan zijn. 

Een veelbelovend alternatief voor de behandeling van brandwonden is 

transplantatie met lichaamseigen cellen van de opperhuid (keratinocyten). Om 

voldoende cellen te krijgen worden deze echter gekweekt (vermenigvuldigd) in het 

laboratorium in de aanwezigheid van muizencellen en dierlijk serum. Deze dierlijke 

materialen kunnen een mogelijk risico vormen voor de patiënt, omdat zij ziekten 

kunnen overdragen, zoals BSE, of een afweerreactie kunnen veroorzaken. De studie 

in Hoofdstuk 2 liet zien dat het mogelijk is om keratinocyten te kweken zonder deze 

muizencellen en dierlijk serum. De gekweekte cellen waren in staat om een nieuwe 

opperhuid (epidermis) te vormen en dit geeft aan dat de cellen nog steeds geschikt zijn 

voor klinische toepassingen. Met behulp van onze kweekmethode kunnen we in twee 

weken voldoende keratinocyten uit 1 cm2 huid kweken om 400 cm2 wondoppervlakte 

te bedekken. 

Om nieuwe therapieën voor brandwondenpatiënten te kunnen ontwikkelen, is 

het erg belangrijk om gedetailleerde kennis over littekenvorming en weefselherstel 

te hebben. Vele studies hebben aangetoond dat in tegenstelling tot wonden in 

volwassenen, foetale wonden littekenloos genezen. De samenstelling van de foetale 

huid zelf speelt hier waarschijnlijk een belangrijke rol bij. Kennis over de compositie 

van foetale en volwassen huid kan daarom wellicht bijdragen aan het begrijpen van 

de wondgenezing. In Hoofdstuk 3 hebben we onderzoek gedaan naar de verschillen 

tussen de opbouw van menselijke foetale huid en de opbouw van volwassen huid. 

Wij hebben gevonden dat foetale lederhuid uit een ander type bindweefsel bestond 

dan volwassen lederhuid. Zo waren er in de foetale huid grotere hoeveelheden van de 

eiwitten fibronectine en chondroitine sulfaat aanwezig dan in de volwassen huid. Ook 

bevatte alleen de volwassen huid het eiwit elastine. In tegenstelling tot de lederhuid 
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verschilde de foetale epidermis niet veel van de volwassen epidermis. De bevindingen 

uit Hoofdstuk 3 suggereren dat de aanwezigheid van een bepaald type bindweefsel 

wellicht kan zorgen voor een betere genezing van (diepe) wonden. Kunsthuid dat 

bestaat uit dit type bindweefsel kan daarom een mogelijke therapie zijn voor de 

verbetering van wondgenezing in patiënten. 

Wondmodellen zijn onmisbaar bij het bestuderen van wondgenezingsprocessen. 

In het verleden zijn zowel diermodellen als laboratoriummodellen ontwikkeld, maar 

geen van deze modellen zijn ideaal. Diermodellen hebben als voordeel dat alle factoren, 

die een rol spelen bij de wondgenezing, aanwezig zijn. Het nadeel van deze modellen 

is echter dat de vertaling naar de mens soms lastig is en dat er bij het gebruik ethische 

bezwaren zijn. In tegenstelling tot diermodellen hebben laboratoriummodellen 

geen ethische bezwaren, maar geven ze de situatie in het menselijk lichaam maar 

gedeeltelijk weer. Het doel van de studies beschreven in Hoofdstuk 4 en 5 was om 

volwassen en foetale brandwondmodellen in het laboratorium te ontwikkelen, 

die beter overeenkomen met de wondgenezing in het menselijk lichaam dan de 

huidige laboratoriummodellen. De modellen die wij ontworpen hebben, bestonden 

uit stukjes uitgesneden foetale, volwassen en littekenhuid waar een brandwond in 

gemaakt is. Deze verwonde stukjes werden vervolgens aan de lucht blootgesteld 

gekweekt in het laboratorium. De studies in Hoofdstuk 4 en 5 lieten zien dat 

deze huidmodellen gedurende een lange periode in leven bleven en dat ze vele 

overeenkomsten vertoonden met de situatie in het menselijk lichaam. In zowel de 

volwassen als foetale modellen vond er nieuwe uitgroei van de epidermis plaats en 

migreerden er fibroblasten (belangrijke cellen in de lederhuid) naar het wondgebied. 

Aangezien de wondmodellen zijn gebaseerd op het kweken van normale, menselijke 

huid, waren alle huidcellen en eiwitten aanwezig. Daarnaast toonden we aan dat de 

wondmodellen uitgebreid kunnen worden met LPS (een stukje van het celmembraan 

van bacteriën) om een bacteriële infectie na te bootsen. De modellen kunnen zeer 

nuttig zijn bij het bestuderen van verschillende aspecten van wondgenezing en bij het 

testen van farmaceutische middelen en cosmetica. Hierdoor kunnen deze modellen 

wellicht bijdragen aan de vermindering van proefdieren. Om de wondmodellen verder 

te optimaliseren zouden er meer factoren, die belangrijk zijn bij wondgenezing, zoals 

trekspanning en groeifactoren, aan toegevoegd moeten worden.

In Hoofdstuk 5 werden de ontwikkelde foetale en volwassen wondmodellen met 

elkaar vergeleken om factoren die belangrijk zijn bij foetale genezing te onderscheiden. 

Dit leidt wellicht tot aanwijzingen voor de verbetering van wondgenezing in 

volwassen menselijke huid. Wij toonden aan dat de dichtgroei van de epidermis 

sneller plaatsvond in het foetale wondmodel dan in de volwassen wondmodellen. Het 
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was opvallend dat in het foetale model de nieuw gevormde epidermis over de oude, 

verbrande epidermis heen groeide en niet onder de oude epidermis door. Daarnaast 

hebben we gevonden dat nieuwe fibroblasten eerder in het foetale wondgebied 

aanwezig zijn dan in het volwassen wondgebied. Deze bevindingen suggereren dat een 

snelle wondgenezing misschien een belangrijke rol speelt in littekenloze genezing. De 

wondgenezing in mensen kan wellicht verbeterd worden door een snellere dichtgroei 

van de epidermis en migratie van fibroblasten te stimuleren.

In dit proefschrift hebben we bijgedragen aan de verdere ontwikkeling 

van kunsthuid door keratinocyten te kweken zonder gebruik van muizencellen 

en dierlijk serum. Daarnaast hebben we verbeterde wondmodellen in het 

laboratorium ontwikkeld, die gebruikt kunnen worden voor de bestudering van 

wondgenezingsprocessen. Deze resultaten kunnen leiden tot transplantatie van 

keratinocyten op een veiligere manier en tot meer inzichten in de mechanismen van 

littekenvorming en weefselherstel. Dit proefschrift kan daardoor wellicht bijdragen 

aan de ontwikkeling van nieuwe therapieën tegen littekenvorming.
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Lieve Carlien, ik vind het erg leuk dat je na je stage bent blijven hangen om te 

promoveren. Vanaf het moment dat jij bij ons op de kamer kwam was het meteen 

gezellig en we hebben dan ook veel lief en leed (al dan niet promotie-gerelateerd) 

met elkaar gedeeld. Ik kijk altijd erg uit naar onze gezamenlijke etentjes en hoop dat 

we die nog lang blijven doen! 

Maarten, bedankt voor je vele bezoekjes aan CASA. Het was fijn dat jij vaak het weefsel 

wilde ophalen, dit heeft mij veel tijd bespaard. Ik hoop dat je een baan gevonden 

hebt, waar je helemaal op je plek bent. 

Alle (ex) analisten van de VSBN, Marcel, Anja, Karin, Sharon, Michelle en Linda wil ik 

bedanken voor hun behulpzaamheid en gezelligheid. 

Beste Marcel, we zijn als groentjes min of meer samen begonnen bij de VSBN. 

Gedurende de afgelopen jaren heb ik je zien groeien van iemand die net van school 

afkwam tot iemand die ervoor zorgt dat het lab draaiende blijft. Bedankt voor je 

oplossingsgerichtheid (als de afzuignaald weer eens verstopt was) en je vermogen 

om van een soldeerbout een geavanceerd brandapparaat te maken. Ik hoop dat je 

ondanks alle drukte ook nog toekomt aan je eigen promotieonderzoek.

Lieve Anja, ik ken niemand die zo prettig in de omgang is als jij. Je bent aardig, 

behulpzaam en biedt steeds weer een luisterend oor. Ik word altijd helemaal vrolijk 

van jou. 

Karin, ik heb bewondering voor het feit dat je ondanks je ene werkdag per week zo 

snel in de  materie zit. En natuurlijk voor de stapels coupes, die je gesneden hebt.

Beste Sharon, jammer genoeg heb ik nooit direct met je mogen samenwerken, want 

je vrolijkheid en interesse werken aanstekelijk. Ik hoop voor je dat je kan blijven bij 

de VSBN. 
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Lieve Linda en Michelle, jullie hebben mij alles geleerd over celkweek en 

immunohistochemische kleuringen. Bedankt voor jullie de bereidheid om hier altijd 

bij te helpen! Linda, ik heb nog veel plezier gehad van jouw nette labjournaal. Ook 

staat jouw originele huwelijksaanzoek nog steeds in mijn favoriete top 3. Michelle, 

jouw grote interesse in anderen heb ik altijd heel erg gewaardeerd. Jij wist altijd 

precies wat er bij iedereen speelde. En.. ik wil niet weten hoeveel kilo harlekijntjes 

we samen met Marcel in totaal gegeten hebben.

Daarnaast wil ik alle andere medewerkers van de VSBN bedanken. 

Beste Bouke, ik bewonder je wetenschappelijk inzicht, kennis en gedrevenheid. Het 

was daardoor altijd erg verhelderend om mijn resultaten met jou te bespreken. 

Bedankt voor de metingen op NIS Elements, waardoor mijn laatste artikel zonder 

problemen geaccepteerd werd.

Beste Marlies, met jou is het nooit saai bij de VSBN. We hebben met z’n allen heel 

wat afgelachen om je mooie anekdotes (zoals niet betalen bij het wokrestaurant en je 

leuke stapverhalen). Bedankt voor je vrolijkheid en de vele dingen die je regelt!  

Lieve Nancy, ik heb het erg plezierig gevonden dat ik ook met jou op een kamer heb 

gezeten. Het was erg interessant om zo wat meer mee te krijgen van het psychosociale 

onderzoek. Ook vond ik het erg fijn om met jou (als ervaringsdeskundige) te praten 

over het uitvoeren van wetenschappelijk onderzoek in het algemeen. Ik vind het erg 

knap hoe je wetenschappelijk onderzoek, kinderen en veel reistijd met elkaar weet 

te combineren.

Antoon, bedankt voor de goede begeleiding tijdens de eerste periode van mijn 

promotieonderzoek. Aangezien jij zelf ook promovendus bent geweest bij de VSBN 

was het fijn om jou als begeleider te hebben. Bedankt voor alle goede adviezen. Al 

bleek jouw uitspraak: “Het leven van een promovendus gaat niet over rozen” helaas 

maar al te vaak waar te zijn.... Ik hoop dat je het naar je zin hebt bij de hartkleppenbank.

Lieve Parveen, als niet-VSBNer was je een goede aanvulling op het “mutsenhok”. We 

hebben vele leuke dingen (bijvoorbeeld tante zijn) en frustraties met elkaar kunnen 

delen. Bedankt voor je grote hulp bij het opmaken van mijn boekje. Zonder jou had 

het er echt niet zo mooi uitgezien!

Nelleke, bedankt voor je interesse en wetenschappelijke input en ik vind het 

heel leuk dat je in mijn promotiecommissie wilt plaatsnemen. Ik bewonder je    

laagdrempelige en goede manier van samenwerken, die helaas in de wetenschap niet 
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zo vanzelfsprekend is.  

De collega’s van de Nederlandse Brandwonden Stichting wil ik graag bedanken voor 

de gezelligheid en de leuke verhalen tijdens de lunch en het vrijdagochtend-broodje. 

Zonder jullie was mijn AIO-periode toch wel erg saai geworden.

Heel graag wil ik van het RKZ de artsen van het brandwondencentrum en van de 

afdeling Plastische Chirurgie (prof.dr. Robert Kreis, drs. Fenike Tempelman, drs. Jos 

Vloemans, dr. Frits Groenevelt, dr. Paul van Zuijlen, drs. Toine van Trier, dr. Paris Melis, 

dr. Mick Kreulen, drs. Jan van Loon, dr. Reinier Schoorl, drs. Martijn van der Wal, 

drs. Monica Bloemen, drs. Pauline Verhaegen) bedanken voor de wetenschappelijke 

discussies en de vele weefsels, die ze aan ons geleverd hebben. Zonder dit weefsel 

was mijn onderzoek onmogelijk geweest. Mijn dank gaat ook uit naar Joke en Hilly van 

de opnamebalie, die altijd aangaven wanneer we “met ons pannetje” weer naar het 

RKZ konden komen.

 

Van de VU wil ik graag de vakgroep Plastische-, Reconstructieve- en Handchirurgie 

(prof.dr. Marco Ritt, dr. Frank Niessen, Willem, en anderen) bedanken voor de 

samenwerking en voor het mogelijk maken van mijn aanstelling aan VUMC. Daarnaast 

ben ik de mensen van Dermatologie (Sue, Melanie, Kim, Sander, Quint en anderen) 

dankbaar voor de gezelligheid tijdens congressen en voor de samenwerking (met 

name aan het begin van mijn promotietraject). Jullie feedback hield mij altijd scherp. 

Ook wil ik Nanne van de vakgroep Moleculaire Celbiologie en Immunologie bedanken 

voor zijn hulp bij het isoleren van PBMC’s en het snijden van vriescoupes. 

Van de Radboud Universiteit Nijmegen wil ik graag de mensen van Matrix Biochemie 

(dr. Toin van Kuppevelt, Willeke, Suzan, Gerwen en Peter) en van Dermatologie (prof.

dr. Joost Schalkwijk, dr. Sandra Tjabringa) bedanken voor de prettige samenwerking 

en gezelligheid tijdens congressen. Gerwen en Peter, ik hoop dat jullie manuscripten 

ook snel af zijn. 

CASA Leiden wil ik bedanken voor de grote bereidheid om vele weefsels aan ons ter 

beschikking te stellen. 

En natuurlijk gaat mijn dank uit naar alle patiënten die bereid waren om hun weefsel 

te doneren. Zonder hen had ik dit onderzoek niet uit kunnen uitvoeren.
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Tot slot wil ik alle vrienden en familie bedanken voor de ontspanning en interesse in 

mijn proefschrift.

Lieve Neeltje en Bart, bedankt voor alle gezelligheid en belangstelling. Neeltje, je bent 

mijn beste en liefste vriendin. Ik kan altijd met al mijn verhalen bij je terecht en je 

staat altijd voor me klaar. Bedankt hiervoor! Ik heb veel bewondering voor je ambities 

en je kracht. En de afronding van jouw GZ-opleiding en van mijn promotie is zeker 

weer een goede reden om samen een weekendje weg te gaan.

Lieve BGW-vriendinnen, Cynthia, Esther, Sylvie, Marloes en Lucy, bedankt voor al 

het (promotie) lief en leed dat we de afgelopen jaren gedeeld hebben. Ik krijg altijd 

veel energie van jullie! Lieve Cyn, ik heb bewondering voor de manier waarop jij je 

eigen weg gaat. Hopelijk komt jouw ideale baan snel op je pad. Es, ik vind het erg 

dapper dat je (ondanks onze verhalen) toch aan een promotietraject bent begonnen. 

Uiteindelijk kies je er toch altijd voor om te doen wat goed voor je is. Syl, bedankt 

voor het delen van alle (AIO)baanfrustraties. Het is erg fijn om te weten dat je niet de 

enige bent. Lieve Marloes, ik bewonder je lef en je doorzettingsvermogen. Het brengt 

je ongetwijfeld waar je wilt zijn. Luus, ik heb bewondering voor je doortastendheid en 

de manier waarop jij in het leven staat. Ik kan daar nog veel van leren.

Lieve Marly, je bent mijn oudste vriendin en ik vind het super leuk dat we nog steeds 

contact hebben. Bedankt voor de interesse van jou en Paul en ben echt heel benieuwd 

naar jullie kindje. De vrienden “uit Zevenaar” (Erik en Linda, Jeroen en Marieke met 

jullie prachtige dochter Eva en Maarten en Sandra), bedankt voor jullie gezelligheid 

en belangstelling. Gelukkig heb ik na mijn promotie weer meer tijd om af te spreken! 

Lieve Maarten en Oil, en ik maar denken dat mijn proefschrift een groot project is... 

Heel veel succes met jullie megaverbouwing, het wordt ongetwijfeld prachtig. Ik 

bewonder jullie doorzettingsvermogen en flexibiliteit. Dick en Marieke, het is altijd 

erg gezellig om met jullie af te spreken!

Lieve Gerjan, Corrie, Robbert en Jessica, bedankt voor het zo hartelijk opnemen van 

mij in de familie. Ik waardeer het heel erg dat jullie altijd klaar staan om ons te helpen. 

Zonder jullie was ongetwijfeld ons huis nog niet afgeklust!

 

Lieve Lieke, Rutger en June, bedankt voor de broodnodige afleiding, gezelligheid 

en steun. Ik vond het erg leuk dat ik door mijn “schrijfperiode” veel van June kon 

meemaken. Lieve Liek, ik ben super trots op jou en ben heel blij dat jij mijn grote zus 

Dankwoord

138



bent. Ik bewonder je inzicht in mensen en situaties en leer daar elke keer weer van.

Lieve pap en mam, bedankt voor jullie onvoorwaardelijke steun en vertrouwen in mij. 

Lieve pap, ik vind het erg leuk dat ik nu in jouw voetsporen treed. Bedankt voor de 

vele nuttige (promotie)adviezen die je mij door al die jaren heen hebt gegeven. En 

natuurlijk voor het uitzoeken van een drukker. Lieve mam, ik ken niemand die zo lief en 

zorgzaam is als jij. Bedankt voor het veelvuldig aanhoren van mijn promotieperikelen. 

Het was erg fijn dat ik het laatste gedeelte van mijn manuscript bij jullie kon afmaken. 

Hierdoor ging het afronden toch nog sneller dan gedacht.

En last but not least wil ik Martien bedanken voor alle steun de afgelopen jaren. Je grapte 

vaak dat je heel groot en als eerste genoemd wilde worden in mijn dankwoord, maar 

net als bij wetenschappelijke artikelen is de laatste persoon eigenlijk de belangrijkste. 

Ik ben je eindeloos dankbaar voor je begrip, liefde, relativeringsvermogen, morele 

steun en de vele keren dat je gekookt hebt, omdat ik het te druk had. Zonder jou had 

dit boekje er zeker niet gelegen. Lieve Martien, ik kijk enorm uit naar een “proefschrift-

vrij” leven samen met jou.
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List of abbreviations

LIST OF ABBREVIATIONS

A/L  Air-liquid

α-SMA  Alpha-smooth muscle actin

Bl ves  Blood vessel

BMZ  Basement membrane zone

BrdU  Bromodeoxyuridine

BSA  Bovine serum albumin

BSE  Bovine spongiform encephalopathy

CEA  Cultured epithelial autografts

CFE  Colony forming efficiency

CIV  Collagen type IV

CS  Chondroitin sulfate

d  Day

DAB  3,3’-Diaminobenzidine

DAPI  4’,6-Diamidino-2-phenylindole

DED  De-epidermized dermis

DEJ  Dermo-epidermal junction

DMEM  Dulbecco’s Modified Eagle Medium

DMSO  Dimethylsulfoxide

DNA  Deoxyribonucleic acid 

ECM  Extracellular matrix

EDTA  Ethylenediaminetetraacetic acid

EGF  Epidermal growth factor

EU  European Union

FCS  Fetal calf serum

FDA  Food and drug administration

FN  Fibronectin

Fol  Developing hair follicles

GAG  Glycosaminoglycan

h  Hour

H&E  Hematoxylin and eosin

Hsp47  Heat shock protein 47

Int  Intermediate layers

IFN-γ  Interferon-gamma

INV  Involucrin

IRS  Inner root sheet
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K10  Keratin 10

K14  Keratin 14

K16  Keratin 16

K17  Keratin 17

KGF  Keratinocyte growth factor

Lam  Laminin

LPS  Lipopolysaccharide

min  Minute

MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

n  Number

n.a.  Not applicable

OD  Optical density

ORS  Outer root sheet

p  Probability

P0  Passage 0, freshly isolated cells

P2  Passage 2

P4  Passage 4

P6  Passage 6

Pap  Papillary dermis

PBS  Phosphate buffered saline

PDGF  Platelet-derived growth factor

PEG  Polyethylene glycol 

Perid  Periderm

PI  Proliferation index

PSS  Plasma Polymer Surface

Ret  Reticular dermis

RNA  Ribonucleic acid

SB  Stratum basale

SC  Stratum corneum

SG  Stratum granulosum

SKALP  Skin-derived antileukoproteinase

SS  Stratum spinosum

TGF-β  Transforming growth factor-beta

wk  Week

w/v  Weight/volume
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CURRICULUM VITAE

Neeltje Coolen werd geboren op 30 november 1980 te Venlo. In 1999 behaalde zij haar 

VWO-diploma aan het Blariacum College in Blerick. Vervolgens ging zij naar Nijmegen 

om daar Biomedische Gezondheidswetenschappen aan de Katholieke Universiteit 

Nijmegen te gaan studeren. Neeltje koos de afstudeerrichting pathobiologie met 

als bijvak geneesmiddelenonderzoek. In het kader van dit bijvak voerde zij een 

wetenschappelijke stage uit bij de afdeling Klinische Farmacie, UMC St. Radboud in 

Nijmegen onder leiding van dr. D.M. Burger en dr. C.J.L. la Porte. Hier evalueerde zij 

de therapeutische range van het medicijn nevirapine in HIV-geïnfecteerde patiënten. 

Haar tweede wetenschappelijke stage voerde zij ook uit bij het UMC St. Radboud, 

maar dan bij de afdeling Algemene Interne Geneeskunde. Tijdens deze stage heeft 

zij onder leiding van dr. M.G. Netea gekeken naar de rol van bepaalde cellen van het 

afweersysteem bij het opruimen van Candida albicans (een schimmel, die onder 

andere spuw veroorzaakt). Tot slot liep zij in het kader van haar afstudeerrichting 

stage bij Intervet International BV, afdeling Vaccine Technology and Immunology in 

Boxmeer. Onder supervisie van prof.dr. V.E.J.C. Schijns en dr. H.L. Glansbeek heeft 

zij gekeken naar de rol van bepaalde cellen van het afweersysteem bij de werking 

van vaccin adjuvantia (hulpstoffen in vaccins). In 2004 behaalde zij haar doctoraal 

examen en startte zij met een promotietraject bij de Vereniging Samenwerkende 

Brandwondencentra Nederland (VSBN) in Beverwijk onder leiding van prof.dr. E. 

Middelkoop en dr. M.M.W. Ulrich. Tijdens deze periode heeft zij zich beziggehouden 

met de verdere ontwikkeling van huidsubstituten door huidcellen (keratinocyten) 

te kweken zonder dierlijk serum en muizencellen. Daarnaast heeft zij verbeterde 

wondmodellen in het laboratorium ontwikkeld, die gebruikt kunnen worden voor de 

bestudering van wondgenezingsprocessen. Dit proefschrift is het resultaat van het 

verrichte onderzoekswerk. Vanaf september 2009 werkt zij als Medical Advisor bij 

Solvay Pharma in Weesp, waar zij de marketing en sales ondersteunt op medisch-

wetenschappelijk gebied.  
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So best not pretend,

because love is the end

Keane


