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Chapter 1
Introduction and thesis aims and outlines

General Introduction
The skin forms an important aspect of our appearance1. It is the largest and heaviest organ
of the human body, preventing water loss and forming a physical barrier to protect us
from environmental damage (e.g. UV-radiation) and pathogens2,3. The skin has a complex
structure and exerts multiple biological functions4. However, these functions can be
affected by developmental defects, autoimmune disorders and by environmental hazards
such as mechanical trauma and high temperature leading to burn wounds. Wound
healing is a complex process occurring frequently throughout life when the skin is
damaged5.

The Skin
The structure of the skin
Skin consists of an epithelial layer and an underlying layer of connective tissue: the
epidermis and the dermis respectively (Figure 1)6. A third layer, the hypodermis, contains
mainly fat produced by the adipocytes7. The epidermis and dermis are separated by the
basement membrane, which is composed of specialized extracellular matrix proteins such
as type IV collagen and laminin8,9.The epidermis is a layer of stratified squamous epithelium
composed of multiple cell layers resting on a basement membrane. The basal layer contains
a single layer of proliferative keratinocytes (stratum basale). Although the keratinocytes
form the majority of cells in the basal layer, other cells residing in the stratum basale are
stem cells, melanocytes, and Langerhans cells10,11. Keratinocytes give rise to the differentiated
stratified layers towards the surface of the skin: stratum spinosum, stratum granulosum
and stratum corneum8,12. Both the basal cells and the spinous cells synthesize keratins.
In addition, the keratinocytes in the stratum spinosum are responsible for the production
of envelope proteins, such as involucrin13. In the stratum granulosum, proteins of the
cornified envelope such as filaggrin and loricrin are synthesized, but also transglutaminase,
responsible for the crosslinking of the envelope proteins, resulting in the formation of the
water-impermeable cornified envelope3,13. In the end, these terminally differentiated cells
are completely flattened and metabolically inactive forming the stratum corneum,
a strong, insoluble and impenetrable layer3,13. The corneocytes will shed off, continuously
renewing the epidermis. From the epidermis, appendices such as hairs, nails and glands
(sweat glands and sebaceous glands) develop and extend into the dermis14.
The dermis constitutes the largest portion of the skin and is mainly built up of fibrous
structural proteins and proteoglycans forming the extracellular matrix (ECM) (Figure 1)12,15,16.
Collagen is the most common fibrous protein of the human body and is the main
component of the ECM17. It facilitates the structural support for cells, but is also able to
participate in signaling by having the ability to bind growth factors and chemokines18.
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The fibrillar collagens in the skin mean that the skin can cope with high tensile strength18.
Type I and type III collagens are present in the adult dermis in a ratio of approximately
5:119-21. Elastic fibers composed of elastin and microfibrils are another important
component of the ECM and contribute to the elasticity of the skin. Elastic fibers are one of
the most stable protein complexes being assembled during development and have a
very low turn over22.

Figure 1 Schematic representation of the skin and its appendices. The epidermis is built up
of multiple layers of keratinocytes: stratum basale, stratum spinosum, stratum granulosum and
the stratum corneum. Proliferating keratinocytes in the stratum basale stratify upwards to form
differentiated cells in the other layers. The dermis is located in between the epidermis and the
subcutaneous fat and is separated from the epidermis by the basement membrane formed by e.g.
laminins and type IV collagen. The dermis is built up of structural proteins like type I and type III
collagen and elastin forming the extracellular matrix, providing the skin with strength and elasticity.
The connection between the different ECM molecules is facilitated by proteoglycans. The appendices
of the skin are located in the dermal layer and originate from the epidermis. The epidermal stem
cells are located inside the bulge and in the basal layer, which is part of the outer root sheath.
The bulb, at the bottom of the hair follicle, contains matrix cells that differentiate into the different
cell types of the hair follicle. Designed by I. Oostendorp.
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Inside the dermis, a heterogeneous population of fibroblasts resides23. Fibroblasts deeper
in the dermis (reticular dermis) differ from the more superficially located fibroblasts
(papillary dermis)24. These different fibroblasts lineages are described to have various roles
during skin development and wound healing, however, clear molecular profiles for each
population of fibroblasts are not yet available25-27. Fibroblasts produce and remodel the
structural proteins such as collagens and elastin to form the ECM24,28. The mechanical
interaction between the ECM and the fibroblasts can stimulate fibroblasts to differentiate
into contractile myofibroblasts, indicating the dynamic characteristics of, and interplay
between, the fibroblasts and the ECM25.

Skin defects
Full-thickness skin defects, affecting both the epidermis and the dermis, can occur as a
consequence of burns, mechanical trauma, surgical excision of scars, giant nevi, and skin
necrosis, for example. Also, congenital abnormalities such as midline closure defects may
lead to absence of the skin and thus the lack of a barrier.
Normally, the skin can cope with minor injuries as it is able to restore the dermis and
epidermis29. Epithelial coverage to restore the barrier function is generally highly efficient.
However, repair of the dermis in deeper wounds such as with large full-thickness skin
defects, is more difficult and often accompanied with scar formation and loss of function30.
During fetal development, however, wound healing can be scarless, depending on
gestational age and size of the defect, leading to perfect tissue regeneration30. Pathological
scarring occurs when wound healing goes awry.

Wound healing
Wound healing is a complex process involving the delicate interplay between different
cell types in and around the site of wounding activating the blood coagulation cascade
and inflammatory pathways30. In humans, perfect wound healing without formation of
scars, has only been described in fetuses, whereas in adults wound healing is always
accompanied by scar formation30.

Postnatal wound healing
Wound healing in response to injury occurs in four stages: hemostasis, inflammation,
proliferation (tissue formation) and tissue remodeling (Figure 2)31,32. Directly after wounding,
a clot composed of platelets and crosslinked fibrin is formed to achieve temporary repair
(hemostatic phase). This clot functions both as a temporary barrier to restore the skinbarrier function and as a provisional matrix to assist migrating cells such as leukocytes,
keratinocytes and fibroblasts (Figure 2A)32-34. In response to the release of platelet-derived
growth factors (PDGF) and bacterial debris, neutrophils and macrophages are recruited to
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the site of injury in the second stage of wound healing to start cleaning up the bacterial
debris32,35. Upon activation, they release growth factors and chemokines such as plateletderived growth factor (PDGF), interleukins (IL), tumor necrosis factor α (TNFα), fibroblast
growth factor 2 (FGF2), vascular endothelial growth factor (VEGF) and transforming
growth factor β (TGF-β) to activate fibroblasts and keratinocytes in the surrounding skin

A

B

C

D

Figure 2 Stages of wound repair. A) Hemostasis: a fibrin clot is formed to temporarily restore the
barrier function of the skin and to facilitate a matrix for migrating cells. B) Inflammation: directly after
wounding bacteria are abundantly present in the wound. Immune cells clean up the damaged
tissue and attract fibroblasts and keratinocytes from the surrounding healthy skin. C) Proliferation:
keratinocytes and fibroblasts populate the wound area. Keratinocytes start re-epithelialization to
cover the wound area. Fibroblasts replace the fibrin clot with new extracellular matrix. In addition,
angiogenesis takes place. D) Remodeling phase: the disorganized type III collagen deposited by the
fibroblasts is degraded by MMP’s and replaced by type I collagen along tension lines. PDGF, platelet
derived growth factor; TGF, transforming growth factor; FGF, fibroblast growth factor; IL1,
interleukin-1; TNF, tumor necrosis factor; KGF, keratinocyte growth factor; IGF, insulin-like growth
factor; IFN, interferon; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth factor;
MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase. From Sun et al. 2014.
Reprinted with permission from AAAS32.
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(inflammatory phase, Figure 2B)32,34,36-38. During the third phase (proliferative phase,
Figure 2C), the surrounding fibroblasts begin to proliferate and migrate into the temporary
matrix to deposit new ECM molecules39. Part of the fibroblast population residing in the
new collagen-rich ECM will differentiate into myofibroblasts under the influence of TGF-β,
inducing wound contraction and deposition of more ECM34. The ratios of type I : type III
collagen now shift to approximately 1:3, due to increased type III collagen synthesis40,41.
Scar tissue is formed by a combination of excessive ECM deposition and by the abnormal
arrangement of collagen fibers42,43. While the underlying dermal layer is being replaced
(remodeling phase, Figure 2D), the activated and proliferative keratinocytes undergo
molecular and morphological changes similar to the epithelial-to-mesenchymal transition
in order to migrate over the wound site and start re-epithelialization to cover the
wound33,34,37,44,45. When finished, keratinocytes re-differentiate into their normal epithelial
phenotype, and become proliferative to ensure enough cells cover the wound33,46.
However, it has been described that keratinocytes that have undergone epithelial to
mesenchymal transition can differentiate into myofibroblasts, thus contributing to wound
contraction and synthesis of ECM components45. In addition, under the influence of VEGF
and FGF2, endothelial cells are recruited to promote angiogenesis32,33. During the remodeling
phase, a fine balance between collagen deposition, degradation and organization of the
collagen fibers determines the quality of the scar33,47. Remodeling is initiated a few weeks
after injury and can last for over 12 months35,47. Many of the cells that have been previously
attracted to the wound site leave it, whereas residing fibroblasts secrete matrix metalloproteinases (MMP) to degrade type III collagen and replace it with type I collagen, leading
to normal type I : type III ratios35,40. The remodeled scar has increased in strength, however,
it will not recover to have the same properties of healthy skin35,47.

Prenatal wound healing
In contrast to postnatal wound healing leading to scar formation, wound healing in early
embryonic stages resembles regeneration rather than repair, and is therefore said to be
scarless35.
Prenatal wound healing differs from postnatal wound healing on several levels. Fetal
wound healing is accompanied by a reduced inflammatory response, however, the sterile
uterine environment itself is not necessary for scarless repair47,48. The levels of immune
cells is reduced in fetal wounds49. Consequently, the release of PDGF, one of the key
components to initiate the inflammatory phase during adult wound healing, and the
release of the profibrotic growth factor TGF-β are greatly reduced in fetal wound healing
compared to adult wound healing33,48,50. In addition, the production of several pro-inflammatory cytokines is also lowered in fetal wound healing48. While angiogenesis is an
important process during postnatal wound healing, scarless fetal repair has been
described to have only limited angiogenesis accompanied by reduced levels of the
associated growth factors33,34.
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With regard to ECM deposition, some components of the ECM are synthesized at a higher
rate during fetal wound healing50. Although type I collagen is the predominant component
of both fetal and adult ECM, fetal skin is more rich in type III collagen than adult skin (lower
type I : III collagen ratio)41,51. The ratios of healed fetal skin are comparable to uninjured
skin, where in adult scars the ratios can increase during abnormal scar formation (more
type I collagen in hypertrophic scars and keloid scars)41. The structure of the collagen
fibers is more delicate in healed fetal skin, where these collagen fibers are arranged in a
mesh like structure comparable to uninjured skin, in contrast to the thicker parallel bundles
of collagen in adult healed skin48. Moreover, the deposition of collagen occurs earlier in
fetal wound healing than in adult wound healing, since fetal fibroblasts have the ability to
proliferate and synthesize collagen simultaneously47. Enzymes involved in ECM deposition
and degradation, such as the MMPs, show increased expression in fetal wounds compared
to postnatal wounds, while the expression of the tissue inhibitor of metalloproteinases
(TIMPs) is reduced49. Cross-linking of collagen is also lower in fetal wounds than in adult
wounds49. In contrast to the contractile myofibroblasts responsible for active wound
contraction in postnatal wounds, wound closure during prenatal wound healing is
regulated via an actin cable surrounding the wound area, pulling the wound edges
together and pulling the keratinocytes forward50. Scarless wound healing depends on
both gestational age (only during the first and second trimester) and on the size of the
wound37,47,48. Larger wounds (approximately six mm or more in diameter at the early
second trimester) are accompanied by mechanical tension, leading to induction of TGF-β
and differentiation of fibroblasts into myofibroblasts, enabling wound contraction,
ultimately leading to scar formation48,52. In contrast to fetal and adult wounds that result
in scar formation, little to no myofibroblasts are present during scarless fetal wound
healing47.

Growth factors and wound healing
From the moment of injury, growth factors are released to facilitate communication
between all cell types involved and to control all stages of the wound healing process,
including formation of the fibrin clot, initiation of the proliferation phase, angiogenesis
and re-epithelialization50,53. Several growth factors are known to have an important role
in wound healing: platelet derived growth factor (PDGF), epidermal growth factor (EGF),
insulin-like growth factor (IGF), transforming growth factor beta (TGF-β), hepatocyte
growth factor (HGF), vascular endothelial growth factor (VEGF) and fibroblast growth
factor 2 (FGF2)35,50. FGF2 is excreted by various cells upon dermal injury and has numerous
effects on wound healing, such as stimulation of epithelialization and angiogenesis35,50,54,55.
In addition, FGF2 is described to regulate deposition and degradation of ECM molecules,
which is critical during wound healing50,54. Moreover, expression levels of FGF2 during
fetal wound healing are higher than during adult wound healing49. VEGF also has effects
on damaged tissue by stimulating angiogenesis, epithelialization and collagen
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deposition50,55. To stimulate angiogenesis, VEGF induces vascular permeability, degradation
of the vascular basement membrane, endothelial cell proliferation and migration54,55.

Skin defects and tissue engineering
The skin plays an important role in forming a barrier and to protect the organs from the
hostile environment. When skin is damaged, or absent due to developmental defects, it is
imperative that the barrier function needs to be restored.

Postnatal skin defects
When a large portion of the total body surface area of a patient is wounded, normal
wound healing is impossible and surgical intervention is needed56. The golden standard
in the treatment of full-thickness skin defects (where both epidermis and dermis are
affected) is the use of split-thickness (epidermis and a small part of the dermis) autologous
skin. However, this gold standard treatment is unsuitable for closure of larger wounds, as
healthy autologous donor skin is often only available to a limited extent56-58. In addition,
split-thickness skin grafts lack a sufficient dermal layer causing wound contraction and
scar formation. Moreover, the regeneration of nerves and of appendices such as hairs and
glands is scarce, and pigmentation is often abnormal due to the lack of melanin59,60.
Therefore, tissue engineering of the skin is an interesting alternative to traditional methods
for wound healing to provide the body with a new barrier and improved aesthetic
outcome (see section ‘Tissue engineering’).

Prenatal skin defects
Skin defects do not only occur during postnatal life, but also during embryonic
development of the fetus when the skin and underlying tissues, such as the neural folds,
fail to close at the midline to form the neural tube61. Failed closure of the neural tube can
lead to severe congenital malformations such as anencephaly, myelomeningocele (open
spina bifida) and craniorachischisis62. As the amniotic fluid is toxic to the neurons that are
normally enclosed by the neural tube and covering skin, prolonged exposure of the spinal
cord to the intrauterine surroundings increases the damage to the spine, causing
symptoms such as bladder and bowel dysfunction and impaired motor function62-65.
Prenatal coverage of the spinal cord has been performed in fetuses to prevent neurodegeneration by exposure of the spinal cord to the intrauterine surrounding and has led to
significantly improved clinical outcome63,66,67. To close the neural tube, as in spina bifida
patients, the last step is coverage of the repair site with skin. This can be extremely difficult
or even impossible if larger defects need to be closed with the delicate fetal skin,
emphasizing the need for tissue engineering approaches to surgically close these
defects68,69.
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Tissue engineering
Tissue engineering is a multidisciplinary field aiming to restore, replace or improve
damaged tissues and organs70. Different approaches have been designed to restore or
replace damaged tissues by mimicking the native situation according to the tissue
engineering triad of scaffold, cells and signals (Figure 3)71-73. Different strategies can be
applied to provide an epidermis and/or dermis e.g. a decellularized dermis, a sheet of
cultured keratinocytes, fibroblasts and keratinocytes grown in and on top of a biological
or synthetic ECM, or an ECM with or without cues such as growth factors to stimulate
tissue regeneration56,58. Tissue engineered skin can be subdivided into dermal, epidermal
or dermo-epidermal substitutes (with or without cells) and they must meet several criteria;
They should be safe, effective and easy to handle7. In addition, the material replacing the
ECM should ideally be non-immunogenic, have the correct structure and strength to
allow infiltration of cells, and display the required mechanical properties to function as a
healthy tissue forming the protective barrier7,32,56,58,70,71. Preferably, the material should
be degraded and replaced by ECM produced by the cells, so it can ultimately be completely
replaced with the patient’s own tissues70. The scaffolds mimicking the natural threedimensional environment, i.e. the ECM, can be made of synthetic or natural materials70.
Although natural materials, such as collagen, show greater variability, they are favorable
for tissue engineering purposes due to their natural bioactive properties promoting tissue
remodeling74. Moreover, tissue engineered skin should preferably meet the aesthetics

Figure 3 Tissue engineering triad. Tissue engineering approaches to mimic the organ of interest
consider the combination of scaffolds, cells and signaling molecules. A scaffold gives the tissue the
desired strength and mechanical properties, specific cells provide the correct function and
phenotype, and chemical or biological signals direct cell behavior and/or attract cells from the
surrounding healthy tissue. The figure is adapted from Caddeo 2017, with permission from Frontiers72.
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and physiological and biological properties of healthy skin7. In treatment of large skin
defects, many skin substitutes have been developed, however, none of them comply with
all the requirements56.
Collagen is the most abundant protein in the human body responsible for maintaining
tissue integrity74. It supplies the cells with a 3D environment by giving it structural integrity,
and gives signals to the cells for survival, organization, differentiation and tissue
remodeling58,74,75. Together with its low immunogenicity, this makes collagen the material
of choice for tissue engineering purposes. Type I collagen being the major component of
the skin has therefore been widely used in the development of skin substitutes as an
artificial ECM7,58,76-78.
Well known clinically approved collagen-based products such as Matriderm® and
Integra® are available “off-the-shelf”, since they are cell-free. Collagen-based skin equivalents
containing allogenic or autologous cells, such as Apligraf® and DenovoSkin™ respectively,
require more preparations before they are ready to be applied onto the patients58. At the
moment, no type of tissue-engineered skin can completely mimic the physiology and
anatomy of uninjured skin. To improve the design of the current skin substitutes, increased
understanding of the molecular mechanisms behind skin regeneration is needed.

Analysis of skin regeneration
When a tissue engineered construct is being developed, the product has to meet certain
quality standards before it can be implemented into the clinic79. For skin substitutes these
guidelines mainly focus on safety80,81. Functional analysis of skin substitutes before and
after implantation is relevant and can contribute to the current ways of quality control,
and to our understanding of skin regeneration. It can give insight into the progress of
wound healing and on the effectiveness of treatment modalities. Monitoring scar quality
and the wound healing process itself can be used to improve current treatment methods
by investigating and comparing the efficacy of applied skin grafts. To evaluate the
performance of a tissue engineered construct before and after implantation, accurate and
reliable tools are necessary, either non-invasive or invasive, and qualitative or quantitative82.
The evaluation can be based on clinical, histological or biochemical parameters83.

Non-invasive evaluation after implantation
Scar quality can be assessed based on typical scar characteristics such as color, elasticity,
thickness, relief, pain and pruritus84,85. Currently, the most frequently used methods to
record scar quality are descriptive non-invasive scar assessment scales in which both
patient and observer assess the quality of the scar based on these characteristics86-88.
Although these methods are non-invasive, it is hard to fully objectively assess wound
healing parameters as it is difficult to determine the exact interval between the preset
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values leading to various outcomes depending on the observers experiences83,89.
Therefore, such non-invasive methods are still prone to observer specific interpretations.
Other approaches that clinically assess the healing wound make use of instruments that
quantitatively determine specific scar characteristics90. For each characteristic, different
devices are available, which can be highly expensive and are not always available91,92.
Although such instruments greatly improve reliability, no consensus has been reached
considering the most convenient instrument to objectively assess scar quality91. Moreover,
it is questionable whether the data represents the entire scar, since only a limited area
can be measured due to the small aperture for some instruments84. Furthermore,
such methods do not give insight on the process of regeneration at the molecular level.
Knowledge on the ongoing molecular processes can help understand why treatments
differ in efficacy, and can therefore help improve current treatment modalities striving for
scarless healing.

Invasive evaluation after implantation
In order to improve current wound healing strategies and prevent scar formation, research
regarding the molecular and cellular processes involved in wound healing is invaluable.
Currently, only a limited number of studies have been performed, due to the invasive
nature of collecting biopsies93. Histological evaluation after implantation, however, does
give an objective evaluation of the regenerating skin94. The formation of the epidermal
layer and the orientation of the collagen fibers in the dermis can be used as a parameter
to assess the quality of the regenerated skin80,88,95. Using image analysis this assessment
can be performed quantitatively. During remodeling of the scar, type III collagen is
replaced by type I collagen. Therefore, type I : type III collagen ratios are indicative of the
quality of the regenerated skin88. With the use of biopsies the composition of the ECM can
be investigated using western-blotting, immunohistochemistry, polarized light microscopy,
HPLC and mass spectometry96-99. However, these techniques are mostly semi-quantitative
and mainly performed in a research setting100. Moreover, analyzing the protein content of
the ECM is challenging in general due to its highly crosslinked nature ensuring tissue
integrity, impeding the solubility and thus the quantification of these proteins99,101.
Moreover, larger sample size is necessary for such analyses102. Hence, gene expression
analysis would be a valuable method to quantitatively assess the healing skin, giving
insight in the processes associated with wound healing103.

Evaluation of cellularized skin substitutes before implantation
Cultured skin substitutes belong to the Advanced Therapy Medicinal Products and should
therefore comply with the regulations set by the involved authorities (e.g. European
Medicines Agency, Federal Drug Administration)79,104. The products are tested mainly on
safety and only to limited extent on functionality, before being implanted onto the
patient80,81. Besides a general histological analysis with respect to epidermal coverage
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and structure of the ECM, the proliferative capacity of the cells seeded in the skin can be
assessed as well81,95,105. Unfortunately, these assays are mainly qualitative or semi-quantitative
and do not provide information on the functionality of the seeded cells with respect to
ECM deposition.

Thesis aims and outlines
Many skin substitutes have been developed to restore the barrier function of wounded
skin, and many techniques are being used to qualitatively evaluate their performance.
However, no ideal skin substitute exists that stimulates perfect skin regeneration. Current
evaluation of skin substitutes often lacks objectivity. Methods focusing on gene expression
and protein analysis of ECM molecules could give insight in the regenerative capacity
of cells seeded into the skin substitute and on the wound healing process in general.
Increased understanding of skin wound healing and regeneration will ultimately lead to
the design of the ideal skin substitute that meets the standard quality of life.
This thesis addresses different approaches to tissue engineering of the skin and analyses
hereof, by evaluation of the functionality of cells in a cultured skin substitute, or in
regenerated skin after implantation.
In Chapter 2, the use of protein based assays and gene expression analysis is investigated
as a tool to quantitatively evaluate the quality of a cultured skin substitute prior to
implantation. Given the importance of the extracellular matrix for regeneration of the skin,
the focus is on components of the ECM.
A novel technique to detect and localize newly synthesized collagen by cells seeded in a
collagen biomaterial is presented in Chapter 3. With this technique, the functionality of the
cells in the biomaterial prior to implantation can be assessed.
Chapter 4 describes the application of a gene expression microarray analysis for unbiased
evaluation of skin substitutes. A detailed approach to isolate high quality RNA from small
human skin biopsies is presented for use in gene expression microarrays. Furthermore, the
novel skin substitute Novomaix is compared to the standard treatment of burn wounds in
patients, based on gene expression levels and gene ontology terms. The use of microarray
gene expression analysis in addition to the more qualitative histological analysis of skin
regeneration is discussed.
The potential of collagen scaffolds functionalized with heparin and the growth factors
VEGF and FGF2 to induce skin growth after implantation in full-thickness fetal skin defects

19

1

CHAPTER 1

in lambs is investigated in Chapter 5. Extensive qualitative and quantitative analyses are
performed to investigate the long-term effect on the regenerated skin at 1 and 6 months
after delivery.
In Chapter 6 the use of growth factor mimetics, the so-called small molecules, is studied.
The influence of three small molecules on essential cell processes during wound healing
(proliferation, differentiation and migration) in fibroblasts and keratinocytes is evaluated.
A general discussion and future outlook are provided in Chapter 7. Finally, the overall
findings are summarized in Chapter 8.
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Chapter 2
Evaluation of cultured human dermaland dermo-epidermal substitutes focusing
on extracellular matrix components:
comparison of protein and RNA analysis
Corien Oostendorp
Sarah Meyer
Monia Sobrio
Joyce van Arendonk
Ernst Reichmann
Willeke F. Daamen
Toin H. van Kuppevelt
Burns, 2017 May, 43(3): 520-530

CHAPTER 2

Abstract
Treatment of full-thickness skin defects with split-thickness skin grafts is generally associated
with contraction and scar formation and cellular skin substitutes have been developed to
improve skin regeneration. The evaluation of cultured skin substitutes is generally based
on qualitative parameters focusing on histology. In this study we focused on quantitative
evaluation to provide a template for comparison of human bio-engineered skin substitutes
between clinical and/or research centers, and to supplement histological data. We focused
on extracellular matrix proteins since these components play an important role in skin
regeneration. As a model we analyzed the human dermal substitute denovoDerm and
the dermo-epidermal skin substitute denovoSkin.
The quantification of the extracellular matrix proteins type III collagen and laminin 5
in tissue homogenates using western blotting analysis and ELISA was not successful.
The same was true for assaying lysyl oxidase, an enzyme involved in crosslinking of matrix
molecules. As an alternative, gene expression levels were measured using qPCR. Various
RNA isolation procedures were probed. The gene expression profile for specific dermal
and epidermal genes could be measured reliably and reproducibly. Differences caused by
changes in the cell culture conditions could easily be detected. The number of cells in the
skin substitutes was measured using the PicoGreen dsDNA assay, which was found highly
quantitative and reproducible. The (dis)advantages of assays used for quantitative evaluation
of skin substitutes are discussed.
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Introduction
The skin is the largest organ of the human body and functions as a barrier to protect
against pathogens, fluid loss and damage to internal organs1. The golden standard in the
treatment of full-thickness skin defects is the use of autologous split-thickness skin grafts,
but this treatment may result in wound contraction and scar formation, as a significant
part of functional dermal tissue is missing56. In addition, donor site shortage is a major
problem especially for wounds exceeding 50% of the total body surface area, emphasizing
the need for bio-engineered skin substitutes106. The importance of the presence of the
dermis for proper skin healing indicates the relevance of the extracellular matrix (ECM)
components. Besides providing the wound with a scaffold to allow cell adhesion,
migration, proliferation, differentiation and re-epithelialization, the ECM mediates cell-cell
and cell-matrix interactions and sequesters cytokines and growth factors needed for
remodeling and regeneration107. Given the importance of the dermal component in the
regeneration process, evaluation of dermal extracellular matrix components in skin
substitutes is relevant and of interest for quality control purposes.
A defined set of quality standards have to be met before the Advanced Therapy
Medicinal Product (ATMP) can be clinically applied5. Guidelines for cultured skin substitutes
are generally based on qualitative rather than quantitative parameters and include
histology to assess dermal structure and epidermal coverage80,108,109. Other parameters
such as surface hydration and colony-forming efficiency, reflecting the proliferative
activity of cells, are quantitative but they are not always performed on the skin substitute
itself81,105,108. In addition, the interpretation of the results may be observer specific. In this
study we probed a number of additional parameters that allow for an unbiased comparison
of skin substitutes between clinical and/or research centers and could support the
histological data in a more quantitative way. We analyzed two cellularised bio-engineered
autologous dermal and dermo-epidermal substitutes, denovoDerm and denovoSkin.
These substitutes are designed to be applicable to skin defects in a one-step surgical
procedure and are currently being tested in a phase I clinical trial110. Focus was on skin
related extracellular matrix components.
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Materials & Methods
Native skin derived from donors who underwent surgery for abdominal wall correction
was obtained after informed consent, from the department of Dermatology (Nijmegen,
Radboud university medical center, The Netherlands). Native skin was used as a control in
all experiments.

Isolation and culture of human primary fibroblasts and keratinocytes
After written informed consent of the parents, (general consent was approved by the
Ethics committee of the Canton Zurich, Switzerland), skin biopsies were taken from six
healthy donors. Two donors were one year of age, one donor was four years of age, one
donor was six years of age, and for two donors the age was unknown. Fibroblasts and
keratinocytes were isolated and cultured as described111. Epidermal cells were cultured in
keratinocyte medium with or without bovine pituitary extract (CELLnTEC, Bern,
Switzerland), whereas dermal cells were cultured in DMEM medium (Sigma Aldrich, Buchs,
Switzerland) containing 10% fetal bovine serum (FBS, Life Technologies, Zug, Switzerland).
Medium was changed every 2–3 days.

Dermal substitute denovoDerm
Dermal skin substitutes were prepared using a previously established transwell system,
using acid-soluble bovine type I collagen (Symathese, Chaponost France) and human
primary dermal fibroblasts (passage 2–6) suspended in DMEM medium containing 10%
FBS111. Cells were seeded into culture inserts (BD Falcon) and incubated for 2 h at 37 °C and
5% CO2. Next, the hydrogels were compressed and cells were cultured for 2-6 days. After
culturing, hydrogels were snap frozen in liquid nitrogen for biochemical analysis.

Dermo-epidermal skin substitute denovoSkin
Dermo-epidermal skin substitutes were prepared using a previously established transwell
system (see under “Dermal skin substitute denovoDerm”). Human primary keratinocytes
(passage 2-6) were seeded onto the upper surface of the hydrogels containing dermal
fibroblasts, which had been cultured for 5-6 days. For the time-course experiment the skin
substitutes were snap frozen in liquid nitrogen for biochemical analysis at 2, 4 and 6 days
after seeding of the keratinocytes (8, 10 and 12 days of total culture time for the fibroblasts).
For all other experiments the samples were collected after 5 days of culture (10 days for
the fibroblasts when co-cultured with keratinocytes in denovoSkin), and were frozen in
liquid nitrogen or embedded in paraffin for histological evaluation.

Quantification of laminin 5 and type III collagen
Two extracellular matrix proteins were analyzed: laminin 5 and type III collagen. Laminin 5
is a major component of the basement membrane of the epidermis and important in
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keratinocyte adhesion and migration, whereas type III collagen is involved in tissue
integrity and repair, and is generally associated with suppleness112,113. The matrix proteins
were extracted from hydrogels and native skin (control) using a single procedure114,115.
Frozen samples (native human skin, denovoSkin, acellular gel) were homogenized using
a dismembrator (Braun, Melsungen, Germany) and incubated while rotating for 30 min
in 0.05 M Tris-HCl (pH 7.4, 5 µl per mg tissue) containing 0.15 M NaCl. After centrifugation
at 17,000 x g at 4 °C, laminin was extracted by resuspending the pellet in 0.05 M Tris-HCl
containing 0.15 M NaCl, 10 mM EDTA, pH 7.5 (5 µl/mg tissue) and shaking for 1 h on a
vortex at maximum speed followed by centrifugation at 17,000 x g at 4 °C for 15 min.
The supernatant was used to assess laminin 5 content. To isolate the acid-soluble portion
containing type III collagen, the pellet was resuspended in 0.25 M acetic acid (10 µl/mg
tissue), shaken for 1 h, centrifuged at 17,000 x g at 4 °C for 15 min, followed by overnight
incubation in 0.25 M acetic acid (10 µl/mg tissue) by end over end rotation at 4 °C116,117.
The supernatant was used to analyze type III collagen content. The total amount of protein
in each extract was measured using Bradford reagent according to the manufacturer’s
protocol (Bio-Rad, München, Germany) using the BioTek Synergy 2 microplate reader
(BioTek, Winooski, Vermont, USA).
Collagen in the extracts was evaluated using 7.5 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, run at 80 V) and staining with Coomassie brilliant
blue. Laminin was evaluated by dot-blot analysis15,16. For dot-blot analysis, 10 µg total
protein was spotted on nitrocellulose membrane for 30 min under vacuum. As a positive
control, laminin beta-3 (sc-177458, Santa Cruz Biotechnology, Heidelberg, Germany) and
laminin (L2020, Sigma) were used. After washing 3x 5 min with PBS, the membrane was air
dried followed by blocking with 5% skimmed milk (Campina, Amersfoort, The Netherlands)
in PBS containing 0.01% Tween-20 (Sigma-Aldrich). The membrane was incubated with
rabbit-anti mouse laminin IgG (1:200, Sigma-Aldrich, L-9393) in 5% skimmed milk overnight
at 4 °C. Next, the membrane was incubated with peroxidase conjugated goat anti-rabbit
IgG (1:10,000, Sigma-Aldrich, A-0545) for 1 h at room temperature followed by ECL
development (GE Healthcare, Buckinghamshire, UK).
Laminin 5 and type III collagen were also quantified using commercially available
sandwich-ELISAs (Cusabio, Wuhan, China, CSB-E13422 and CSB-E13446h, respectively).
The assay was performed according to the manufacturer’s protocol. The standards
supplied with the kit were serially diluted from 10 ng/ml to 0.16 ng/ml for type III collagen,
and from 800 ng/ml to 12.5 ng/ml for laminin 5. As a negative control, the “sample diluent”
supplied by the company was used. The EDTA-soluble fraction, the acid-soluble fraction
and the standards, were incubated on the plates coated with antibodies reactive to
laminin 5 or type III collagen. Bound laminin 5 and type III collagen were visualized using
biotin-conjugated anti-laminin or anti-type III collagen antibodies and avidin-horseradish
peroxidase complex (all included in the kit) and measured at 450 nm using the BioTek
Synergy 2 microplate reader.
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Quantification of lysyl oxidase enzyme activity
To measure the activity of lysyl oxidase, an enzyme involved in crosslinking of extracellular
matrix proteins elastin and collagen, both a commercially available assay and an assay set
up in our laboratory were applied using a substrate that releases hydrogen peroxide,
which can be measured fluorescently17,118.
Native skin and cultured skin substitutes were homogenized in a sucrose-EDTA-Tris buffer
(250 mM sucrose, 2 mM EDTA, 10 mM Tris, pH 7.5) using the MagNA Lyser Green Beads
tubes (2-ml tubes containing 1.4 mm diameter ceramic beads, described in the section
“Optimization of RNA isolation”). The assay was performed according to manufacturer’s
protocol, and the samples were read either after 30 min incubation at 37 °C with excitation
540 nm and emission at 620 nm, or measured in time. As a control, 1 ng/µl recombinant
human lysyl oxidase (R&D systems, Minneapolis, MN, USA) was used.
Due to variability with the kit, we set up an in-house assay using recombinant human
lysyl oxidase, 100 µM Amplex Ultra Red (Invitrogen, Carlsbad, CA, USA, A36006), 1.0 U/ml
horseradish peroxidase (Sigma-Aldrich, St Louis, MO, USA, P8375) and 10 mM 1-5
diaminopentane hydrochloride (Sigma-Aldrich, 08730)119. To 50 µl of the reagent, 50 µl of
1 ng/µl lysyl oxidase in borate buffer (0.05 M sodium borate (Sigma-Aldrich), 1.2 M urea
(Invitrogen), pH 8.2) was added in a black 96-wells plate and excitation/emission at
540/620 nm respectively was read every 5 min for 30 min at 37 °C using the BioTek Synergy
2 microplate reader.

Quantification of mRNA expression
Optimization of RNA isolation
To analyze the samples on mRNA expression levels, three methods to homogenize skin
were probed, viz. manual cutting of the samples using a scalpel, mechanical
homogenization using a dismembrator (Braun, Melsungen, Germany) and the MagNA
Lyser Green Beads system (Roche Diagnostics GmbH, Mannheim, Germany). For the first
method, frozen native skin (8 mm in diameter, n = 2) was cut into smaller pieces of
approximately 2 mm2 using a sterile scalpel, incubated for 2 h at 4 °C in 1 ml of TRIzol®
Reagent (Invitrogen, Carlsbad, CA, USA) and further homogenized manually using a
micropestle for 1.5 ml tubes (Eppendorf, Hamburg, Germany) with approximately 20 times
up and down movements. For the second method, frozen native skin (n=2) was again
processed to smaller pieces (± 2 mm2), put into the capsule containing a metal bullet,
quickly frozen in liquid nitrogen and shaken at 1500 rpm for 2 min in the dismembrator.
The homogenized tissue was transferred to a 1.5 ml Eppendorf tube, incubated for 2 h at
4 °C in 1 ml TRIzol® and further homogenized using a micropestle. For the third method the homogenization of the tissue using the MagNA Lyser Green Beads system- the frozen
native skin (8 mm in diameter, n = 3) was again processed to smaller pieces (± 2 mm2),
transferred to MagNA Lyser Green Beads tubes containing 700 µl TRIzol® reagent, and
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shaken four times for 20 s at 6500 rpm at room temperature. Between cycles, the samples
were cooled for 1 min in the MagNA Lyser cooling block (Roche). The homogenized
samples were transferred to 1.5 ml Eppendorf tubes. The MagNA Lyser Beads tubes were
washed once with 300 µl TRIzol® and pooled. For all methods 1/5 volume of chloroform
was added once the samples were in Trizol® followed by vortexing for 30 s. After
centrifugation at 17,000 x g for 20 min at 4 °C, the water layer was transferred to a 1.5 ml
Eppendorf tube. An equal volume of 70% ethanol was added to the water layer and mixed
shortly by inverting. Subsequently, the samples were purified using RNeasy mini kit
columns (Qiagen GmbH, Hilden, Germany, 74106) according to manufacturer’s protocol.
After washings, an on-column DNase I (RNase free DNase I, Qiagen, #79254) treatment was
performed. The yield was quantified spectrophotometrically at 260 nm using the
NanoDrop (Thermo Scientific, Rockford, IL, USA). RNA integrity was assessed using the
Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
RNA isolation and quantitative polymerase chain reactions
Gene expression levels were measured using quantitative polymerase chain reactions
(qPCR). Since homogenization using the MagNA Lyser Green Beads system gave the
highest yield (see results section), this method was used followed by RNA isolation as
described above. Subsequently, cDNA synthesis was performed on 1 µg of RNA (in 15 µl
RNase free water) using the iScript cDNA synthesis kit in 20 µl reaction volume (iScript
cDNA synthesis kit, Bio-Rad, Hercules, CA, USA) in a programmable thermal controller
(Bio-Rad) for 5 min at 25 °C, 30 min at 42 °C and 5 min at 85 °C. As a no-reverse transcription
control, 15 µl water was used. The cDNA was diluted 10 times in RNase free water and used
as a template for qPCR amplification of the genes listed in Table 1. The reaction was
performed in a total volume of 12.5 µl containing 2.5 µl cDNA, 0.6 µM primers (Biolegio,
Nijmegen, The Netherlands) and 6.25 µl iQ SYBR Green super mix (Bio-Rad, CFX real-time
detection system). After incubation for 3 min at 95 °C, amplification was carried out for 40
cycles of 15 s at 95 C° and 30 s at 60 °C. The purity of the amplified product was assessed
using a melt curve analysis. The melting temperature was measured by increasing the
temperature from 65 °C to 95 °C with 0.5 °C increments every 10 s to indicate sample
purity. Observation of a single peak was interpreted as a pure amplicon. Expression of the
genes of interest was normalized to the mean of the reference genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein L 13a (RPL13a) and
ribosomal protein large P0 (RPLP0). The gene expression in the abdominal skin of a healthy
donor was used as a reference value in the calculation of the relative quantity using the
2-∆∆Cq method120. No-template controls (2.5 µl water instead of cDNA) and no-reverse
transcription controls were taken along on each plate for each gene. Quantification cycles
(Cq) higher than 38 were not used for analysis.
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Table 1 Gene symbol, gene name, accession number, and function/localization,
primer sequences, efficiency and correlation coefficients (R2) of the genes
examined using qPCR
Gene symbol

Gene name

Accession nr

Function and/or localization

RPLP0 30

ribosomal phosphoprotein
P0 (RPLP0)

NM_053275.3

reference gene

COL1a1

collagen 1A1

NM_000088.3

providing strength to the dermis

COL3

collagen 3A1

NM_000090.3

associated with pliability of the skin

DSE

dermatan sulfate epimerase

NR_136521.1

involved in the biosynthesis of dermatan
sulfate involved in collagen deposition and
hydration of the skin

ELN

Elastin

NM_001081754.2

responsible for the elasticity of the skin

FBN1

fibrillin 1

NM_000138.4

facilitates structural support in the skin and
is a component of elastic fibers

FLG 30

Filaggrin

NM_002016.1

involved in aggregation of keratin
filaments during skin barrier formation

GAPDH

glyceraldehyde-3-phosphate NM_002046.5
dehydrogenase

reference gene

IVL 30

Involucrin

NM_005547.2

component of the cornified envelope

KRT1

keratin 1

NM_006121.3

in suprabasal keratinocytes involved in
terminal differentiation of the epidermis

KRT10 30

keratin 10

NM_000421.3

in suprabasal keratinocytes involved in
terminal differentiation of the epidermis

KRT14 30

keratin 14

NM_000526.4

basal keratinocytes

KRT15

keratin 15

NM_002275.3

basal keratinocytes

KRT2

keratin 2

NM_000423.2

in upper spinous layer during terminal
differentiation of keratinocytes

KRT5

keratin 5

NM_000424.3

in basal keratinocytes

LAMB3

laminin beta 3 (laminin 5)

NM_000228.2

subunit of laminin 5, a component of the
basal membrane

LOR 30

loricrin

NM_000427.2

main component of the cornified
envelope, expressed in late terminal
differentiation of keratinocytes

LOX 31

lysyl oxidase

NM_001178102.2

involved in crosslinking of collagen and
elastin

RPL13a 124

ribosomal protein large 13a

NM_012423.3

reference gene

TGM1 30

transglutaminase 1

NM_000359.2

responsible for crosslinking of proteins in
the cornified envelope

30

Forward primer

Reverse primer

Efficiency (%)

R2

ctcaaggtcgtgcgtctgaa

tgaccagcccaaaggagaag

107,34

1,00

cctcaagggctccaacga

ttttgtattcaatcactgtcttgcc

95,63

0,99

gatggttgcacgaaacacac

cgctgttcttgcagtggtag

93,45

0,99

ttggtgaaagatgctccttg

cctgttgtgtcttgctcagg

102,08

0,99

gggtgccgggcagttg

tgggaaaatgggagacaatcc

94,62

0,98

atggaaggagctgcaaagatc

gccgccaatggtggtaac

102,49

0,97

acttcactgagtttcttctgatggtatt

tccagacttgagggtctttttctg

92,11

0,99

tgggtgtgaaccatgagaag

agttgtcatggatgaccttgg

99,42

0,99

acttatttcgggtccgctaggt

gagacatgtagagggacagagtcaag

103,10

0,94

tgagctgaatcgtgtgatcc

tccttgagggcattctcg

100,48

1,00

tggttcaatgaaaagagcaagga

gggattgtttcaaggccagtt

101,36

1,00

ggcctgctgagatcaaagactac

cactgtggctgtgagaatcttgtt

101,22

1,00

gagatgagggagcagtacgag

gaggccacctctttgttcag

103,07

1,00

caaggtggacctgctgaac

ggagaggatgacgttggtg

94,20

1,00

gcgtaccactgctgagaatg

catccatcagtgcatcaacc

104,71

0,98

aaattgtgagcgctgtgc

gtctctgagtgcccattgc

107,79

1,00

aggttaagacatgaaggatttgcaa

ggcaccgatgggcttagag

92,39

0,98

gcatacagggcagatgtcaga

ttggcatcaagcaggtcatag

111,61

0,98

ctcaaggtcgtgcgtctgaa

tggctgtcactgcctggtact

92,55

1,00

cccccgcaatgagatctaca

atcctcatggtccacgtacaca

109,22

0,97
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Primers were designed using Primer 3 based on the corresponding reference sequences
given in the UCSC genome browser (Build Feb. 2009, GRCh37/hg19)21,121,122. For all the
genes, the PCR amplification efficiency (E) was calculated as described in the MIQE
guidelines, using calibration curves where the Cq values (y-axis) were plotted against the
logarithm of the template concentration (x-axis)23. PCR efficiency was then defined using
the following formula: E = (10 -1/slope-1) x 100%. Primers with a 100% ± 10% efficiency were
used. The correlation coefficient (R2) reflects the linearity of the standard curve. A list of
the genes and their primer sequences is given in Table 1.

Cell count by DNA quantification
To assess the number of cells in 3D-constructs, DNA quantification is often used26,29,123.
Here, the number of cells in the skin substitutes was assessed by measuring the total
content of DNA. The amount of DNA was then translated to cell numbers assuming that
one cell contains 6.2 pg DNA (as calculated from the mean molecular weight of the base
pairs; 616,14 Da and 3,1*109 base pairs in the human genome27). The dermal and dermoepidermal substitutes were solubilized and cells were lysed by incubation for 60 min at
60 °C with 2.5 U/ml papain (Sigma-Aldrich) in a freshly prepared buffer (50 mM NaPO4 pH
6.5, 2 mM EDTA and 2 mM cysteine in sterile water). After centrifugation at 17,000 x g
for 1 min, DNA in the supernatant was measured with the Quant-iT™ PicoGreen® dsDNA
assay kit according to manufacturer’s protocol (Invitrogen). A serial dilution of 1000 ng/ml
to 7.8 ng/ml calf thymus DNA (supplied with the kit) was used as a standard. Samples were
excited at 485 nm and the fluorescent emission intensity was measured at 520 nm in
a microplate reader (BioTek Synergy 2).
To evaluate the quantitative nature of the Quant-iT™ PicoGreen® dsDNA assay, known
amounts of calf thymus DNA (supplied with the kit) were added to the sample. In a total
volume of 50 μl of denovoSkin 0, 0.75, 1.5, 3.0, 6.0, 37.5 and 75.0 ng DNA was added.
The increase in fluorescent intensity corresponded to the increase in ng DNA. The theoretical
amount of DNA was calculated from the measured amount of DNA in denovoSkin plus
the amount of DNA added.

Statistics
Data are presented as mean with standard deviation. Data presented in Figures 3 and
4 were analyzed in IBM SPSS Statistics version 20, using an independent Student’s t-test
(p < 0.05).
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Results
Quantification of laminin 5 and type III collagen
For the quantification of the extracellular matrix proteins laminin 5 and type III collagen,
in extracts of cultured skin substitutes and native skin, sandwich ELISAs were used.
Before quantification of the proteins using sandwich ELISAs, the extracts were analyzed
on SDS-PAGE and/or dot-blot to evaluate the presence of type III collagen and laminin 5.
SDS-PAGE indicated the presence of collagens in the acid soluble fraction as judged
by the characteristic α1 and α2 bands of collagen (Supplementary figure S1A). Immunodot-blot analysis indicated the presence of laminin in the EDTA-soluble fraction
(Supplementary figure S1B). Using ELISA, however, we were unable to quantify type III
collagen and laminin in both native skin and cultured skin substitutes as all values were
below the standard curve of the assay.

Lysyl oxidase enzyme activity
As an alternative to collagen and laminin, we turned to assaying the activity of lysyl
oxidase in homogenates of cultured skin substitutes and native tissue. The activity of
recombinant lysyl oxidase was measured using a commercially available assay as well as
an assay set up in our laboratory, but reproducibility was low (data not shown).
Fluorescent intensities, reflecting the enzyme’s activity, fluctuated between measurements,
were inconsistent and not in line with the amount of lysyl oxidase added. In addition,
the slopes of the curves differed between experiments, even when using the supplied
lysyl oxidase control. Data for lysyl oxidase activity in the skin substitutes were therefore
inconclusive and the activity of lysyl oxidase could not be reliably analyzed.

Quantification of mRNA levels
Optimization of RNA isolation
For homogenization of the samples, three different methods were tested, i.e. cutting the
sample manually, use of a dismembrator and use of MagNA Lyser Green Beads. The first
method (manual cutting) resulted in substantial sample loss and incomplete homogenization. The use of the dismembrator and the MagNA Lyser Green Beads, however,
resulted in a homogenous suspension. An advantage of the MagNA Lyser tubes over
the dismembrator capsules is that the tubes are single-use tubes and RNase free, whereas
the dismembrator capsules are reused and cleansed by hand using RNaseZAP™ (SigmaAldrich). The RNA yield using the dismembrator and the MagNA lyser Green Beads was
184 ± 1 ng/µl (n=2) and 605 ± 26 ng/µl (n=3) respectively (Figure 1). For further experiments
the MagNA lyser Green Beads were used for homogenization. The mean RIN score of the
isolated RNA was 6.8.
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Figure 1 Comparing RNA isolation methods. Native skin (8 mm diameter) was homogenized using
either a dismembrator (n = 2) or the MagNA Lyser Green Beads system (n= 3). The MagNA Lyser Green
Beads system gave a threefold higher RNA yield.

mRNA levels
Using qPCR, mRNA levels of genes associated with fibroblasts and keratinocytes were
evaluated and compared to native skin. Table 1 gives an overview of the genes assayed
and their role in skin, the amplification efficiency (E), which was accepted between 90%
and 110% and the correlation coefficient (R2). mRNA levels relative to those of native skin
are shown in Figures 2-5.
Intra-assay variation of qPCR is shown in Figure 2. Elastin and type III collagen mRNA
was measured four and three times respectively in denovoDerm cultured from cells from
two donors. Little variation was found as differences in quantification cycles (Cq) were
shown to be less than 0.17. Analysis of gene expression in time in denovoDerm (Figure 3A)
showed increased expression of type III collagen and fibrillin 1 at day 6 compared to day
2. In denovoSkin (Figure 3B), an increase in lysyl oxidase and a decrease in elastin and type
I collagen was observed. Note that for fibroblasts in denovoSkin this represents a total
culture time of 12 and 8 days, of which 6 and 2 days in the presence of keratinocytes.
In denovoSkin (Figure 3D), expression of the epidermal differentiation markers keratin
1 and 10 was increased after 6 days of co-culturing keratinocytes and fibroblasts, whereas
the keratins 5, 14 and 15, associated with basal keratinocytes, and the late differentiation
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Figure 2 Reproducibility of qPCR assay (intra-assay). mRNA levels of elastin (A, B) and type III
collagen (C, D) relative to native human skin (dotted line) were measured in quadruplicate and
triplicate, respectively. DenovoDerm (a fibroblast containing skin substitute) was evaluated using
two donors. A, C) individual values; B, D) mean of four or three replicates ± SD.

genes transglutaminase 1 and involucrin remained at a similar level. Low expression level
of involucrin observed in denovoDerm (Figure 3C) may be caused by residual keratinocytes
in the fibroblast population or contamination during the procedure of sample collection
and RNA isolation even though the “no transcription-” and “no template controls” taken
along during cDNA synthesis and qPCR were negative.
Comparison of different culture conditions by mRNA levels
Major differences were observed in the expression of genes between GMP and non-GMP
(research) culture conditions, a main difference being the absence of bovine pituitary
extract in the GMP-grade culture medium (Figure 4). A trend was observed showing
increased expression of the late differentiation markers, including filaggrin, keratin 1,
keratin 10 and loricrin in the presence of GMP-grade culture medium, whereas markers for
basal keratinocytes (keratin 5, 14 and 15) were down. This likely reflects the lack of bovine
pituitary extract, a mitogenic supplement, in GMP-grade medium.
If we look closer at the gene expression profile of the GMP-cultured denovoDerm
using cells from three donors and compare this to native skin, the extracellular matrix-
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Figure 3 Gene expression profile of denovoDerm and denovoSkin cultured from cells from
one donor, relative to native human skin (dotted line). A, B) Dermal genes, C, D) Epidermal
genes. Note increase in time of type III collagen (COLIII) and fibrillin (FBN) in denovoDerm (A), and
increase of lysyl oxidase (LOX), keratin 1 (KRT1) and 10 (KRT10) in denovoSkin, but a decrease in type
I collagen (COLI) and elastin (ELN) (B, D). The mean of cells from one donor cultured in triplicate is
given. n = 3 ± standard deviation.

associated molecules, type I collagen, type III collagen, dermatan sulfate epimerase,
elastin, fibrillin and lysyl oxidase, all showed increased mRNA levels (Figure 5A). Addition of
keratinocytes and a longer culture time (denovoSkin) resulted in a 22-205 fold increased
expression of lysyl oxidase compared to native skin (Figure 5B). In general inter-donor
variability was less for denovoDerm (maximally 3.7x) compared to denovoSkin, although
donor-specific differences were noticed. For instance, donor 1 displayed a somewhat
higher expression for type III collagen, dermatan sulfate epimerase, elastin and fibrillin
than donor 3 (Figure 5A). This pattern changed in denovoSkin where cells from donor 1
showed the lowest and cells from donor 3 the highest gene expression for dermal proteins
(Figure 5B). In denovoSkin larger variations were observed between donors. For instance,
the expression of elastin and lysyl oxidase varied a factor 5 and 10 between donors. This
was also the case for the late differentiation genes filaggrin, keratin 10, loricrin, keratin 1
and keratin 2 (which differed a factor 33, 60, 100 and 10 between donors respectively),
whereas expression of the basal keratins 5, 14, and 15 in denovoSkin was fairly constant
and differed less than a factor 2 (Figure 5C). No expression of keratinocyte markers was
found in denovoDerm using GMP-culture conditions.
To validate gene expression levels, paraffin sections were stained for transglutaminase,
keratin 5, lysyl oxidase, loricrin and elastin. Transglutaminase staining was most intense for
donor 2, corroborating the qPCR results. However, no differences were observed between
donor 1 and 3. We were not able to correlate the small differences observed between
patients for gene expression of keratin 5 and lysyl oxidase on the immunohistochemical
level in the cultured skin substitutes (Supplementary figure S2). Elastin and loricrin could
not be detected in the cultured substitutes.
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Figure 4 Effect of culture conditions on gene expression levels. A) Dermal genes expressed in denovoDerm B) Dermal genes expressed in denovoSkin;
C) Epidermal genes expressed in denovoSkin. Note major differences in mRNA levels associated with culture condition. Data is presented relative to native
skin (dotted line). The mean of the technical replicates of one donor is given. n = 3 ± SD. ** P <0.005, *** P<0.0005
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Figure 5 Gene expression profile of denovoDerm and denovoSkin cultured from cells from three donors using GMP-grade conditions, relative
to native human skin (dotted line). A) Dermal genes in denovoDerm B) Dermal genes in denovoSkin C) Epidermal genes in denovoSkin. Note smaller
variations in dermal genes between different donors for denovoDerm compared to denovoSkin. n = 3 ± SD.
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Figure 6 Cell count in denovoDerm and denovoSkin by DNA quantification. A) Total number of cells in a skin substitute given for three donors.
B) Mean of the total number of cells per skin substitute for denovoDerm and denovoSkin (data from three donors combined. C) Assessment of quantitative
nature of Quant-iT™ PicoGreen® dsDNA assay kit: denovoSkin (first bar) was spiked with various amounts of calf thymus DNA, and the measured (white bars)
and theoretical (grey bars) amounts of DNA are given. n = 3 ± SD.
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Evaluation of the number of cells in skin substitutes
by DNA quantification
The proliferative activity of fibroblasts and keratinocytes present in the skin substitutes
was quantified by assaying total DNA. DenovoDerm and denovoSkin (n=3, three donors
combined) showed a mean cell number of 1.1*107 and 1.0*108, respectively (Figure 6B).
Some differences in cell numbers between cultures from different donors were observed
(Figure 6A). For denovoDerm, the proliferative activity of fibroblasts was calculated to be
0.6 divisions per day for donor 1 and 0.7 divisions per day for donor 2 and 3. For denovoSkin,
the proliferative activity of fibroblasts and keratinocytes combined was calculated for day
5 till 10 with proliferative activities of 0.6, 0.4 and 0.5 divisions a day for donor 1, 2, and 3
respectively.
Spiking experiments indicated the highly quantitative nature of this method. Increase
in DNA content directly corresponded to an increase in fluorescent signal (Figure 6C).
A slight overestimation was observed compared to the theoretical values.
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Discussion
Evaluation of cultured skin substitutes for quality control has been indicated to lack a
quantitative nature28. In this study we focused on the development of a quantifiable
evaluation method to support histological analysis. Quantitation of ECM proteins using
sandwich ELISAs was not effective in our hands, likely due to extraction difficulties caused
by the crosslinking of matrix molecules combined with a low abundancy in the substitutes.
Analysis of the activity of lysyl oxidase, an enzyme associated with crosslinking of collagen
and elastin, was unsatisfactory due to poor reproducibility. Therefore, instead of making
quantitative analyses on the protein level, we turned to assaying mRNA by qPCR, a highly
quantitative and sensitive method, applied in clinical diagnostics, and allowing use of small
samples. Having optimized mRNA extraction and PCR methodology, we found this method to
be sensitive and reliable for the molecular evaluation of skin substitutes23,125. The effects of
culture conditions and donor-specificity could easily be demonstrated using this procedure.
Besides addressing well-known skin-associated proliferation and differentiation
markers (e.g. keratins), we focused on extracellular matrix molecules, as these components
are crucial for proper skin regeneration. It should be noted here that while mRNA profiles
are not easy translatable into protein levels, the gene expression profiles as such can
characterize the status/condition of a specific skin substitute. Although we primarily paid
attention to methodological issues, and only limited numbers of skin substitutes derived
from different donors were evaluated, some trends may be observed. In general,
expression of ECM coding genes in denovoDerm showed less variability between donors
compared to denovoSkin. In denovoDerm, the ratio between type III collagen and fibrillin
was fairly comparable.
For denovoSkin, the basal keratins 5 and 14 were fairly constant between different donors
in a ratio of 2:1. The expression of keratin 5 and 14 did not increase in time, but the
expression of keratin 1 and 10 did, indicating that keratinocytes differentiated over time.
However, we like to stress that a much larger cohort of donors and skin substitutes should
be analyzed to make more definite statements. In addition, the data should be correlated
to the standard histological evaluation
Next to mRNA, we also quantified DNA to establish the number of cells present in skin
substitutes and assessed their proliferative capacity. Measurement of DNA using the
PicoGreen® dsDNA assay kit was highly quantitative and sensitive, and has previously been
indicated for DNA quantification of 3D constructs29. We found this method applicable for
assaying the number of cells in cultured skin substitutes.
In conclusion, we have compared a number of methods (ELISA, enzyme activity,
qPCR, DNA) to quantitatively analyze cultured skin substitutes. We conclude that assays
based on mRNA and DNA are most reliable and reproducible and can be performed on
small samples. The next step is to evaluate large numbers of skin substitutes, and correlate
gene expression profiles to histological assessment at various points in time e.g. before
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and after, implantation. In such a way, it can be probed whether mRNA profiles are
predictive of the quality and regenerative capacity of cultured skin substitutes and can be
used to support the histological evaluation.

Source of funding
This study was financially supported by the European Union (EuroSkinGraft: FP7 grant
279024).
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Supplementary information
Supplementary figures
A

B

Supplementary figure S1 SDS-PAGE and dot-blot analysis of collagen and laminin extracted
from native skin. A) Characteristic α1 and α2 bands of collagen are visible in the acid soluble
fractions (lane 3 and 4) using SDS-PAGE and Coomassie staining. B) Dot-blot analysis shows the
presence of laminin in the water- and EDTA soluble fraction. Acid soluble fractions do not contain
laminin.
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Supplementary figure S2 Immunohistochemical analysis of transglutaminase, keratin 5,
lysyl oxidase, loricrin and elastin in skin substitutes cultured from different donors. A) Small
differences of transglutaminase (green) in the stratum corneum of the skin substitutes between
donor 1, 2 and 3 are visible, in line with the qPCR data showing the highest gene expression level of
transglutaminase in donor 2. Native skin is also positive for transglutaminase. Other differences in
gene expression levels between the donors could not be observed histologically. B) Low expression
of keratin 5 (green) in the epidermis of the cultured skin substitutes. A more intense staining is
observed in the basal layer of the epidermis of the native skin. C) Lysyl oxidase (red) was present in
both keratinocytes and fibroblasts in denovoSkin cultured from donor 6. Loricrin (green) and elastin
(green) were not visible in denovoDerm or denovoSkin and could only be observed in native human
skin in the epidermis en dermis, respectively. Nuclei are visible in blue. Scale bars are 50 µm.
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Supplementary materials & methods
Immunohistochemistry
Deparaffinized sections were treated in preheated citric acid buffer (10 mM sodium citrate,
pH 6.0) for 20 min at 95 °C, cooled down for at least 20 min at room temperature and
washed 3 times with Tris buffered saline (TBS, 50 mM Tris-HCl pH 7.0 containing 150 mM
NaCl). For elastin staining, the sections were subsequently treated with 75 mg/ml trypsin
(Difco 250, BD Biosciences, San Jose, CA, USA) for 7 min at 37 °C and washed 3 times with
TBS. After the antigen retrieval, the same protocol was followed for all stainings. The
sections were incubated for 15 min with 1 % bovine serum albumin (BSA) in TBS. Hereafter
the sections were incubated with rabbit anti-transglutaminase (1:100 diluted, Santa Cruz,
Heidelberg, Germany, #25786), rabbit anti-keratin 5 (1:1000 diluted, Abcam, Cambridge,
UK, ab24647), rabbit anti-lysyl oxidase (1:250 diluted, Novus Biologicals, Abingdon, UK,
NB110-59729), rabbit anti-loricrin (1:500 diluted, Covance, Emeryville, California, USA
#PRB-145P), or mouse anti-elastin (1: 75 diluted, Sigma-Aldrich, E4013) for 45 min at ambient
temperatures. After a series of washings with TBS, the sections were incubated with goat
anti-rabbit Alexa Fluor 488, goat anti-rabbit Alexa Fluor 594 or goat anti-mouse Alexa
Fluor 488. After washing 3 times with TBS and 1 time with PBS, the nuclei were stained
with diamidino-2-phenylindole dihydrochloride (DAPI, Sigma). Glass slides were enclosed
with Mowiol mounting medium (Calbiochem, San Diego, CA, USA). For all antibodies,
native skin was used as a positive control. As a negative control, the first antibody was
omitted.
Photos were taken using a Leica DM6000 B microscope, Leica DFC 480 camera and
Leica Application suite V4.3.0 (Leica Microsystems, Amsterdam, The Netherlands).
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CHAPTER 3

Abstract
Identifying collagen produced de novo by cells in a background of purified collagenous
biomaterials poses a major problem in for example the evaluation of tissue-engineered
constructs and cell biological studies to tumor dissemination. We have developed a
universal strategy to detect and localize newly deposited collagen based on its inherent
association with dermatan sulfate. The method is applicable irrespective of host species
and collagen source.
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Introduction
Collagen, the most abundant protein family in the human body, plays a pivotal role in the
organization of tissues and organs, and is a major determinant during organogenesis. In
the field of tissue engineering and regenerative medicine, type I collagen is a key
biomaterial whereas in other fields, notably cancer research, collagen gels are frequently
used in 3D studies to the migrational behavior of cells71,126.
A common challenge in the field is to make a distinction between the collagen
synthesized by cells and the (abundant) pre-existing collagen present in the biomaterial.
Antibodies raised against collagens are of limited use due to the highly conserved nature
of collagens and the associated cross reactivity between collagen from different species.
Other methods like metabolic radiolabeling and mass spectrometry are laborious and do
not provide information about the topography and organization of the newly synthesized
collagen fibers127,128.
In this study we evaluated newly synthesized fibrillar collagen (e.g. type I collagen),
by making use of the inherent and intrinsic association of the glycosaminoglycan dermatan
sulfate with collagen fibrils. Dermatan sulfate is the glycosaminoglycan part of the proteoglycans decorin and biglycan, which are both collagen fibril-associated molecules that
play a role in the regulation of collagen fibril diameter. These proteoglycans remain
present on the mature collagen fibril (Figure 1A, cartoon), and therefore dermatan sulfate
is associated with collagen fibrils129,130. The technique described here is based on the
selective detection of dermatan sulfate using the single chain variable fragment antibody
GD3A12, combined with the absence of dermatan sulfate in experimentally or commercially
produced biomaterials131. We tested the technique both in vivo and in vitro using a number
of collagenous biomaterials including gels cultured with human fibroblasts with or without
keratinocytes (denovoSkin and denovoDerm respectively), experimental and commercially
available scaffolds, and glycerol preserved acellular human dermis (Glyaderm®)111,132.
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Materials and Methods
Materials
Papain, barium acetate, paraformaldehyde, 3,3’-diaminobenzidine tetrahydrochloride
(DAB), 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) and protein A were from
Sigma, St. Louis MO, USA. Chondroitinase B was from IBEX, Montreal, Quebec, Canada.
Agarose and gel bond film were from Lonza, Rockland, USA, and Tissue Tek from Sakura
Finetek Europe BV, Alphen aan den Rijn, The Netherlands. Tris-HCl was from Invitrogen,
Carlsbad, CA, USA. Sodium chloride and magnesium acetate were from Merck, Darmstadt,
Germany. Lowicryl HM20 was from Aurion, Wageningen, The Netherlands and Mowiol
4-88 mounting medium was from Calbiochem, San Diego, CA, USA. Bovine serum albumin
(BSA) was from PAA laboratories, Pasching, Austria. The following antibodies were used:
rabbit anti-bovine type I collagen IgG from Millipore, Cambridge, UK; mouse anti-bovine
elastin IgG from Sigma; rabbit anti-VSV IgG from Rockland, Gilbertsville, PA, USA; mouse
anti-VSV IgG from mouse hybridoma cell line P5D4 from the American Type Culture
Collection, Rockville, MD, USA; peroxidase labeled mouse anti-VSV IgG from Sigma and
mouse anti-Penta-His IgG from QIAGEN GmbH, Hilden, Germany; goat anti-mouse IgG
Alexa Fluor 488 conjugated and goat anti-rabbit IgG Alexa Fluor 594 conjugated from
Invitrogen, Eugene, OR, USA. The single chain variable fragment antibody GD3A12
selective for dermatan sulfate was obtained as described131,133. As a source of this antibody,
periplasmic fractions isolated from bacteria expressing the antibody were used134. The
antibody contains a VSV and a HIS tag.

Histology
Paraffin-embedded and frozen tissues were sectioned at 5 µm thickness. Paraffin sections
were deparaffinized in xylene for 3x5 min, followed by a descending series of ethanol and
processed for immunohistochemistry. Cryosections were air-dried before staining.
Immunofluorescence stainings
To stain for dermatan sulfate, deparaffinized sections were blocked for 15 min with 1% BSA
in Tris buffered saline (TBS, 50 mM Tris-HCl pH 7.0 containing 150 mM NaCl). All further
incubations were performed at ambient temperatures for 45 min and sections were
washed 3x5 min with TBS in between incubations. Antibodies were diluted in 1% BSA in
TBS. Paraffin sections were incubated with antibody GD3A12 (1:5 - 1:20), followed by
incubation with mouse anti-VSV antibody P5D4 (1:10) and an Alexa Fluor 488-conjugated
goat anti mouse antibody. For double staining with type I collagen, antigen retrieval using
citrate buffer was applied. Paraffin sections were pretreated with citrate (10 mM sodium
citrate, pH 6.0) for 20 min at either 95 °C (tissues) or ambient temperature (cultured gels).
In one occasion boiling temperature was used, but this caused damage to the sections.
Sections were extensively washed with TBS to remove the citric acid buffer and blocked
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with TBS/BSA. Anti-type I collagen antibody (1:500 – 1:1500) was applied and visualized
using an Alexa Fluor 594-conjugated goat anti-rabbit antibody. For detection of dermatan
sulfate in implanted collagen scaffolds in mice, a rabbit anti-VSV antibody (1:500) was used
and visualized using goat anti-rabbit IgG Alexa Fluor 488. In the case of double staining of
dermatan sulfate and type I collagen in mice, dermatan sulfate was visualized using Alexa
Fluor 488 conjugated mouse anti-Penta-His antibody.
For double staining of sheep skin cryosections for elastin and dermatan sulfate,
the sections were air-dried for 30 min. Hereafter, the procedure as described above was
applied. Mouse anti-bovine elastin antibody was diluted 1:200 and visualized using goat
anti-mouse IgG Alexa Fluor 594. Dermatan sulfate was visualized using rabbit anti-VSV IgG
and goat anti-rabbit IgG Alexa Fluor 488.
For visualization of the nuclei, sections were incubated for 15 min with DAPI (10 µg/ml
in PBS). After extensive washings with PBS, the sections were enclosed with Mowiol
mounting medium.
For detection of dermatan sulfate in the human skin substitute Glyaderm®, containing
autofluorescent elastic fibers, peroxidase conjugated mouse anti-VSV IgG (1:100) and DAB
were used.
Omission of the antibody GD3A12 was taken as a control, and was negative in all cases.
Digestion of dermatan sulfate to evaluate specificity of GD3A12
To evaluate the specificity of the antibody GD3A12 for dermatan sulfate, cryosections
were digested overnight at 37 °C with 20 mU/ml chondroitinase B in 25 mM Tris-HCl pH 8.0
containing 2 mM magnesium acetate. The next day, the digestion was repeated with
20 mU/ml chondroitinase B for another 2 h. As a control, sections were incubated in buffer
without enzyme.
Microscopic imaging, equipment and settings
Images of the in vitro cultured collagen gels were taken with a Leica DM6000 B microscope
equipped with a Leica DFC 480 camera (20x objective), using Leica Application suite
V4.3.0. The exposure time was kept constant for all measurements. DAPI, Alexa Fluor 488
and 594 were excited with a mercury HBO100 lamp using the excitation filters BP410/15
nm BP490/20nm and BP562/40nm respectively, and the emission was collected after
filtering with 430, 500, 593 dichroic mirrors respectively.
All other images were captured with the Olympus FV1000 Confocal Laser Scanning
Microscope. Photos were imaged using a 20x objective and a 60x objective. DAPI, Alexa
Fluor 488 and Alexa Fluor 594 were excited at 405 nm, 488 nm and 559 nm, respectively.
Using a combination of the beam splitters SMD490 and SDM560, the emission was
collected with the emission filters BA430-470, BA505-540 and BA575-675 for DAPI, Alexa
Fluor 488 and Alexa Fluor 594, respectively.
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For figure 1C, 2A and B and supplementary figure S1A, the microscope settings were as
follows: space resolution 2560x1920, pixel dimension 0.012 pixels / µm, image depth 32
(RGB), excitation filters: 410/15 (DAPI), 490/20 (AF488), 562/20 (AF594) and gamma
correction was set at 1. For figure 1D and 2C and D, the settings were as follows: space
resolution 1024x1024, pixel dimension 1.61 pixels / µm, image depth 32 (RGB), excitation
filters 405 (DAPI), 488 (AF488), 559 (AF594), emission filters BA430-470 (DAPI), BA505-540
(AF488), BA575-675 (AF594). Dichroic beam splitters 490 9DAPI) and 560 (AF488) were
used. No gamma correction was applied.
Image processing was performed using ImageJ 1.48v (National Institutes of Health,
USA). Before merging, both brightness and contrast were adjusted similarly for all photos
including the controls.
Immuno-electron microscopy
To evaluate the reactivity of the antibody for dermatan sulfate on collagen fibrils, immunoelectron microscopy was performed on lowicryl HM20 embedded rat kidney samples135.
The tissue was incubated for 3 h in Somogyi solution (0.1 M phosphate buffer pH 7.3
containing 4% formaldehyde, 0.05% glutaraldehyde and 0.2% picric acid)136. After cutting,
200 µm sections were frozen in liquid propane at -190 °C. Using freeze-substitution (Leica-KF80)
the sections were embedded in lowicryl HM20. Ultrathin sections were mounted on nickel
grids. For immunostaining sections were blocked with 0.25% BSA in phosphate buffered
saline (BSA/PBS), followed by an overnight incubation at 4 °C with antibody GD3A12 (5x
diluted periplasmic fraction in BSA/PBS). After washing, bound GD3A12 was visualized using
10 nm gold-sphere labeled protein A (1:400 in BSA/PBS) prepared according to Slot et al.137.
Subsequently, sections were washed in PBS, post-fixed for 5 min in 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4), washed with distilled water, and post-stained with uranyl
acetate. Sections were examined using a JEOL 1010 electron microscope.

Agarose gel electrophoresis
To analyze the presence of glycosaminoglycans including dermatan sulfate in collagen
scaffolds/gels, agarose gel electrophoresis was performed. To 40 mg dry weight of the
samples, 2.5 U/ml papain was added to a total volume of 500 µl in order to digest proteins.
0.5 µl of the samples was loaded on a 1 mm thick 1% agarose gel in 50 mM Ba(Ac)2, pH 5.0,
casted on a gel bond film. A marker was included containing 5 ng of chondroitin sulfate
(CS), 5 ng dermatan sulfate (DS) and 5 ng heparan sulfate. The gel was run at 30 mA in
electrophoresis buffer (50 mM Ba(Ac)2, pH 5.0) until the front of the loading dye had
moved about 8 cm into the agarose gel. Subsequently, the agarose gel was stained with
silver as described by Van de Lest et al.138.
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Gels and scaffolds
All experimental protocols described by Sun et al., Nillesen et al., van Kilsdonk et al., de
Jonge et al., and Ophof et al. were approved by the Institutional Animal Welfare Committee
(DEC) of the Radboud university medical center, Nijmegen, The Netherlands139-143. The
experimental procedures described by Braziulis et al. were approved by the Ethics
Committee of the Canton Zürich (KEK), Switzerland111. The study protocol as described by
Pirayesh et al. was approved by the Ghent University Hospital Ethics Committee144.
All experiments were carried out in accordance with the guidelines of the Institute of
Laboratory Animal Research and the declaration of Helsinki principles145.
Cellularized collagen gels
The dermal (denovoDerm) and dermo-epidermal (denovoSkin) collagen gels were prepared
using bovine type I telocollagen seeded either with primary fibroblasts only (denovoDerm),
or with a combination of primary fibroblasts and keratinocytes (denovoSkin), isolated from
skin biopsies from 3 individuals who had given informed consent, as described by Braziulis
et al.111. 50,000 fibroblasts were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES),
90 µg/ml streptomycin and 90 U/ml penicillin (all compounds from Invitrogen, Basel,
Switzerland) for 2, 4 or 6 days in compressed collagen gels at 37 °C and 5% CO2. For the
dermo-epidermal skin substitute, 500,000 keratinocytes were seeded on top of the dermal
substitute and cultured for another 6 days (12 days in total) in serum free keratinocyte
medium. Samples were fixed in 4% paraformaldehyde and embedded in paraffin.
Acellular collagen scaffolds implanted in mice
Flat porous collagen scaffolds were prepared as described by Sun et al. from a 0.4% (w/v) type I
collagen suspension in 0.25 M acetic acid. After homogenization, the suspension was pipetted
in a polystyrene mold, frozen and lyophilized resulting in porous collagen scaffolds139.
Hereafter, the collagen scaffolds were pre-incubated in 50 mM 2-(N-morpholino)ethanesulphonic acid pH 5.0 (MES) and crosslinked using 33 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 6 mM N-hydroxysuccinimide (NHS) in 50 mM MES buffer
containing 40% ethanol for 4 h. After multiple washing steps with subsequently 0.1 M
Na2HPO4, 1 M NaCl, 2 M NaCl, and water, the scaffolds were frozen at -20 °C and lyophilized,
followed by sterilization by γ-irradiation (25 kGy, Synergy Health, the Netherlands). Collagen
scaffolds were incubated in sterile 0.9% NaCl and subcutaneously implanted in 7-weeks-old
Balb/cByj mice. After two weeks, mice were sacrificed and tissue was dissected around the site
of implantation, fixed in 4% paraformaldehyde and embedded in paraffin.
Tubular acellular collagen scaffolds implanted in pigs
Tubular collagen constructs of 6 cm in length and an inner diameter of 6 mm were
prepared as described using a 0.5% (w/v) collagen suspension in 0.25 M acetic acid146.
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After lyophilization the tubes were crosslinked followed by extensive washing, as
described above. Tubular scaffolds were kept in 70% ethanol before γ-sterilization.
Sterilized tubular collagen scaffolds were implanted in the ureter of 4-months-old pigs,
dissected after one month, fixed in 4% paraformaldehyde and embedded in paraffin142.
Integra® implanted in rat and dog
In rats, Integra®, a commercially available collagen-chondroitin sulfate scaffold, was
implanted in a full thickness wound140,147. After 7 days, rats were sacrificed, the wound
area dissected, fixed in 4% paraformaldehyde and embedded in paraffin140. In dogs,
Integra® was implanted according to the Von Langenbeck procedure for palatal repair143.
Samples were taken 28 days post implantation. Tissue was fixed in 4% formaldehyde,
decalcified in 20% formic acid and 5% sodium citrate and imbedded in paraffin143.
Glyaderm® implanted in mouse and human
Glyaderm®, a glycerol preserved acellular human dermis containing native collagen and
elastic fibers was produced by the Euro Skin Bank, Beverwijk, The Netherlands132.
Full thickness wounds at the back of 8-week-old mice were implanted with Glyaderm®.
After 8 days, mice were sacrificed, fixed in 4% paraformaldehyde and embedded in
paraffin141.
Application of Glyaderm® to a human wound bed was performed and described by
Pirayesh et al.144. Informed consent was given by all patients. Full-thickness defects were
engrafted with Glyaderm®. After 1 week, biopsies were fixed in 4% paraformaldehyde and
embedded in paraffin.
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Results
To evaluate the potential of the anti-dermatan sulfate antibody to identify collagen fibrils
we applied immuno-electron microscopy using rat kidney cryosections. Antibody
reactivity, as visualized by gold sphere-labeled protein A, was confined to collagen fibrils
whereas other structures like cells and basement membranes did not stain (Figure 1B).
Using immunofluorescence, antibody staining for dermatan sulfate was shown to
co-localize with type I collagen, and was abolished by pretreatment of the sections with
chondroitinase B, which specifically digests dermatan sulfate (Figure 1C).

Absence of dermatan sulfate in the biomaterials
All collagenous biomaterials used were tested for the presence of dermatan sulfate, using
immunohistochemical and/or biochemical techniques. Using immunofluorescence, dermatan
sulfate could not be detected in any of the biomaterials (Figure 1D, and Supplementary
figure S1). In addition, using a highly sensitive silver staining method, dermatan sulfate
could not be observed in collagen scaffolds (Figure 1E, lane 1) or in collagen gels (Figure 1E,
lane 2 and 3).

Collagen deposition in vitro and in vivo
Having demonstrated the capacity of the antibody to detect collagen fibrils by virtue of
its association with dermatan sulfate, and having established the absence of dermatan
sulfate in collagenous biomaterials, we studied newly synthesized collagen fibrils produced by
cells both in vitro and in vivo, using dermatan sulfate staining. Fibroblasts cultured in vitro
in a collagenous gel produced collagen as evidenced by the presence of dermatan sulfate,
which co-localized with type I collagen. Use of anti-type I collagen antibody did not
discriminate between bovine collagen from the scaffold and the human collagen produced by
the fibroblasts (Figure 2A1-3). Dermatan sulfate staining, however, indicated the location
of newly synthesized human collagen and was not present in the bovine scaffold collagen.
Dermatan sulfate was also identified biochemically, and was detected only in cellularized
collagen gels, and not in gels without cells (Figure 1E, lane 4). The location of newly
synthesized collagen was time dependent, and initially present only at the perimeter of
the fibroblasts (Figure 3B1). At later stages (e.g. 12 days of culturing) collagen was also
located further away from the cells, and eventually most of the original gel contained
newly synthesized collagen (Figure 2B4). These results were confirmed biochemically,
showing increased amounts of dermatan sulfate as a function of time (Figure 1E).
Glycosaminoglycans are evolutionary highly conserved structures that are found
throughout vertebrates as well as invertebrates148. It may therefore be expected that the
anti-dermatan sulfate antibody can be used irrespective of the species that deposits the
collagen. To evaluate this we stained collagen scaffolds implanted in different animal
species and in humans. The following samples were used: 1) a flat collagen scaffold
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Figure 1 Overview and validation of strategy to identify newly synthesized collagen by
dermatan sulfate. A) Cartoon illustrating the intrinsic association of dermatan sulfate with collagen
fibrils. B) Identification of collagen fibrils using the anti-dermatan sulfate single chain antibody
GD3A12. Arrows indicate immunogold labeling on collagen fibrils (rat kidney tissue, Bowman’s
capsule), but not on other structures such as cells and basement membranes. C) Specificity of the
anti-dermatan sulfate antibody as evidenced by loss of immunostaining after digestion of dermatan
sulfate by chondroitinase B (rat kidney tissue). Note co-localization of dermatan sulfate and type I
collagen. D, E) Absence of dermatan sulfate in pre-seeded/pre-implanted collagenous biomaterials
as indicated by (D) immunostaining for dermatan sulfate (antibody GD3A12), and (E) biochemical
analysis of dermatan sulfate (agarose gel electrophoresis). In D) arrows indicate identical areas
stained for dermatan sulfate and type I collagen. In E), lanes 1-3 represent acellular collagen gels/
scaffolds, whereas lanes 4 and 5 represent cellularized gels. M, marker containing 5 ng each of
chondroitin sulfate (CS), dermatan sulfate (DS) and heparan sulfate (HS). coll.fibril: collagen fibril.
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implanted subcutaneously in mice, 2) a tubular collagen scaffold implanted in the ureter
of pigs, 3) a commercial collagen-chondroitin sulfate skin substitute (Integra®) implanted
in a full-thickness skin defect in rats, 4) Integra® implanted in a soft tissue palatal defect in
dogs, 5) Glyaderm® (acellular human dermis) implanted in a full-thickness skin defect in
mice and 6) Glyaderm® clinically applied in full-thickness skin defects in humans140,141,143,144.
We were able to visualize the dermatan sulfate (and hence newly deposited collagen) in
all species tested, indicating the robustness and species independency of the procedure
(Figure 2C-D). In line with the ingrowth of cells from the surrounding tissue into the
scaffold, newly deposited collagen fibers were most prominent at the border of the
scaffold, whereas deeper in the scaffold they were thinner and less abundant (Figure 2C1).
Small collagen deposits could easily be identified (Figure 2C2). The newly formed collagen
was generally oriented in the same direction as the fibers from the original scaffold (e.g. in a
parallel orientation, see Figure 2C3). In the pig model (Figure 2D1), newly formed collagen
was clearly present alongside the collagen fibers of the original implanted tubular collagen
scaffold. Newly formed collagen fibers could also be easily identified in rats and dogs after
implantation (7 and 28 days respectively) with Integra® (Figure 2D2 and 2D3). Integra® itself
was not stained by the anti-dermatan sulfate antibody (Supplementary figure S1), even
though the closely related glycosaminoglycan chondroitin sulfate is abundantly present
in this commercially available skin substitute. The method was also applicable using the
human skin derived Glyaderm®. Full-thickness wounds in mice treated with Glyaderm
showed deposition of new collagen 8 days after implantation (Figure 2C4)141. Please note
that due to the strong autofluorescence of elastic fibers in Glyaderm® we used bright field
instead of fluorescence microscopy. Finally, the method was probed in a clinical setting
in which burn patients were treated using Glyaderm®144. Biopsies taken 7 days after
implantation clearly show new collagen in the dense collagenous environment of
Glyaderm® at the border of the wound bed (Figure 2D4). Collagen fibers of the surrounding
native tissue (i.e. in tissue not formed within the biomaterial) were also positive for
dermatan sulfate in all species tested, as expected.

60

A

B

3

C

D

Figure 2 Detection of newly synthesized collagen fibrils in cellularized/implanted collagenous
biomaterials. A) Collagen gel cultured for 6 days with human fibroblasts. Newly deposited collagen
is indicated by green dermatan sulfate staining (A2 and A3), whereas all collagen is indicated by red
type I collagen staining (A1 and A3). B) Location of newly deposited collagen in collagen gels
cultured in time with fibroblasts/keratinocytes. Note increase of new collagen over time (B1-4).
C) Newly deposited collagen fibrils (arrows) in a collagen scaffold (arrowhead), two weeks after
subcutaneous implantation in mice (C1-3) (for clarity, autofluorescence of background collagen was
enhanced). For Glyaderm® (acellular human dermis), new collagen is indicated by brown staining
(C4). D) Newly deposited collagen fibrils (arrow) in various species (D1-4) after implantation of a
collagen scaffold (arrowhead) in pig (1 month) (D1), Integra® (arrow head) in rat (1 week) (D2), Integra®
(arrow head) in dog (4 weeks) (D3), and Glyaderm® in human (inset shows fibrillar structure) (D4).
Scale bars are 50 µm unless indicated otherwise.
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Discussion
The results presented above indicate that the anti-dermatan sulfate antibody GD3A12 is
suitable to species independently detect newly formed collagen. Previously, analysis has
been hampered by the inability to (immuno)histologically distinguish newly formed
collagen from biomaterial/scaffold collagen. The technique described here offers a
solution to this problem. However, it is not without potential pitfalls. Although the vast
majority of dermatan sulfate is associated with collagen as part of the proteoglycans
decorin and biglycan, a small fraction may be present associated with other structures
such as elastin and fibrillin-containing microfibrils129,149. In addition, dermatan sulfate may
be part of the proteoglycan versican associated with elastic fibers150,151. However, in this
study we did not observe any association of dermatan sulfate with elastic fibers detected
either by autofluorescence or by anti-elastin antibodies (see double staining with
dermatan sulfate, Supplementary figure S2), indicating that such an association was not
present in the tissues studied here.
Next to the obvious use in regenerative medicine, the proposed method may be
applied to other fields of research including cancer biology. Tumor cells spread and invade
into the surrounding tissues while remodeling the extracellular matrix. It has been
suggested that in doing so tumor cells make use of newly deposited collagen fibrils152.
A widely used 3D model to study the migrational behavior of tumor cells is the use of
collagen gels. The technique described here may be of value in further defining the role
of newly formed collagen fibrils in tumor biology using such models126.
In conclusion, the detection of newly synthesized collagen based on its association
with dermatan sulfate and applying the single chain antibody GD3A12 represents an
inexpensive, fast and easy technique to evaluate the presence and orientation of de novo
synthesized collagen fibrils in collagen based biomaterials. As such it can be applied in
many research areas including tissue engineering and tumor biology.
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Supplementary figure S1 Absence of dermatan sulfate in collagenous biomaterials before
implantation/cell seeding. Immunostaining for dermatan sulfate (green) on A) acellular bovine
type I collagen hydrogel, B) Integra® before implantation and C) Glyaderm® before implantation.
Note lack of staining. Scale bars are 50 µm.

Supplementary figure S2 Absence of dermatan sulfate on elastic fibers shown by double
immunostaining of cryosections of sheep skin for elastin (red) and dermatan sulfate (green).
Elastic fibers (red, arrow) are negative for dermatan sulfate (green, arrow head), and dermatan sulfate
is negative for elastin staining. Scale bars are 50 µm.
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Abstract
Evaluation of skin substitutes may be prone to observer specific interpretation, hampering
clinical diagnosis. Here, we investigated whether gene expression analysis of small biopsies
could be used to evaluate a dermal substitute (Novomaix) in the treatment of burn
wounds. Wounds of adult burn patients (n = 4) were treated with Novomaix (a collagenbased scaffold) in combination with split-thickness skin graft or with split-thickness skin
graft alone. Biopsies were collected three months after implantation. Abdominal skin from
donors was used as a control. Different RNA isolation methods and DNase treatments
were tested and showed that the type of homogenization and the DNase treatment can
affect RNA quality. Using 500 pg of total RNA, gene expression levels were analyzed using
Affymetrix GeneChip® Human Gene 2.0 ST Arrays. When comparing both treatments, no
biological processes were identified using DAVID functional annotation tool. Compared to
native skin, both treatments showed enrichment for biological processes related to
extracellular matrix (ECM), indicating on-going ECM remodeling. This was substantiated
by polarized light microscopy showing thinner collagen fibers and less mature ECM in the
regenerating skin. No Novomaix remnants were found indicating full replacement by new
tissue. No differences between the two treatments were found when staining newly
synthesized collagen. Histological observations were in line with the gene expression
analysis.
Overall, we optimized a method to isolate high quality RNA from small skin biopsies
and show that gene expression analysis of Ø 2 mm biopsies gives a clear and unbiased
overview of the status of the analyzed biopsy.
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Introduction
The effectivity of skin substitutes in improving healing outcome can be evaluated by the
use of biopsies in several ways, including histology, cell viability assays and gene expression
analysis82. However, objective evaluation of the quality of the regenerated skin is often
difficult due to a lack of quantitative assays that can be performed on small biopsies153.
The ability to quantify the effectiveness of treatment methods to regenerate full thickness
skin defects could contribute to improved clinical diagnosis and treatment modalities153.
During wound healing, extracellular matrix deposition and remodeling is essential.
Key proteins in this process are the extracellular matrix molecules such as collagen and
elastin, matrix metalloproteinases (MMPs, ADAMTS), and tissue inhibitors of matrix metalloproteinases (TIMPS)41. Comprehensive gene expression analysis addressing the expression
of all the genes in the (human) genome generates large amounts of data that could
indicate the biological processes taking place in a skin substitute. For gene expression
analysis, high quality RNA is essential to obtain reliable results154. RNA isolation from skin is
challenging, due to its rigidity and high content of RNAses, often leading to a low yield
and low RNA integrity number155. In addition, the amount of mRNA is generally low due
to the abundancy of extracellular matrix and relatively low cellular content. Previously, we
showed that RNA isolation from cultured skin (collagen gels containing fibroblasts and
keratinocytes) using the MagNA lyser beads system gave good RNA quality156. However,
cultured skin substitutes are less rigid than skin tissue demanding a different RNA isolation
approach. In a phase I clinical trial, full thickness skin defects in adult burn patients were
treated with Novomaix dermal regeneration matrix (Matricel GmbH, Herzogenrath,
Germany), a unidirectional collagen and elastin scaffold combined with a split-thickness
skin graft (STSG) (experimental treatment) versus a conventional split-thickness skin graft
only (standard treatment). Within each patient, two comparable wounds were treated
with the experimental and the standard treatment.
In this study we optimized RNA isolation from small Ø 2 mm biopsies and analyzed
gene expression and biological processes in skin substitutes. Abdominal skin from donors
was used to optimize RNA isolation methods. Gene expression profiles from biopsies of
4 patients of abovementioned study were evaluated. Both experimental (Novomaix + STSG)
and standard (STSG alone) treated full thickness skin defects 3 months after implantation
were compared with each other and with native skin. In addition, the gene expression
data was compared to clinical outcome parameters and histological observations focusing
on extracellular matrix structure and orientation including a qualitative polarized light
technique and a technique to visualize newly deposited collagen based on the presence
of dermatan sulfate157,158.
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Patients and methods
Study design and participants
The materials used in this study were from Gardien et al. (manuscript in preparation). In short,
patients with acute burn wounds were included from June 2013 until April 2014 in an
intra-patient study design conducted at the Burn Center of the Red Cross Hospital in
Beverwijk, The Netherlands. The study was registered at ClinicalTrials.gov (NCT02164760)
and approved by the Dutch Medical Ethical Board (NL 42113.094.12) and the Medical Ethical
Committee (CLTMO/13.001). The study was carried out according to the declaration of
Helsinki. Two comparable wounds in each patient were treated with 1) the experimental
Novomaix regeneration matrix (Matricel GmbH, Herzogenrath, Germany) in combination
with a split-thickness skin graft (Novomaix + STSG, experimental treatment) and 2) a splitthickness skin graft alone (STSG, standard treatment) (manuscript in preparation). 4 patients
gave informed consent to collect biopsies 3 months after surgery for histological evaluation
and gene expression analysis. An overview of the characteristics of the four patients included
in this study is given in Supplementary table 1. Biopsies were snap frozen in liquid nitrogen
and stored at - 80 °C until RNA was isolated.
As a control for the gene expression analysis, four biopsies from native skin were used
from four female individuals who underwent abdominoplasty (age 45, 46, 64 and unknown).
Patients had no objection to the use of the material. Biopsies were snap frozen in liquid
nitrogen and stored at - 80 °C.
The time to complete wound closure was analyzed. Furthermore, the patient and
observer scar assessment scale (POSAS) was assessed86,159,160. The scar was further
evaluated on redness (erythema) and pigmentation (melanin) using the DSM II Colormeter
(Cortex Technology, Hadsund, Denmark). The results are presented as the mean of the
differences between treated skin and normal skin (unaffected area).
The data is analyzed in SPSS Statistics version 22 using a non-parametric Wilcoxon
signed ranks test. P<0.05 is considered significant.

Optimization of RNA isolation including DNase treatment
Two approaches were carried out to homogenize human skin biopsies prior to total
RNA extraction. The first approach made use of the MagNA Lyser green beads system
as described previously156. In short, frozen biopsies from human abdominal skin were
placed in a MagNA Lyser tube containing 1 ml of Trizol reagent. After three sequences of
beating and cooling, the RNA was isolated according to RNeasy mini kit protocol (Qiagen,
Hilden, Germany). In the second approach, the snap frozen biopsies from the same donor
were cut into approximately 20 times 20 μm sections and collected in cold Eppendorf
tubes. The sections were kept frozen until the addition of 1 ml TriPure reagent (Roche
Diagnostics, Mannheim, Germany). The tissue was homogenized by sequential use of 0.8,
0.6 and 0.5G needles. The second approach was used for further experiments. Hereafter,
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RNA was isolated according to the TriPure protocol with the use of chloroform and
isopropanol.
After RNA isolation according to the TriPure method, two DNase treatments were
probed: 1) DNase treatment during on-column RNA purification and 2) DNase treatment
before on-column RNA purification. In the first method, the RNA purification method
from the RNeasy micro kit was combined with an on-column DNase treatment according
to the supplied protocol. In the second approach, a DNase treatment as described in
Appendix D from the RNeasy micro kit (Qiagen) was performed in 100 μl reaction volumes.
Hereafter, RNA was purified using columns from the RNeasy mini kit according to the
manufacturer’s protocol “RNA clean-up”. The RNA was eluted in 14 μl RNase free water.
The second method, giving the best results, was used for further experiments. RNA quality
and yield were assessed with the RNA 6000 Nano kit and 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). For comparison, the same samples were used for
both DNase treatment methods.

Microarray gene expression analysis
Isolated RNA was amplified, labeled and fragmented according to the manufacturer’s
protocols using the Ovation® PICO WTA system V2 (NuGEN, San Carlos, USA) and the Encore®
biotin module (NuGEN), respectively161. This method allows amplification of as little as 500
pg RNA to 6-10 μg of single stranded cDNA (sscDNA) in one day. In short, 500 pg RNA was
amplified and obtained sscDNA was purified using the QIAquick PCR purification columns
(Qiagen). Hereafter, 3.4 μg of sscDNA was fragmented and labeled according to the protocol
supplied with the Encore® biotin module (NuGEN) in 0.75 volumes. The size distribution of
the fragmented and labeled sscDNA was evaluated on a 2% agarose gel. Next, fragmented
and labeled sscDNA was hybridized to a GeneChip® Human Gene 2.0 ST Array (Affymetrix,
Santa Clara, CA, USA) and scanned with the GeneChip® Scanner 3000 7G system (Affymetrix).
The human Gene 2.0 ST arrays contain 19360 protein coding genes, 5539 novel transcripts,
3602 RNA and non-protein coding genes, 3357 pseudogenes, 2683 uncharacterized
transcripts and 142 novel proteins. Partek® Genomics Suite® v6/6 (St. Louis, Missouri, USA)
was used for quality control and data analysis. One-way ANOVA with a Benjamini-Hochberg
post-hoc test was performed on the data set and generated gene-lists of differentially
expressed genes. Gene expression levels between the experimental treatment (Novomaix +
STSG), the standard treatment (STSG alone) and native skin were compared. Differentially
expressed genes with a fold change >2 and p-value <0.05 were further investigated in silico
for enrichment in biological processes using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) Bioinformatic Resources 6.8162,163. Up- and down regulated
genes were analyzed together and separately for enriched processes. Biological processes
were further filtered on fold-enrichment >2 and corrected for multiple testing using
Bonferroni post-hoc test p<0.05. A heat map presenting the individual expression levels per
gene per patient was generated using Transcriptome Analysis Console (Affymetrix).
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Histological analysis
The regenerated skin was analyzed histologically for the presence of immune cells and
extracellular matrix structures. The tissues were processed and embedded in paraffin for
routine histological analysis. Hematoxylin and eosin (H&E) staining was performed to
evaluate the presence of immune cells.
To further investigate the structure of the extracellular matrix, polarized light microscopy was performed on H&E stained sections as described previously164,165. To determine
whether NovoMaix was replaced by newly deposited collagen, a staining for dermatan
sulfate was applied. Dermatan sulfate is intrinsically associated with newly formed
collagen, and is absent in highly purified collagen used in dermal templates such as
NovoMaix. A double staining for dermatan sulfate and type I collagen was performed to
confirm the co-localization of dermatan sulfate and collagen fibrils158.
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Results
Optimization of RNA isolation and DNase treatment
To obtain high quality RNA, different isolation methods and DNase treatments were
probed. The first method using the MagNA lyser beads for homogenization greatly
affected RNA quality. Homogenization of the skin biopsies using needles resulted in
good quality RNA (Figure 1A). The integration of an on-column DNase treatment during
RNA purification showed reduced RNA quality. Sequential DNase treatment and RNA
purification did not affect RNA integrity (Figure 1B). Homogenization and RNA isolation
using the method with the needles and the DNase treatment followed by RNA purification
were applied on the biopsies from the Phase I clinical trial. The RIN score of the RNA from
the biopsies was on average 8.2, ranging from 6.8 to 9.2 indicating high quality RNA
(Figure 1C). From two samples the RIN score could not be assessed due to a low
concentration. However, clear 28 and 18 S bands were observed demonstrating intact RNA.

Differentially expressed genes
The number of differentially expressed genes between the experimental treatment and
native skin was compared to the number of differentially expressed genes between the
standard treatment and native skin. In total 864 genes differed in the experimental
treatment (Novomaix + STSG) from native skin, whereas 1109 genes were differentially
expressed in the standard treatment (STSG alone) compared to native skin. Between the
two treatments, 68 genes differed (Supplementary table S2A). The expression levels of
these genes are visualized for each patient using a heat map (Figure 2). A subdivision was
made to visualize the number of genes per transcript class (Supplementary table S2B).
From the 68 genes that significantly differed in expression level between the two
treatments, the majority was identified as protein coding genes (26), followed by noncoding RNA (21), pseudo genes (10) and novel transcripts (9) of which no literature could
be retrieved (Supplementary table S3).

Enrichment for biological processes
To identify biological processes characterized by specific gene expression profiles, DAVID
functional annotation tool was used. Gene sets containing both up and down regulated
genes were analyzed for enrichment (Table 1A). In addition, gene lists containing either up
or down regulated genes were analyzed separately to identify biological processes,
generating related (e.g. wound healing) as well as unrelated (e.g. heart development)
processes (Supplementary table S4). For both analyses (combined or separate up and
down regulated genes), no biological processes were found enriched in the gene sets
where the two treatments were compared, which is in line with the data for these four
patients presented by Gardien and co-authors. When comparing the experimental
treatment or standard treatment with the native skin, 11 GO-terms were significantly
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Figure 1 Characterization of RNA isolated from small skin biopsies. Given are the RNA integrity
numbers (RIN) and the electrophoretic profiles including the 28 and 18S bands A) Comparison of
two homogenization methods using MagNA Lyser beads and use of needles. Homogenization
using needles rendered high quality RNA based on the RNA integrity number (RIN). B) Comparison
of DNase treatment: 1) DNase treatment during the on-column RNA purification and 2) DNase
treatment after RNA isolation followed by on-column RNA purification. The quality of the RNA
before (input) and after (output) DNase treatment and purification is shown. The addition of DNase
during on-column RNA purification largely affected RNA quality; addition of DNase before purification of
the RNA resulted in high quality RNA. C) Characteristics of the samples used for the gene expression
microarray study. Distinct 28 and 18S bands are visible indicating high quality RNA. Yield of the RNA
and sscDNA is given. Age and gender of the individuals is given when available. N/A = not available.

4

Figure 2 Heat map showing the individual expression levels of the genes that were differentially
expressed between wounds treated with Novomaix + split-thickness skin graft (STSG)
(experimental treatment), and with a STSG alone (standard treatment). The columns represent
individual samples (n=4) in either experimental (black) or standard (grey) treatment. Expression
values on a scale of 1-11 are presented as follows: > 6 are visualized in red, <6 in blue and 6 = white.
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Table 1 Enriched biological processes and differentially expressed genes of
extracellular matrix associated biological processes
A)
Enrichment of biological processes
Experimental treatment * vs Standard treatment **
Term

Fold
Enrichment

Bonferroni

No terms were enriched
Standard treatment ** vs Native skin
Term

Fold
Enrichment

Bonferroni

GO:0030198~extracellular matrix organization

6.27

4.29E-24

GO:0030199~collagen fibril organization

12.84

2.09E-15

GO:0030574~collagen catabolic process

7.82

5.07E-10

GO:0007155~cell adhesion

2.92

1.05E-09

GO:0022617~extracellular matrix disassembly

5.69

1.07E-05

GO:0001503~ossification

5.40

2.57E-05

GO:0001501~skeletal system development

3.99

8.92E-05

GO:0042060~wound healing

4.84

9.85E-04

GO:0001649~osteoblast differentiation

4.16

1.78E-03

GO:0071560~cellular response to transforming growth factor
beta stimulus

5.57

2.12E-02

GO:0035987~endodermal cell differentiation

7.58

4.30E-02

Fold
Enrichment

Bonferroni

GO:0030198~extracellular matrix organization

7.10

1.14E-22

GO:0030199~collagen fibril organization

15.19

7.54E-15

GO:0007155~cell adhesion

3.36

1.57E-10

GO:0030574~collagen catabolic process

9.25

4.50E-10

GO:0001501~skeletal system development

4.76

1.69E-05

GO:0001503~ossification

5.92

1.61E-04

GO:0001649~osteoblast differentiation

5.13

1.79E-04

GO:0071230~cellular response to amino acid stimulus

7.56

8.99E-04

GO:0022617~extracellular matrix disassembly

5.46

3.69E-03

GO:0035987~endodermal cell differentiation

9.87

5.35E-03

GO:0009612~response to mechanical stimulus

6.02

9.97E-03

Experimental treatment * vs Native skin
Term
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Table 1 Continued
B)
GO.0030198 Extracellular matrix organization, GO.0030199 Collagen fibril organization,
GO.0030574 Collagen catabolic process
Experimental
Standard
treatment ** treatment *
vs Native skin vs Native skin

Gene

Gene description

ACAN

aggrecan

2.23

ADAMTS14

ADAM metallopeptidase with thrombospondin
type 1 motif, 14

2.27

ADAMTS2

ADAM metallopeptidase with thrombospondin
type 1 motif, 2

8.28

8.95

B4GALT1

UDP-Gal:betaGlcNAc beta 1,4galactosyltransferase, polypeptide

2.12

2.06

BGN

biglycan

7.10

7.10

CD44

CD44 Molecule

-2.83

CCDC80

coiled-coil domain containing 80

2.13

COL10A1

collagen, type X, alpha 1

4.29

COL11A1

collagen, type XI, alpha 1

10.47

10.46

COL12A1

collagen, type XII, alpha 1

10.86

8.73

COL14A1

collagen, type XIV, alpha 1

9.73

10.54

COL16A1

collagen, type XVI, alpha 1

2.48

2.41

COL1A1

collagen, type I, alpha 1

7.56

7.13

COL1A2

collagen, type I, alpha 2

9.66

8.79

COL3A1

collagen, type III, alpha 1

12.46

10.79

COL4A1

collagen, type IV, alpha 1

3.05

3.37

COL5A1

collagen, type V, alpha 1

6.86

6.66

COL5A2

collagen, type V, alpha 2

13.88

13.44

COL6A1

collagen, type VI, alpha 1

4.13

4.19

COL6A2

collagen, type VI, alpha 2

4.20

4.00

COL6A3

collagen, type VI, alpha 3

6.46

6.22

COL6A6

collagen, type VI, alpha 6

2.57

3.09

COL8A1

collagen, type VIII, alpha 1

9.14

5.82

COMP

cartilage oligomeric matrix protein

16.17

9.57

CRISPLD2

cysteine-rich secretory protein LCCL domain
containing 2

4.34

4.10

CTSK

cathepsin K

2.39

2.59

CTSL

cathepsin L

2.40

2.18

DPT

dermatopontin

5.66

5.36

4

2.17
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Table 1 Continued
B)
GO.0030198 Extracellular matrix organization, GO.0030199 Collagen fibril organization,
GO.0030574 Collagen catabolic process
Experimental
Standard
treatment ** treatment *
vs Native skin vs Native skin

Gene

Gene description

ECM2

extracellular matrix protein 2, female organ and
adipocyte specific

2.12

EGFL6

EGF-like-domain, multiple 6

8.07

EMILIN1

elastin microfibril interfacer 1

2.27

FBN1

fibrillin 1

3.96

3.74

FBN2

fibrillin 2

2.58

2.08

FMOD

fibromodulin

3.68

3.52

FN1

fibronectin 1

11.17

8.56

FOXC1

forkhead box C1

-3.32

-4.28

HSPG2

heparan sulfate proteoglycan 2

2.34

2.47

ITGA1

integrin, alpha 1

2.13

ITGA11

integrin, alpha 11

6.00

4.46

ITGAV

integrin, alpha V

2.48

2.45

ITGB8

integrin, beta 8

-2.43

-2.25

LAMA2

laminin, alpha 2

2.10

2.50

LAMA4

laminin, alpha 4

2.16

2.06

LAMB1

laminin, beta 1

3.19

2.56

LOX

lysyl oxidase

4.38

4.56

LOXL1

lysyl oxidase-like 1

3.90

4.75

LOXL2

lysyl oxidase-like 2

3.45

2.65

LUM

lumican

4.02

3.84

MFAP2

microfibrillar-associated protein 2

3.26

3.36

MMP14

matrix metallopeptidase 14 (membraneinserted)

2.93

2.82

MMP16

matrix metallopeptidase 16 (membraneinserted)

3.67

3.45

MMP19

matrix metallopeptidase 19

2.58

2.13

MRC2

mannose receptor, C type 2

4.49

4.91

NID1

nidogen 1

2.84

4.95

NID2

nidogen 2 (osteonidogen)

5.33

5.63

OLFML2B

olfactomedin Like 2B

6.52

5.93

POSTN

periostin, osteoblast specific factor

15.29

13.02
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Table 1 Continued
B)
GO.0030198 Extracellular matrix organization, GO.0030199 Collagen fibril organization,
GO.0030574 Collagen catabolic process
Experimental
Standard
treatment ** treatment *
vs Native skin vs Native skin

Gene

Gene description

PRDX4

peroxiredoxin 4

2.18

PXDN

peroxidasin homolog (Drosophila)

4.12

RECK

reversion-inducing-cysteine-rich protein with
kazal motifs

SCX

scleraxis basic helix-loop-helix transcription
factor

3.95

3.30

SERPINH1

serpin peptidase inhibitor, clade H (heat shock
protein 47)

2.95

3.12

SFRP2

secreted frizzled-related protein 2

8.84

9.04

SMOC2

SPARC related modular calcium binding 2

4.59

4.18

SOX9

SRY (sex determining region Y)-box 9

-2.44

-2.80

SPARC

secreted protein, acidic, cysteine-rich
(osteonectin)

5.77

6.11

SPINT1

serine peptidase inhibitor, Kunitz type 1

-3.19

-2.23

SPP1

secreted phosphoprotein 1

3.92

TGFBR1

transforming growth factor, beta receptor 1

2.30

2.63

THBS1

thrombospondin 1

5.29

4.87

TNC

tenascin C

10.20

7.68

TNXB

tenascin XB

-2.94

VCAN

versican

5.20

4.44

VIT

vitrin

-3.50

-3.40

3.95
2.13

4

Table 1 A) Enrichment in biological process GO-terms of differentially expressed genes between the three
groups; both up and down regulated genes were included. No enrichment was found when comparing the
experimental treatment with the standard treatment. The fold enrichment (>2) and the significance (<0.05) are
given for each GO-term. The processes are sorted on Bonferroni p-value. B) Differentially expressed genes from the
top 4 biological processes related to extracellular matrix when comparing the treatments with native skin.
Fold changes are given >2, p<0.05. No differences were found between the experimental and standard treatment.
* = treatment with Novomaix combined with a split thickness skin graft (Experimental treatment), ** = treatment
with a split thickness skin graft alone (Standard treamtent).
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enriched (Table 1A). Gene sets from both treatments were characterized by a number of
biological processes related to the extracellular matrix (top 4 GO-terms) (Table 1A). For
both treatments, the majority of the genes related to the extracellular matrix were
upregulated compared to native skin (Table 1B).

Histology and clinical outcome
To substantiate the biological processes identified using gene expression analysis, we
evaluated the skin three months after treatment at the histological level (H&E staining). No
obvious increase in immune cells was detected (Figure 3A). To have a more in depth
comparison of the structure of the collagen fibers in the regenerated skin and in native
skin, polarized light microscopy was used. Differences in fiber thickness were observed
between the regenerated skin and the native skin. The newly formed collagen fibers in
the regenerated skin were thinner and less birefringent than native skin indicating a new
and less mature extracellular matrix (Figure 3A). Staining for dermatan sulfate was used to
assess whether novel collagen fibrils were synthesized to replace the implanted collagen
matrix Novomaix. This method is based on the intrinsic association of dermatan sulfate
with collagen fibrils and is only valid if the purified collagen used for the production of
Novomaix is absent of dermatan sulfate158. Staining of Novomaix before implantation was
negative for dermatan sulfate (Figure 3B). A uniform staining of dermatan sulfate (top row)
was observed throughout the dermis of both the experimental and standard treated skin.
No areas were negative for dermatan sulfate, indicating that Novomaix was absent in the
tissue, three months after implantation due to degradation (Figure 3B).
In the four patients included in this study, the POSAS scores and erythema and
melanin index were not significantly different (Supplementary table S1), which is in line
with the gene expression data, and may be an effect of the small study group.
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Figure 3 Histology of the regenerating skin 3 months after treatment with Novomaix
combined with a split thickness skin graft (STSG) (experimental treatment) or with a STSG
alone (standard treatment). A) HE-staining visualized using bright field (top row) and polarized
light (bottom row). No inflammation was observed. Both treatments show thinner collagen fibers
than the native skin. B) Staining of newly synthesized collagen fibrils using the dermatan sulfate
methodology158. Equal staining of dermatan sulfate (top row) throughout the dermis indicating
presence of newly synthesized collagen. No remnants of Novomaix, which is free of dermatan
sulfate, were visible (Novomaix before implantation). In the bottom row, all collagen is stained,
including Novomaix.
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Discussion
Objective evaluation of effects of skin substitutes by the use of quantitative assays could
improve clinical diagnosis153. In this study we show that skin substitutes / scar quality can
be analyzed using an unbiased method based on gene expression levels. Biopsies as small
as 2 mm can be used to isolate RNA of good quality. We believe that even smaller biopsies
could suffice, since RNA yield ranged from 80 to 5000 ng, where 500 pg as input would
suffice. Using single primer isothermal amplification (SPIA), we could amplify as little as
500 pg of RNA to single stranded cDNA ranging from 4 to 11 μg in total (Supplementary
figure S1)161. As we did not use the complete Ø 2 mm biopsy but only approximately
400 μm (depth), we think that gene expression analysis according to the described
methods may also be performed on sample sizes smaller than 2 mm. However, the total
biopsy size may affect RNA quality during isolation. The method to homogenize tissue
samples is crucial to good quality RNA. In addition, depending on the RNA isolation
method, the DNase digestion can influence RNA quality as well. These steps should be
taken into account during optimization of procedures, as the RNA quality determines the
quality of the gene expression data154.
In our study, both types of analysis (separate and all differentially expressed genes)
did not show enrichment for GO-terms related to immune response. This observation is in
line with the clinical outcome analysis (Gardien et al. manuscript in preparation), which
was confirmed by our histological observations (Figure 3) where no obvious immune
response could be detected. Both treatments showed enrichment for processes involved
in wound healing, such as extracellular matrix deposition, collagen synthesis and glycosaminoglycan metabolic process. For both treatments, genes present in these GO-terms
were upregulated compared to native skin, indicating that processes related to wound
healing such as extracellular matrix deposition (type I, III, IV, V, VI and IIX collagen, fibrillin 1
and 2), and remodeling (lysyl oxidase, lysyl oxidase like 1 and 2, ADAMTS2, fibromodulin,
and MMP14, 16, and 19), were ongoing at this time point166. This would, moreover, be in
line with the histological data, where the regenerated skin showed more juvenile
extracellular matrix structures compared to the well-developed and mature extracellular
matrix in the native skin. Thinner fibers were observed in the dermis of the treated burn
wounds, whereas the fibers in the native skin were thicker and more rigid. It is known that
newly formed delicate collagen fibrils that are formed during wound healing are less
acidophile and birefringent than mature collagen fibers in the native skin157. Upon ageing,
fibers in the ECM become more crosslinked, leading to thicker and more rigid fibers as
well167. This confirms the microarray data suggesting that the tissue is less mature and still
in the phase of maturation. In corroboration with the microarray data, no histological
differences were observed between the two treatments.
Interpretation of large gene sets based on enrichment for biological processes is
complex and cumbersome. Genes are known to have different functions dependent on
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the context in which they are expressed. Using enrichment tools, the set of genes is taken
out of context. This strengthens the unbiased nature of the use of high-density gene
expression microarrays on one hand. On the other hand in our case, without a given
context many processes that are extraneous to wound healing are linked to our gene set
(e.g. skeletal system development, ossification).
Pathways are perturbed by both up and down regulated genes. Separate analysis of
either up or down regulated gene sets could therefore lead to an incomplete picture.
However, others described that a separate analysis can be more powerful due to the fact
that gene pairs that are related by function tend to have a positive correlation on gene
expression levels and could increase disease-associated pathway detection168. Besides an
analysis on all differentially expressed genes, we performed an analysis on separate gene
sets. Indeed, more pathways related to the phenotype were enriched (wound healing,
epidermis development). However, more unrelated pathways were also found enriched
such as “heart development, positive regulation to zinc and cellular response to amino
acid stimulus”. By performing a separate analysis as well as all the up and down regulated
genes taken together, all related processes will surface.
In conclusion, we have optimized the use of high-density gene expression microarrays
for small skin biopsies. This method was tested on biopsies from a Phase I clinical trial and
showed no differences between treatments on gene expression level. These results were
confirmed by histology showing that gene expression analysis can be used for unbiased
analysis of skin substitutes.
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Supplementary information
Supplementary table S1
Patient characteristics and clinical outcome
Characteristic

Value

Number of patients

4

Gender: male/female

3/1

Age at surgery (years), median (range)

63 (25-70)

Type of wound: acute burn wound/reconstruction

4/0

Total Body Surface Area (%), median (range)

8 (4-18)

Operation (post burn day), median (range)

11 (10-12)

Time to complete wound healing*, median (range)
- Experimental

15 (10-29)

- Standard

15 (6-16)

POSAS observer, mean (standard deviation)
- Experimental

16 (2)

- Standard

17 (1)

POSAS patient, mean (standard deviation)
- Experimental

28 (5)

- Standard

28 (5)

Erythema, mean (standard deviation)
- Experimental

9 (3)

- Standard

11 (4)

Melanin, mean (standard deviation)
- Experimental

12 (2)

- Standard

14 (4)

* Days post-surgery to >95% epithelialization

82

83

37

Down

9
21
10
1
1

Novel transcript

RNA and non-protein coding

Pseudogenes

Uncharacterized

Novel proteins

0

37

35

110

79

848

Standard treatment **
vs Native skin

Spotted on array
19360
5539
3602
3357
2683
142

Experimental treatment *
vs Native skin
653
64
91
31
25
0

368

496

864

Experimental treatment *
vs Native skin

* = treatment with Novomaix combined with a split-thickness skin graft, ** = treatment with split-thickness skin graft alone, # = based on Affymetrix nomenclature.

26

Experimental treatment *
vs Standard treatment **

Protein coding

Transcript class #

506

603

1109

Standard treatment **
vs Native skin

Subdivision of differentially expressed genes

31

Up

B

68

Experimental treatment *
vs Standard treatment **

Number of differentially expressed genes (out of 34683 transcripts spotted on array)

Total

A

Supplementary table S2 Number of differentially expressed genes between the experimental treatment versus the standard treatment,
the standard treatment versus native skin and the experimental treatment versus native skin. A) The number of upregulated and down
regulated genes with a fold change >2 and P<0.05. Compared to native skin, the experimental treatment shows less differentially
expressed genes than the standard treatment. B) Subdivisions of the differentially expressed genes into the various classes of transcripts.
In total 34683 transcripts were spotted on the array.
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Gene description

novel transcript

chromosome 6 open reading frame 62

CACNA1C intronic transcript 3 (non-protein
coding)

coiled-coil domain containing 71

DDB1 and CUL4 associated factor 15

endogenous retrovirus group K13, member 1

F-box protein 27

FK506 binding protein 8, 38kDa

GATA binding protein 3

G patch domain containing 2-like

novel transcript

glutathione S-transferase mu 2 (muscle)

intraflagellar transport 80 homolog
(Chlamydomonas)

immunoglobulin lambda variable 8-61

inositol polyphosphate-5-phosphatase, 75kDa

integrator complex subunit 4

keratin 6C

lactamase, beta

long intergenic non-protein coding RNA 152

Gene

AC017002.2

C6orf62

CACNA1C-IT3

CCDC71

DCAF15

ERVK13-1

FBXO27

FKBP8

GATA3

GPATCH2L

GS1-124K5.3

GSTM2

IFT80

IGLV8-61

INPP5B

INTS4

KRT6C

LACTB

LINC00152

-2.04

-2.02

-2.47

-2.08

-2.06

4.67

-2.23

2.40

2.21

2.95

2.43

2.00

2.05

-2.20

2.03

-2.52

-2.04

2.20

-2.30

Fold
Change

RPL23AP82

RP3-511B24.6

RP13-216E22.4

RP11-712L6.5

RP11-62I21.1

RP11-603J24.6

RP11-505C13.1

RP11-49O14.3

RP11-495K9.5

RP11-118A3.1

RNU6ATAC10P

RNU6-550P

RNU6-482P

RNU6-1262P

RNU6-118P

RNU1-124P

RNA5SP428

RNA5SP385

RASA4B

Gene

2.01

2.65

novel transcript, PLCG1-ribosomal protein L23a ps
ribosomal protein L23a pseudogene 82

5.27

2.05

-2.25

-2.83

-2.91

-2.28

-2.45

2.72

-5.77

7.52

-2.08

-3.70

-4.08

2.14

2.06

2.64

3.72

Fold
Change

putative novel transcript

novel protein

novel transcript

novel transcript, antisense to ZC3H10 and ESYT1

putative novel transcript

novel transcript

novel transcript

novel transcript

RNA, U6atac small nuclear 10, pseudogene

RNA, U6 small nuclear 550, pseudogene

RNA, U6 small nuclear 482, pseudogene

RNA, U6 small nuclear 1262, pseudogene

RNA, U6 small nuclear 118, pseudogene

RNA, U1 small nuclear 124, pseudogene

RNA, 5S ribosomal pseudogene 428

RNA, 5S ribosomal pseudogene 385

RAS p21 protein activator 4B

Gene description

Differentially expressed genes between Experimental treatment * and Standard treatment **

Supplementary table S3 Differentially expressed genes between experimental and standard treated wounds. In total 68 genes were
up/down regulated, containing 26 protein-coding genes, 10 pseudo genes, 9 novel transcripts and 21 RNA-coding genes. The gene list
is sorted on alphabet.
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lipase, family member N

uncharacterized LOC101928173

FSHD region gene 1 pseudogene

MICAL C-terminal like

microRNA 181b-1

microRNA 370

microRNA 4451

microRNA 4524a

microRNA 543

microRNA 558

MMP24 antisense RNA 1

purinergic receptor P2Y, G-protein coupled, 14

poly(A) binding protein interacting protein 2B

platelet derived growth factor D

LIPN

LOC101928173

LOC283788

MICALCL

MIR181B1

MIR370

MIR4451

MIR4524A

MIR543

MIR558

MMP24-AS1

P2RY14

PAIP2B

PDGFD

2.18

2.31

2.61

-3.07

3.04

-3.09

-2.17

-3.81

-2.42

-2.68

2.48

-2.23

-2.09

-2.19

-2.02

ZNF280D

TRANK1

SULF1

SNORD92

SNORD57

SNORD53

SNORD4B

SNORD44

SNORD42A

SNORD35B

SNORD114-2

SNORD103A

SNORA76A

SNORA11

S100A7

3.12
-2.02
6.59
2.99
3.26
2.20

small nucleolar RNA, C
small nucleolar RNA, C
small nucleolar RNA, C
small nucleolar RNA, C
small nucleolar RNA, C
small nucleolar RNA, C

-4.68

-3.43

small nucleolar RNA, C

zinc finger protein 280D

-2.53

small nucleolar RNA, C

-2.75

2.16

small nucleolar RNA, C

tetratricopeptide repeat and ankyrin repeat
containing 1

6.15

small nucleolar RNA, H

-2.28

-6.04

small nucleolar RNA, H

sulfatase 1

-4.98

S100 calcium binding protein A7

* = treatment with Novomaix combined with a split-thickness skin graft, ** = treatment with a split-thickness skin graft alone

long intergenic non-protein coding RNA 665

LINC00665
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Supplementary Table S4 Enrichment of biological processes of either up or down
regulated genes between the native skin and the two treatments.
Standard treatment ** vs Native skin: downregulated genes
Term

Fold
Enrichment

Bonferroni

GO:0008544~epidermis development

6.39

1.80E-02

GO:0000122~negative regulation of transcription from RNA
polymerase II promoter

2.33

2.27E-02

GO:0071356~cellular response to tumor necrosis factor

5.39

3.07E-02

GO:0007623~circadian rhythm

6.59

4.29E-02

GO:0045600~positive regulation of fat cell differentiation

8.41

8.68E-02

GO:0045944~positive regulation of transcription from RNA
polymerase II promoter

2.01

8.75E-02

GO:0042542~response to hydrogen peroxide

7.75

1.44E-01

GO:0000302~response to reactive oxygen species

8.86

2.37E-01

Standard treatment ** vs Native skin: upregulated genes
Term

Fold
Enrichment

Bonferroni

GO:0030198~extracellular matrix organization

10.55

5.71E-32

GO:0030199~collagen fibril organization

21.64

6.12E-18

GO:0030574~collagen catabolic process

14.50

1.10E-15

GO:0007155~cell adhesion

4.32

1.89E-13

GO:0001649~osteoblast differentiation

6.49

3.71E-05

GO:0022617~extracellular matrix disassembly

7.77

4.01E-05

GO:0001501~skeletal system development

5.54

4.32E-05

GO:0035987~endodermal cell differentiation

14.06

2.32E-04

GO:0002063~chondrocyte development

19.69

1.20E-03

GO:0010811~positive regulation of cell-substrate adhesion

9.99

4.07E-03

GO:0042060~wound healing

6.33

4.64E-03

GO:0042340~keratan sulfate catabolic process

21.10

8.45E-03

GO:0007507~heart development

3.92

1.26E-02

GO:0070208~protein heterotrimerization

18.08

2.04E-02

GO:0001503~ossification

5.80

3.08E-02

GO:0001525~angiogenesis

3.22

1.34E-01

GO:0071230~cellular response to amino acid stimulus

7.18

1.70E-01

GO:0006888~ER to Golgi vesicle-mediated transport

3.69

1.75E-01

GO:0048846~axon extension involved in axon guidance

17.58

2.00E-01
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Supplementary Table S4 Continued.
Standard treatment ** vs Native skin: upregulated genes
Term
GO:0061077~chaperone-mediated protein folding

Fold
Enrichment

Bonferroni

7.98

3.01E-01

GO:0016477~cell migration

3.43

3.27E-01

GO:0032964~collagen biosynthetic process

28.13

3.46E-01

GO:0001958~endochondral ossification

9.74

4.15E-01

GO:0018146~keratan sulfate biosynthetic process

9.04

5.38E-01

GO:0000413~protein peptidyl-prolyl isomerization

6.87

5.66E-01

GO:0071711~basement membrane organization

21.10

6.83E-01

GO:0035904~aorta development

11.72

7.09E-01

GO:0048701~embryonic cranial skeleton morphogenesis

8.17

7.16E-01

4

Experimental treatment * vs Native skin: downregulated genes
Term

Fold
Enrichment

Bonferroni

GO:0071294~cellular response to zinc ion

22.47

9.05E-03

GO:0045926~negative regulation of growth

22.47

9.05E-03

Experimental treatment * vs Native skin: upregulated genes
Term

Fold
Enrichment

Bonferroni

GO:0030198~extracellular matrix organization

11.13

1.81E-28

GO:0030199~collagen fibril organization

23.41

3.38E-16

GO:0030574~collagen catabolic process

15.85

1.31E-14

GO:0007155~cell adhesion

4.86

1.67E-14

GO:0001501~skeletal system development

6.30

1.85E-05

GO:0022617~extracellular matrix disassembly

8.68

4.26E-05

GO:0035987~endodermal cell differentiation

16.91

5.10E-05

GO:0001649~osteoblast differentiation

6.83

1.97E-04

GO:0071230~cellular response to amino acid stimulus

10.79

4.31E-04

GO:0042060~wound healing

6.98

5.67E-03

GO:0002063~chondrocyte development

20.29

1.12E-02

GO:0016525~negative regulation of angiogenesis

7.36

4.18E-02

No enrichment was found when comparing the experimental treatment with the standard treatment. For both
treatments, the set of down regulated genes (native skin versus a treatment) was enriched for wound healing
terms. The processes are sorted on significance.
* = treatment with Novomaix combined with a split-thickness skin graft, ** = treatment with a split-thickness
skin graft alone.
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Abstract
Primary closure of fetal skin in spina bifida protects the spinal cord and improves clinical
outcome, but is also associated with postnatal growth malformations and spinal cord
tethering. Here, we evaluated the postnatal effects of prenatally closed full-thickness skin
defects in sheep applying collagen scaffolds with and without heparin/VEGF/FGF2,
focusing on skin regeneration and growth.
At 6 months COL-HEP/GF resulted in a 6.9 fold increase of the surface area of the
regenerated skin opposed to 1.7x for collagen only. Epidermal thickness increased 5.7
fold at 1 month, in line with high gene expression of S100 proteins, and decreased to
2.1 at 6 months. Increased adipose tissue, reduced scaffold degradation and number of
myofibroblasts were observed for COL-HEP/GF. Gene ontology terms related to extracellular
matrix (ECM) organization were enriched for both scaffold treatments. In COL-HEP/GF,
ECM gene expression resembled native skin. Expression of hair follicle-related genes in
COL-HEP/GF was comparable to native skin, and de novo hair follicle generation was
indicated.
In conclusion, in utero closure of skin defects using functionalized collagen scaffolds
resulted in long-term skin regeneration and growth. Functionalized collagen scaffolds
that grow with the child may be useful for prenatal treatment of closure defects like spina
bifida.
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Introduction
During early embryonic development the skin and underlying tissues close at the midline
leading to the formation of the ventral body wall, as well as the back of the fetus covering
the neural tube61. When closure of the neural tube fails, exposure of the spinal cord to the
intrauterine environment causes in utero degeneration of the exposed spinal cord tissue,
leading to numerous symptoms including impaired motor function of the lower limbs
and bladder and bowel dysfunction62,64,169-172. Prenatal coverage of the spinal cord in
spina bifida improves the outcome in animal models as well as in patients66,67,170. However,
development of dermoid cysts, tethering of the spinal cord and growth retention of the
scar may occur, resulting in neurological deterioration and loss of function of the lower
extremities170,172-175. In addition, primary closure of large defects using the delicate fetal
skin is challenging since tension can easily lead to tearing of the skin176,177. As an alternative,
tissue engineering may be used to surgically close these defects in utero. In a previous
study, we showed that collagen scaffolds loaded with heparin and the heparin binding
growth factors vascular endothelial growth factor (VEGF) and fibroblast growth factor 2
(FGF2) improved in utero skin regeneration in a sheep model for fetal skin defects178. VEGF
and FGF2 were chosen for their capacity to improve vascularization and stimulate cell
migration35,53,179. In this study we investigated the postnatal effects of prenatal closure of
full thickness skin defects in sheep applying collagen scaffolds with and without heparin/
VEGF/FGF2 focusing on skin regeneration and skin growth. The regenerated skin was
analyzed using (semi-)quantitative histology and high density gene expression analysis of
laser-capture microdissected epidermis and dermis.
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Materials & Methods
Experimental design
To improve early intra-uterine closure of large full thickness skin defects that occur as a
consequence of a developmental disorder as in for instance spina bifida, bioscaffolds are
being developed. Here we investigated the long-term effect of intra uterine closure of full
thickness skin defects using collagen scaffolds functionalized with heparin and growth
factors. After implantation at 79 days post gestation in lambs, evaluation was planned
at 1, 3 and 6 months postnatally (see below). It is hypothesized that at 6 months, the skin
will be fully regenerated and that the use of heparin, VEGF and FGF2 will sustain skin
regeneration and growth. We aimed to study in depth the postnatal outcome of prenatally
applied bioscaffolds focusing on the molecular aspects of skin regeneration and on the
ability of the regenerated skin to grow with the sheep.
Power analysis indicated a sample size of 3.2 sheep (n=4) to detect a reliable difference
between the treatments. In addition, based on previous experience, the drop-out was
estimated at 20%178. In 15 lambs from 8 ewes three full-thickness skin defects were made.
Initially the groups were as follows: 1 month (n=5), three months (n=5) and 6 months
(n=5). However, the three months time period was excluded and the 1 month time point
was finished in n=3, due to drop out of 8 lambs (Supplementary table S1: one lamb
suffered from heart failure, one lamb underwent a reconstructive surgery due to swelling
of the wound area of the ewe but died intra uterinely, 4 lambs died in utero due to
complications associated with the surgery and one lamb died during delivery caused by
suffocation). All lambs received three treatments to close the full thickness skin defects
created at 79 days post gestation: 1) type I collagen scaffold (COL), 2) type I collagen scaffold
loaded with heparin, VEGF and FGF2 (COL-HEP/GF) and 3) untreated. After 6 months,
native skin was also collected and used as a control.

Implantation of collagen scaffolds
All procedures were performed according to the Institute of Laboratory Animal Research
guide for Laboratory Animals. This study was approved by the Nijmegen Medical Center
Animal Ethics Committee (study protocol RU-DEC 2008-128). On the back of in total 15 lambs
of Dutch Texel breed (7 twins), three 12 mm diameter full thickness skin defects were made,
at 79 days post gestation. The operation was performed as described178. Each defect was
closed with either 1) a collagen scaffold (COL), 2) a collagen scaffold loaded with heparin,
VEGF and FGF2 (COL-HEP/GF) or 3) left untreated. The scaffolds were marked and sutured
to the surrounding tissue. Hereafter, the fetus was placed back into the womb. One lamb
was left in the 3 month group and was excluded from this study due to lack of statistical
power. Therefore, the three-month time point was excluded from the study, leaving 3
and 4 lambs in the 1 and 6 months groups respectively. The lambs were carried to term,
and were sacrificed 1 and 6 months after natural delivery. Skin was dissected and embedded
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in TissueTek (gene expression analysis) or fixed in 4% paraformaldehyde and embedded
in paraffin (histology).

Histology
Paraffin embedded tissue from the middle of the defects obtained at 1 and 6 months
postnatally was sectioned at 5 µm thickness. Sections were deparaffinized and stained
with hematoxylin and eosin (H&E) and Elastin von Masson staining.
Immunohistochemistry
To visualize the presence of the blood vessels, myofibroblasts and muscle tissue, sections
were stained for α-smooth muscle actin (α-SMA). After deparaffination, the sections were
incubated in 3.5% (v/v) H2O2 in phosphate buffered saline, pH 7.2 (PBS) for 30 min to block
endogenous peroxidase activity. Hereafter, sections were washed 3x 5 min with PBS
followed by antigen retrieval using citrate buffer (10 mM sodium citrate, pH 6.0, 3 min
boiling, 10 min at 180W in microwave). When the sections were cooled down for 1.5 h,
they were washed 3x 5 min in PBS. Next, the sections were pre-incubated for 10 min at
room temperature using 5% normal goat serum in 1% bovine serum albumin in PBS (1%
BSA). Mouse anti-α smooth muscle actin (αSMA, 1:15000 in 1% BSA, clone 1A4, Sigma
Aldrich) was applied for 1-1.5h at room temperature. Subsequently, the paraffin sections
were washed 3x 5 min with PBS and incubated with goat-anti mouse peroxidase
conjugated IgG (1:200 in 1% BSA, Southern Biotech, Birmingham, USA) for 30 min at
room temp. αSMA was visualized using 3,3’-diaminobenzidine tetrahydrochloride (DAB).
The sections were counterstained using hematoxylin.
Staining for heparin using the single chain antibody HS4C3 was performed on
paraffin sections. After deparaffination the sections were incubated in citrate (10 mM
sodium citrate, pH 6.0) and were incubated for 20 min at 65 °C180. After washing 3x 5 min
in tris-buffered saline (TBS, 50 mM Tris-HCl pH 7.0 containing 150 mM NaCl), the slides were
blocked for 15 minutes in 1 % bovine serum albumin (BSA) in TBS. Hereafter the sections
were incubated with antibody HS4C3 (1:5 in 1% BSA in TBS) for 45 min at room temperature,
washed 3x 5 min with TBS and incubated with mouse-anti VSV antibody P5D4 (1:10 in 1 %
BSA in TBS, mouse anti-VSV IgG from mouse hybridoma cell line P5D4 from the American
Type Culture Collection, Rockville, MD, USA) for another 45 min. The presence of the
antibodies was visualized using goat anti-mouse IgG Alexa Fluor 488 (Invitrogen, Eugene,
OR, USA). Finally, sections were incubated for 15 min with DAPI (10 μg/ml in phosphate
buffered saline) to visualize the nuclei, washed and enclosed with Mowiol.
For quantitative measurements, slides were scanned using the Slide Scanner
(Olympus BX51).
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Microscopic analysis
Semi-quantitative scoring
The regenerated tissue was semi-quantitatively scored by three independent individuals
(CO, PG, WD) experienced in the field of tissue engineering and regenerative medicine,
on the following parameters: presence of residual collagen scaffold, adipose tissue,
myofibroblasts, muscle tissue, elastic fibers, and inflammation (lymphocytes, macrophages
and granulocytes). Scores from 0 (not present) to 3 (extensively present) were assigned.
If differences occurred, the slides were re-evaluated by the three researchers together
to obtain consensus.
Quantitative measurements
To quantify the size of the regenerated skin, the epidermal thickness and the rete-ridge
structure (length of the apical side of the epidermis divided over the length of the basal
side of the epidermis), the scanned slides were analyzed using Olympus Dot Slide software
version 2.1. The number of hair follicles, glands and αSMA-positive blood vessels were also
counted and corrected for the total surface area where the appendices were present in
(height x width of a 5 µm thick section). The parameter “epidermal thickness” was
calculated by dividing the surface area of the epidermis of a cross-section (μm2) over the
length of the epidermis of the cross-section (μm). This was also done for the normal skin
at 6 months. For the sections taken at 1 month, an area further away from the defect was
taken as normal skin. The measured size of the regenerated skin (diameter) on the
cross-sections was used to calculate the surface area of the COL and COL-HEP/GF treated
skin. This method was not applied to the untreated skin since the regenerated skin
showed a star-like shape instead of a circular shape.
The surface area of the regenerated skin of all three treatments was calculated based
on macroscopic photographs using Image J 1.51n181.
To assess the differences of epidermal proliferation between COL and COL-HEP/GF
treated wounds, mitotic figures were counted (metaphase, anaphase and telophase) on
H&E stained slides.

Gene expression microarray analysis
Laser capture microscopy
For microarray analysis, the epidermis and the dermis were separated using laser capture
microscopy. First, PEN-membrane slides (2.0 µm, MicroDissect GmbH, Herborn, Germany)
were treated with UV-light for 30 min at 125 kJ. Hereafter, 10 µm thick cryosections were
placed onto the membrane slides, and stored over night at -80 °C (kept on dry ice for
transport). The next day, the tissue was stained according to a method for strong adhesive
tissues by fast dipping in freshly filtered hematoxylin solution according to Mayer (Sigma,
St. Louis MO, USA) followed by sequential incubations of 10 seconds in MilliQ water, 70%
ethanol, 95% ethanol, 2x MilliQ water, 70% ethanol, 3% glycerol in PBS, 2 x 100% ethanol
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and 2x xylene182. The section was air-dried and the epidermis and the dermis were isolated
using the Leica laser dissection microscope (Leica, Eindhoven, The Netherlands), collected
separately in the lid of 0.5 µl Eppendorf tubes and kept on dry-ice before being stored at
-80 °C. All solutions were prepared fresh. Sections were stained and lasered one at a time,
with a maximum of two hours before being placed back on dry-ice. For both epidermis
and dermis a minimum of 1.5 mm2 was lasered. Hair follicles and other appendices were
not isolated separately and remained therefore in the dermis.
RNA isolation
Total RNA was isolated using the Qiagen RNeasy micro kit and was performed according
to the manufacturers protocol including an on-column DNase I treatment (Qiagen RNeasy
micro kit, Hilden, Germany). The RNA was eluted in 12 µl RNase free water and stored at -80
°C until further use. The quality and the yield of the RNA were assessed with the Agilent
RNA 6000 Pico kit and the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). Samples with RIN higher than 4.4 were included for RNA amplification and microarray
analysis (average RIN score was 7.4, see Supplementary figure S1).
RNA amplification, labeling and fragmentation
To obtain sufficient amounts of cDNA, the RNA was amplified using the Ovation® PICO
WTA system V2 (NuGEN, San Carlos, USA). A minimum of 500 pg of RNA was amplified
according to the manufacturer’s protocol. Hereafter, the samples were purified using
QIAquick PCR purification columns (Qiagen) as described in the protocol of NuGEN’s
amplification it. The yield was quantified spectrophotometrically at 260 nm and 280 nm
using the NanoDrop (Thermo Scientific, Rockford, IL, USA). For labeling and fragmentation,
3.4 µg cDNA was used and the procedure was conducted according to the manual
supplied with the Encore® biotin module (NuGEN). The reaction volume was scaled down
to 0.75 volumes. In short, the fragmentation of 3.4 µg cDNA was performed in an end
volume of 24 µl containing 5.25 µl fragmentation mixture (3.75 µl reagent FL1 and 1.5 µl
reagent FL2) and incubated for 30 min at 37 °C and 2 min at 95 °C (kept at 4 °C before the
next step was started). Hereafter, the fragmented cDNA was labeled with biotin in a
reaction volume of 37.5 µl containing 13.5 µl labeling mixture (11.25 µl FL3, 1.125 µl FL4 and
1.125 µl FL5) and incubated for 60 min at 37 °C and 10 min at 70 °C. The fragmented and
labeled cDNA was checked on a 2% agarose gel for size distribution and stored at
-20 °C until hybridization to the microarrays.
Microarray gene expression analysis
To determine gene expression profiles, the fragmented and labeled cDNA was hybridized
to the Affymetrix GeneChip® 1.0 Ovine Gene ST array (Affymetrix, Santa Clara, CA, USA)
according to the manufacturer’s protocol. After hybridization over night at 45 °C and 0.33
x g the arrays were washed and stained in the Affymetrix GeneChip Fluidics Station 450.
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Finally, the arrays were scanned using the Affymetrix Gene Chip scanner 3000 7G system
(Affymetrix). Gene expression levels were extracted from the CEL files and the quality
control analysis was performed using Partek Genomics Suite v6/6 (St. Louis, Missouri, USA).
Differentially expressed genes between groups (COL vs. COL-HEP/GF, COL vs. NL, COL vs.
UNTR, COL-HEP/GF vs. NL, COL-HEP/GF vs. UNTR and NL vs. UNTR) were identified by
performing a One-way analysis of variances (ANOVA) corrected for multiple testing with
the method from Benjamini and Hochberg183. A list of differentially expressed genes was
generated by filtering the complete gene lists on fold change (<2, >-2) and p-value (<0.05).
For the analysis, two approaches were conducted. First, the differentially expressed genes
were investigated in silico for enriched gene ontology terms (GO-terms) in the annotation
categories Biological Process and Cellular Component, using DAVID Bioinformatic
Resources 6.8162,163. The human genome was used as a background list184,185. However,
DAVID does not take fold changes into consideration. Therefore, enrichment of a process
can mean both up and down regulation of a set of genes. DAVID analyses generated lists
of GO-terms of biological processes for each gene set. GO-terms with a Bonferroni p-value
<0,05 (DAVID) were further analyzed. Related GO-terms were taken together in the
analysis, as they were often highly similar. GO-cellular component analysis and HUGO
Gene Nomenclature website were used to identify genes related to the mitochondria186.
In addition, we have also analyzed the top 10 genes with the highest fold-changes
(up and downregulated) and genes related to hair/wool follicles based on literature187,188.
Quantitative polymerase chain reaction
To validate the microarray data, qPCR was performed for a set of genes (Supplementary
figure S2). The genes that were validated were chosen on the high-fold changes as a result
from the microarray data. Gene specific primers (Biolegio, Nijmegen, The Netherlands)
were designed using Primer 3 based on the reference sequence of sheep (NCBI, Build
Nov. 2015, ISGC Oar_v4.0) and amplified by qPCR using SYBR green (Bio-Rad, CFX real-time
detection system) as previously described122,156,189,190. Primer efficiency was assessed
according to the MIQE guidelines191. Primer sequences and primer efficiency are given in
Supplementary table S2. Relative expression levels between the samples were calculated
as fold change120. For normalization, the reference gene Ribosomal protein L37 (RPL37)
that did not show significant differences via microarray was chosen.

Statistical analysis
Data from the histological analyses are presented as mean with standard deviation. These data
were analyzed in IBM SPSS Statistics version 20 using a One-way ANOVA with a Bonferroni
posthoc test (P<0.05). For the microarray gene expression study a One-way ANOVA with a
Benjamini-Hochberg posthoc test was performed using Partek Genomics Suite v6/6.
Using IBM SPSS Statistics version 20, a one-sample T-test was done to compare the
surface area and the diameter of the H&E stained cross-sections after regeneration with
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the original scaffold size of 1.3 cm2 (12 mm diameter) (P<0.05). To compare the differences
between groups, a One-way ANOVA with a Bonferroni posthoc test was performed.
To validate the observed differences between groups found using the microarray
expression analysis, qPCR was used. qPCR data are presented as mean fold-changes of the
biological replicas with standard deviation. The data was analyzed in IBM SPSS Statistics
using an independent T-test (P<0.05).
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Results
Histology
Enhanced skin growth
We aimed to induce skin growth by the addition of the growth factors VEGF and FGF2
to the collagen scaffold, using heparin as a growth factor binding vehicle (COL-HEP/GF).
A schematic overview of the work flow from tissue to data analysis is given in Figure 1.
Previously, reduced wound contraction was observed in response to COL-HEP/GF178.
Reduced wound contraction is hypothesized to result in a larger area of the regenerated
skin. Quantitative measurements of histological sections showed a significant increase in the
size of the regenerated skin upon treatment with COL-HEP/GF (Figure 2, the enlargement
shows a detailed image of the regenerated skin). The surface area of regenerated skin was
measured macroscopically on photographs and the diameter was measured microscopically
on tissue cross-sections. At 1 month postnatally, the surface area of the regenerated skin
in COL-HEP/GF was comparable to the initial scaffold size (12 mm diameter, 1.13 cm2),
whereas at 6 months this was 7.74 ± 2.84 cm2 (6.9 fold increase, p = 0.019, Figure 2B).
After treatment with COL, however, no significant differences were observed (1 month
0.49 ± 0.3 cm2, p = 0.068; 6 months 1.89 ± 0.93 cm2, p = 0.2). The surface area of COL-HEP/
GF significantly increased compared to both COL and the untreated defect at 6 months
postnatally. No significant differences were found when COL and the untreated defect
were compared with each other. Based on the H&E-stained cross-sections of the skin,
the diameter of regenerated skin treated with COL-HEP/GF was increased at both 1 and
6 months compared to the original size of the scaffold (p = 0.013 and 0.005 respectively;
Figure 2B).
Reduced scaffold degradation, increase in adipocytes, decrease in myofibroblasts
To evaluate the degradation of scaffolds, residual scaffold material was scored. Collagen
remnants could easily be detected by their specific appearance characterized by thick
collagen lamellae (Figure 3A). At 1 month postnatally, significantly more remnants were
observed in the COL-HEP/GF treated skin, which is in line with the prenatal analysis178. At 6
months, only few remnants of the scaffold were found for both COL and COL-HEP/GF
treatments (Figure 3A). Although not significantly different, the amount of collagen
remnants present in COL and COL-HEP/GF seen at 6 months followed the same trend as at
1 month (p = 0.42). The scaffold remnants were seen in the area of the regenerated skin
and were not observed beyond the wound margins (Figure 3B, position of the collagen
remnants indicated by blue asterisks, wound margins by black dotted lines). Remnants of
COL-HEP/GF scaffolds were often present near or in a layer of adipose tissue. Heparin,
covalently immobilized to the scaffolds, was still present at 6 months, whereas the collagen
scaffold alone did not stain for heparin (Supplementary figure S3).
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Remarkably, the amount of newly formed adipose tissue directly under the dermis was
significantly higher when the wound was treated with COL-HEP/GF compared to COL and
the untreated defect, both at 1 and 6 months (Supplementary figure S4A and Figure 3B).
The layer of adipose tissue appeared thicker than the epidermal and dermal layer
combined. At 6 months, thick threads of dermal tissue were found penetrating the
prominent layer of adipose tissue (see arrows in Figure 3B). In COL and the untreated
wound, adipocytes were only sporadically found.
Reduced wound contraction has been associated with a reduced number of
myofibroblasts186. At 6 months postnatally the number of myofibroblasts in COL-HEP/GF
was reduced compared to COL and this was accompanied by a larger surface area
(Supplementary figure S4A, and Figure 2B showing increased surface area). This data is in
line with the reduced wound contraction and increased skin regeneration as described
in the prenatal study178. The same trend was observed at 1 month postnatally (p = 0.25).
No significant differences were found with respect to the presence of elastic fibers (see
Supplementary figure S4A).
Increased epidermal thickness at 1 month postnatally
A large increase (5.7x compared to native skin) in epidermal thickness and a more
prominent rete-ridge structure was observed in case of COL-HEP/GF scaffolds, especially
at 1 month (Figure 4A). Stratum spinosum and granulosum, which are absent in native
skin, were present in COL-HEP/GF treated wounds at 1 month. Furthermore, the stratum
corneum had thickened, and increased numbers of mitotic figures (including cells in
metaphase and anaphase) were seen in COL-HEP/GF treated wounds at 1 month
postnatally (Supplementary figure S5A), indicating increased epidermal differentiation
and proliferation. Interestingly, the epidermal thickness was reduced at 6 months, but was
still thicker compared to collagen only, untreated skin and native skin (2.1x)(Figure 4B).
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Figure 1 Work flow indicating surgery at 79 days post gestation, and histological and gene
expression analyses of the skin at 1 and 6 months after delivery. Paraffin embedded sections
were analyzed using (semi-) quantitative histological techniques. Comprehensive gene expression
analysis was performed on laser dissected epidermis and dermis from frozen sections. RNA was
reverse transcribed to cDNA and amplified using single primer isothermal amplification (SPIA).
Differentially expressed genes were analyzed for enrichment of biological processes using DAVID
functional annotation tool. In addition, top 10 up and downregulated genes were analyzed by
literature screening.

Similar density of appendices, blood vessels and level of immune cells
Hair follicles not only occurred at the rim of the wound (majority), but also in the middle
of the regenerated skin, indicating formation of new hair follicles (the distance of the
wound margin to the center of the regenerated skin was 16.5 ± 2.8 mm for COL-HEP/GF at
6 months). Despite the large increase of the total surface area in response to COL-HEP/GF,
the number of hair follicles per area was comparable between treatments (Supplementary
figure S2B). Compared to native skin at 6 months postnatally, the number of hair follicles
and sebaceous glands per area was reduced (Supplementary figure S4B). Remarkably, in
one sheep the hair was whiter than the surrounding hairs, indicating less pigmentation in
de novo hair follicles (Supplementary figure S5B, contrast was enhanced in Photoshop
using the ‘auto tone’ function). No significant differences were found in the amount of
muscle tissue from the arrector pili, which are associated with hair follicles192. The number
of α-smooth muscle actin (αSMA) positive blood vessels was also not significantly different
between treatments (Supplementary figure S4B).
To broadly investigate the host immune response to the collagen scaffolds, tissue sections
were analyzed for overall inflammation. Cells were classified as lymphocytes, macrophages,
granulocytes and giant cells based on the color of the cytoplasm and morphology of the
nuclei193. In all treatments, including the defect that was left untreated, a mild inflammation
was observed by the occasional presence of immune cells. This corroborates with the data
observed prenatally178. Low numbers of lymphocytes, macrophages and granulocytes
were present in all treatments (no significant differences between treatments). Giant cells
were not observed. Together, these data indicate a minor immune response in all treatments,
and thus not induced by the (functionalized) collagen scaffolds (Supplementary figure S6).
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Figure 2 Collagen scaffolds functionalized with heparin, VEGF and FGF2 enhance skin
growth. A) macroscopic top-view and cross-sections of regenerated skin at 6 months. The full
thickness skin defect was either left untreated, closed with a collagen scaffold (COL) or closed with
a collagen scaffold functionalized with heparin, VEGF and FGF2 (COL-HEP/GF). Vertical dotted lines
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mark the border between the regenerated and native skin. Enlargements are given at the right.
B) Quantitative evaluation of the regenerated skin analyzed by surface area (in cm2, based on
macroscopic photographs) and by diameter (in mm, distance between dotted lines on H&E stained
cross-sections). The surface area was significantly increased in COL-HEP/GF compared to untreated
and COL (*). The diameter showed an increase in COL-HEP/GF at 1 and 6 months compared to COL
(*). The diameter of the untreated wound could not be assessed as this was not circular. For reference,
the surface area and diameter of the scaffolds before implantation are given by horizontal red
dotted lines, 1.13 cm2 (upper graph) and 12 mm (lower graph) respectively. * p < 0.05. Significant
differences between treatment and the initial scaffold size are indicated by #. # p < 0.05, ## p < 0.005.

Gene expression
To gain more insight in wound healing and regenerative processes related to specific
regions in the skin, microarray analysis was performed on laser dissected epidermis and
dermis. The number of differentially expressed genes in the dermis and epidermis between
the different treatments at 1 and 6 months postnatally is given in Table 1. At 1 month
postnatally the largest number of differentially expressed genes was found for the
epidermis, whereas at 6 months this was for the dermis (except for the comparison of
COL-HEP/GF with native skin). At 6 months, treatment with COL-HEP/GF showed the
smallest number of differentially expressed genes compared to native skin (267 out of
17113 genes, compared to 1044 out of 17113 for the untreated wound), indicating increased
resemblance to normal skin.
To get more insight in ongoing biological processes the DAVID functional annotation tool
was used (Biological Process being one of the annotational categories in DAVID, Table 2)194.
Results showed enrichment for biological processes based on the list of differentially
expressed genes. Since the annotation of sheep genes is far from complete, we used the
human genome as a background, as others did184,185. However, since sheep skin differs
from human skin this may lead to potential loss of data. Therefore, next to GO-term
analysis, data were also evaluated on basis of the top-10 most up and down regulated
genes using literature search (see below).
Epidermis
Enhanced mitochondrial gene expression at 1 month postnatally
Analysis using the DAVID functional annotation tool identified the GO-terms “mitochondrial
translational termination” and “mitochondrial translational elongation” from the annotation
category Biological Processes (Table 2) out of 29621 Biological Processes in total (AmiGO
2.0 version 2.5.12195) to be enriched when comparing COL-HEP/GF with the untreated
defect at 1 month postnatally. In total, 11 out of 82 genes coding for mitochondrial
ribosomal proteins (MRPs) showed increased expression in COL-HEP/GF (Supplementary
table S3)196. Further analysis of COL-HEP/GF versus the untreated defect using the
annotational category Cellular Component (DAVID) identified 5 GO-terms to be enriched
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Figure 3 Collagen scaffolds functionalized with heparin, VEGF and FGF2 (COL-HEP/GF) show
reduced collagen degradation (Elastin Von Masson staining and H&E). A) At 1 month more
scaffold remnants were observed after treatment with COL-HEP/GF compared to the collagen only
scaffold (COL). At 6 months, minor remnants of collagen were still present for both treatments.
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The pictures on the right show enlargements of the boxed areas of the left pictures. B) Location of
the scaffold remnants (indicated by blue asterisk; H&E stained sections). Remnants are present
throughout the regenerated skin especially at the border of the dermis with the adipose tissue, and
in the adipose tissue. Dermal tissue penetrating the adipose tissue is indicated by arrows. * p < 0.05.

(out of 4194): “extracellular exosome”, “cytosol”, “mitochondrial inner membrane”,
“mitochondrion” and “endoplasmic reticulum”. As both the annotation categories showed
enrichment for mitochondrial related genes we examined these further. The gene list was
expanded by genes retrieved from the website of HUGO Gene Nomenclature Committee
at the European Bioinformatics Institute186. The list revealed upregulation of genes
encoding proteins from the respiratory chain. Upregulated were 5 genes from Complex I
(NDUFA3, NDUFB10, NDUFB11, NDUFB7 and NDUFS7), 1 gene from Complex III (UQCRC1)
and 2 genes from Complex V (ATP5F1 and ATP5G3), indicating increased energy metabolism.
Increased S100 family gene expression at 1 month postnatally
Top-10 analysis showed that in the epidermis 1 month after birth, a set of genes from the
S-100 family involved in epidermal proliferation and differentiation was highly increased
for COL-HEP/GF compared to COL (Supplementary table S4)197,198. S100A8, S100A7L2,
S100A12 and S100A9 were increased 113, 90, 80 and 45 fold, respectively. At 6 months
postnatally, only S100A7L2 was still increased (10 fold). Microarray gene expression data
were validated using qPCR, which substantiated the observed data (Supplementary
figure S2). Fold changes generated using qPCR, however, were of a different magnitude
than the ones calculated from the microarray data.
Dermis
Improved dermal maturation and cell-cell adhesion
Although no biological processes were enriched when COL-HEP/GF and COL were
compared with each other at both time points, the GO-term “collagen fibril organization”
was enriched at 6 months when COL-HEP/GF was compared to native skin (Table 2).
In COL, the GO-term “collagen catabolic process” was enriched in comparison to native
skin. Both GO-terms revealed nearly the same genes, all highly related to the extracellular
matrix (e.g. type I, III, VI, IIX and XIV collagen, Supplementary table S5). Interestingly,
for COL-HEP/GF vs. native skin fewer genes (9 out of 15) were differentially expressed than
for COL vs. native skin (12 out of 15). Moreover, the genes in COL-HEP/GF showed an overall
smaller fold change than COL. Especially genes encoding type VI collagen were up-regulated
in COL compared to native skin, which is known to interact with several components
within the ECM like type I and type IV collagen, biglycan and decorin199. These data
indicate improved dermal maturation in case of functionalized scaffolds, since COL-HEP/
GF is more comparable to native skin than treatment with the collagen scaffold only.
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Figure 4 Collagen scaffolds functionalized with heparin, VEGF and FGF2 (COL-HEP/GF) increase
epidermal thickness. A) At 1 month, treatment with COL-HEP/GF led to epidermal thickening
and a more prominent rete ridge structure. B) At 6 months, the epidermal thickness was reduced.
The epidermis of the COL-HEP/GF treated defect was still significantly enlarged compared to COL
and untreated skin defects. C) Native skin at 6 months. * p < 0.05, ** p < 0.005.

Table 1 Number of differentially expressed genes in regenerated skin at 1 and 6 months
postnatally in epidermis and dermis.
1 Month

Epidermis

Dermis

COL-HEP/GF
vs COL

COL
vs UNTR

COL-HEP/GF
vs UNTR

COL-HEP/GF
vs COL

COL
vs UNTR

COL-HEP/GF
vs UNTR

Total

370

279

663

182

235

271

Up
regulated

178

201

469

67

122

124

Down
regulated

192

78

194

115

113

147

6 Months

5

Epidermis
COL
COL-HEP/GF
vs COL
vs Native skin

COL
vs UNTR

COL-HEP/GF COL-HEP/GF
UNTR
vs Native skin vs UNTR vs Native skin

Total

284

356

412

359

503

553

Up
regulated

154

142

264

134

352

164

Down
regulated

130

214

148

225

151

389

6 Months

Dermis
COL
COL-HEP/GF
vs COL
vs Native skin

COL
vs UNTR

COL-HEP/GF COL-HEP/GF
UNTR
vs Native skin vs UNTR vs Native skin

Total

348

679

468

267

648

1044

Up
regulated

246

159

305

89

499

901

Down
regulated

102

520

163

178

149

143

Various treatments are compared to each other and to native skin. COL-HEP/GF: collagen scaffold functionalized
with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.
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Table 2 Biological processes identified using DAVID functional annotation tool
based on differentially expressed genes in the epidermis and dermis as
a result of different treatments.
1 Month Epidermis
COL-HEP/GF vs UNTR
Term

Fold Enrichment

Bonferroni

GO:0070126~mitochondrial translational termination

5.65

0.006

GO:0070125~mitochondrial translational elongation

5.28

0.032

Fold Enrichment

Bonferroni

GO:0008544~epidermis development

6.69

0.000

GO:0030574~collagen catabolic process

6.51

0.014

Fold Enrichment

Bonferroni

17.63

0.003

Fold Enrichment

Bonferroni

GO:0098609~cell-cell adhesion

2.67

0.005

GO:0008544~epidermis development

4.39

0.008

6 Months Dermis
COL vs Native skin
Term

COL-HEP/GF vs Native skin
Term
GO:0030199~collagen fibril organization
UNTR vs Native skin
Term

COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.

The GO-term “epidermis development” did not show any differentially expressed genes in
COL-HEP/GF compared to native skin, indicating normal expression of epidermis related
genes in the dermis (mind the presence of hair follicles in the dermal layer). In contrast,
this GO-term was enriched in COL and the untreated wound compared to native skin.
COL and the untreated skin both showed a consequent down regulation of the differentially
expressed genes in this GO-term when compared to native skin (Supplementary table S6A).
The GO-term “cell-cell adhesion” was only enriched when comparing the untreated
wound with native skin (Supplementary table S6B). COL-HEP/GF or COL compared to
native skin showed few differences indicating that expression of genes related to cell-cell
adhesion is comparable to native skin when collagen scaffolds are used.
Normalized expression of hair follicle related genes
To further explore the effect of heparin and growth factors on the expression of hair and
wool follicle related genes, single gene analysis with a focus on wool and hair follicle
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related keratin and keratin associated protein (KRTAP or KAP) genes was performed and
combined with the analysis of genes from the top-10 list (Supplementary table S4)187,188.
The differentially expressed genes in the dermis at 6 months postnatally are presented in
Table 3. Upon treatment with COL-HEP/GF, only few genes (6 out of 49) related to hair
follicles were decreased compared to native skin. In contrast, 39 out of 49 genes encoding
the structural components of wool and hair fibers were downregulated when comparing
COL with native skin including high-sulfur keratin BIIIB4 protein (BIIIB4, also known as
KRTAP3-3200, -264 fold change), keratin associated protein 1-3 and 1-1 (KRTAP1-3, -212 fold
change and KRTAP1-1, -191 fold change), KRT34 (-134 fold change), keratin associated
protein 9-2 (KRTAP9-2, -125 fold change) and keratin associated protein 3-2 (KRTAP3-2, -431
fold change, not officially annotated for sheep, provisional refseq status)201. The untreated
skin showed down regulation in 37 out of 49 genes, though with lower fold changes.
When comparing COL-HEP/GF with COL, large fold changes in up regulations were found:
e.g. BIIIB4 (251 fold change), KRTAP 1-3 (232 fold change), KRT34 (113 fold change), KRTAP 3-2
(407 fold change), indicating a beneficial effect of heparin and growth factors in the collagen
scaffold to induce hair-related gene expression levels comparable with the native skin.
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Gene description

High-sulfur keratin BIIIB4 protein **

Epidermal Growth Factor Receptor
Frizzled Class Receptor 6
Insulin Like Growth Factor Binding Protein 5
Keratin 1
Keratin 10
Keratin 14
Keratin 15
Keratin 17
Keratin 23
Keratin 24
Keratin 26
Keratin 5
Keratin 7
Keratin 74
Keratin 8
Keratin 80
Keratin 85
Keratin Associated Protein 1-1
Keratin Associated Protein 12-2
Keratin Associated Protein 1-3
Keratin Associated Protein 24-1
Keratin Associated Protein 26-1
Keratin Associated Protein 27-1

Gene

BIIIB4

EGFR
FZD6
IGFBP5
KRT1
KRT10
KRT14
KRT15
KRT17
KRT23
KRT24
KRT26
KRT5
KRT7
KRT74
KRT8
KRT80
KRT85
KRTAP1-1
KRTAP12-2
KRTAP1-3
KRTAP24-1
KRTAP26-1
KRTAP27-1
232.19
8.95
65.56

93.02

4.07

251.16

COL-HEP/GF
vs
COL

-190.71
-10.12
-211.85
-11.22
-40.81
-4.60

-2.65

-16.84
-2.14
-4.67

-4.62
-5.69
-2.86

-2.70
-3.46
8.70

-264.16

COL
vs
Native skin

6 Months Dermis

-19.33

2.87

10.38

-16.41

COL
vs
UNTR

-2.06

-4.38

-2.80

12.01
5.83

-8.09
14.35

11.07
24.41

15.30

COL-HEP/GF COL-HEP/GF
vs
vs
Native skin
UNTR

-4.16

-10.96
-7.31

-11.00
-2.08
-3.70
-4.17
-2.35
-3.39
6.21
-29.41

-3.89

-9.23
-23.55
-4.25

-5.19
-2.46

-16.09

UNTR
vs
Native skin

Table 3 Hair follicle associated genes identified using literature search shows a vast down regulation of COL and untreated skin
when compared to native skin.
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Tumor Protein P63

LOC100141108
LOC100526781
LOC100526786
LOC101104027
LOC101106046
LOC101107617
LOC101111893
LOC101112404
LOC101112657
LOC101115634
LOC101116068
LOC101116371
LOC101116799
LOC617218
RNF4
SOSTDC1
SPINK5

TP63

33.73

27.47
113.37
406.87
15.72
32.05
34.35

17.10

34.69
112.89

4.53

28.49

-4.76

-50.25
-133.62
-5.49
-47.60
-48.53
-26.43
-114.26
-431.31
-26.66
-125.10
-102.73
-8.99
-107.44
-40.48
-2.32
-2.09
-4.70

-5.44

-2.32
-4.36

-5.51
-34.22

-7.14
-17.88

8.38

-2.26

-100.70

-2.25

-16.93
-21.02
-4.02
-28.66
-9.31
-15.99
-24.13
-8.03
-27.09
-18.48
-10.39
-100.94

11.69
17.76

9.68
15.87
22.76

-2.30
-9.33

-2.94

-4.72
2.46

27.68
4.09
22.19

-4.42
-33.25
-4.88
-34.66

COL-HEP/GF is highly upregulated compared to COL. Only few differences with a small fold-change are found when comparing COL-HEP/GF with native skin, indicating a more
normal development of hair follicles in COL-HEP/GF. COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.
* = model
** = provisional
All genes were significantly different expressed with p<0.05.

LGR5

Keratin Associated Protein 29-1
Keratin Associated Protein 8-1
Keratinocyte Associated Protein 2
Keratinocyte Differentiation Associated Protein
LIM Domain Binding 1
Leucine Rich Repeat Containing G ProteinCoupled Receptor 4
Leucine Rich Repeat Containing G ProteinCoupled Receptor 5
Keratin-associated protein 4-7 *
Keratin 34, type I *
Keratin 39, type I *
Keratin-associated protein 7-1-like *
Keratin-associated protein 13-1-like *
Keratin-associated protein 16-1 *
Keratin, high sulfur matrix protein, IIIB3 *
Keratin-associated protein 3-2 **
Keratin, high-sulfur matrix protein, IIIA3 *
Keratin-associated protein 9-2 *
Keratin-associated protein 9-9-like *
Keratin-associated protein 13-1-like *
Allergen Bos d 2-like *
Keratin associated protein LOC617218 **
Ring Finger Protein 4
Sclerostin Domain Containing 1
Serine Peptidase Inhibitor, Kazal Type 5

KRTAP29-1
KRTAP8-1
KRTCAP2
KRTDAP
LDB1
LGR4
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Discussion
Injury to the spinal cord progresses with increased exposure time to the intra-uterine
environment (i.e. uterine wall and amniotic fluid) in fetuses with spina bifida. In utero
surgery can prevent additional damage to the spinal cord and may reduce complications
such as impaired motor function or bladder and bowel dysfunction202. Unwanted
exposure of tissues to their surroundings is shared with other congenital birth defects
such as gastroschisis203. Prenatal closure of the defects applying tissue engineering
strategies may prevent additional damage.
Scarless wound healing depends on gestational age and on the size of the wound,
and is limited to approximately 24 weeks post gestation in man and to 14-17 weeks in
sheep47,52. Hypertrophic scars caused by mechanical tension of the body lead to growth
malformations and dysfunction204. Rapid growth of children changes mechanical tension
on the skin and increases scar formation leading to a higher frequency of hypertrophic
scars in children compared to adults204,205. Therefore, it is crucial that the regenerating
skin has the ability to grow in order to minimize scar formation in rapidly growing fetuses
and young children.
We studied postnatal skin growth in sheep in which fetal full thickness skin defects
were closed with collagen scaffolds functionalized with heparin, VEGF and FGF235,53,179.
One of the most conspicuous observations was the major postnatal growth of the skin at
the site of the scaffold. Based on histological and gene expression analyses presented, the
skin regeneration can be explained by a combination of reduced scaffold degradation, a
mild immune response, a decreased number of myofibroblasts and increased numbers of
adipocytes and keratinocytes. Indeed, gene expression in regenerated skin using the
functionalized scaffolds was more close to native skin than non-functionalized scaffolds,
including expression of hair follicle associated genes.
A number of phenomena observed in this postnatal study were also seen prenatally
including the increased epidermal thickness, reduced collagen degradation, reduced
wound contraction and formation of new appendices178. Clearly, the processes induced
prenatally by collagen scaffolds functionalized with heparin and growth factors are still
ongoing after birth. It appears that the cascade of events triggered prenatally continue for
a considerable amount of time postnatally (at least until 6 months after birth). The growth
factors present in the scaffolds are likely short-lived after implantation, but they may have
initiated a sequence of events that underlies the prolonged effects observed.
Heparin was used in the scaffolds to facilitate growth factor binding. In our study,
we have not examined the role of the individual components to the effects observed.
Heparin was still present at month 6 and may have directly contributed to the increased
skin regeneration. It was shown in a model for bladder regeneration that implantation of
a collagen scaffold functionalized with only heparin led to a larger area of regeneration206.
Heparin has the ability to inhibit collagenase activity contributing to reduced degradation
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of the collagen scaffold207-210. Slow deposition of new ECM is favorable for regeneration211.
With the collagen scaffold being present for a longer period of time, new ECM may be
synthesized in a more controllable way. Secondly, heparin may have been involved in the
sequestration of endogenous growth factors from the surrounding tissue. Studying
collagen scaffolds functionalized with individual components (e.g. heparin only) will allow
the determination of their specific effects.
One remarkable observation was the development of a layer of adipose tissue in
response to COL-HEP/GF. In the dermis, the population of fibroblasts is highly diverse
including papillary and reticular fibroblasts and different precursor cells212. On the other
hand, common progenitor cells can differentiate into various fibroblast lineages212.
Reticular fibroblasts and non-adipogenic fibroblasts (NH-3T3) from mice have the ability
to differentiate into hypodermal adipocytes under influence of adipogenic stimulating
factors such as epidermal growth factor (EGF), hepatocyte growth factor (HGF) and VEGF
present in adipocyte culture medium212-214. The large layer of adipocytes seen in COL-HEP/
GF treated wounds could therefore originate from reticular fibroblasts stimulated by VEGF.
The balance of the different fibroblast populations in the papillary and reticular dermis
may have been modified by exposure of the common fibroblast progenitor cells to
heparin, VEGF and FGF2 by early intervention of the wound healing process during
development of the fetus. Data showing that FGF2 loaded on a biological matrix induces
adipogenesis in mice supports this view212,215,216. The observation that scaffold remnants
were mainly found in the layer of adipose tissue, instead of in the dermal layer further
supports this notion.
Collagen scaffolds containing heparin, VEGF and FGF2 showed an effect on hair
formation. New hairs were present in the middle of the regenerated skin and gene
expression levels of wool-follicle associated genes were comparable to native skin. A close
relation between hair follicle regeneration and fat tissue regeneration has been described,
showing that newly formed adipocytes derived from myofibroblasts surround new hair
follicles217. Furthermore, decreased adipose tissue in transgenic mice led to loss of hairs,
indicating a regulatory role for adipocytes in the hair follicle cycle. Hair follicle associated
keratinocytes are characterized by the expression of keratins and keratin associated
proteins (KRTAP), the structural components of the hair fiber187,200,201,218. Although
approximately 100 KRTAP genes have been identified, the role of the proteins in the hair
follicle is not well defined219. In our study the expression of these genes in COL-HEP/GF
scaffolds was overall comparable to that of native skin, while for the other treatments
tested it was down regulated. The formation of (intradermal) adipocytes may have
activated expression of wool-follicle associated genes. Surprisingly, in one lamb the newly
formed hairs lacked pigment (less obvious in the other lambs), an observation described
before by Ito et al.220. This observation further indicates that indeed new hairs were
formed. We did not detect a difference in genes related to melanogenesis at the time
points analyzed.
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The COL-HEP/GF scaffold induced a major increase in keratinocyte proliferation at 1 month,
associated with increased gene expression of members of the calcium-binding proteins
S100 family221. In normal skin, S100A7, 8, 9 and 12 are hardly present, but they were highly
upregulated in COL-HEP/GF222. Expression of S100A8, A9 and A10 has been described
for the stratum spinosum and granulosum, layers that were not present in native skin or
COL-HEP/GF at 6 months, but were present at 1 month postnatally222. S100A7 is localized
in the stratum corneum, which was present at both time points. S100A7, S100A8, A9 and
A12 are upregulated in response to wounding and in other pathologies where the skin
barrier is disrupted222. Therefore the S100 family of proteins is suggested to have a role in
epidermal wound repair221,223. In an MRL mice model, mice having the ability to regenerate
full thickness ear wounds, S100A8, A9 and A11 were shown to be increased224,225. In addition,
injection of S100A8/A9 pretreated mesenchymal stem cells (MSCs) showed improved and
accelerated wound healing implicating an important role of S100A8/A9 in the actions of
MSCs on wound healing226. During wound healing, fibroblasts and keratinocytes interact
with each other in order to restore skin homeostasis227,228. It is possible that the S100
proteins excreted by the keratinocytes influence the mesenchymal stem cell derived
fibroblasts, leading to improved wound healing as seen by treatment with COL-HEP/GF.
On the other hand, it is plausible that under the influence of COL-HEP/GF the fibroblasts
stimulated the keratinocytes to become hyperproliferative. A study to the origin of hyperproliferative keratinocytes in psoriasis shows that healthy keratinocytes can become
hyperproliferative when co-cultured with psoriatic fibroblasts229,230. How these fibroblasts
differ from healthy fibroblasts is currently unknown, but this further supports the view
that the balance and function of the fibroblast population may be (temporarily) altered
due to the addition of heparin and growth factors during fetal development, which
normalizes over time.
At 1 month postnatally, a clear increase in gene expression of mitochondrial ribosomal
proteins and of proteins from the oxidative phosphorylation (Complex I, III and V) was
seen231. Energy in the form of ATP is required in all stages of wound healing and tissue
remodeling from protein synthesis and extracellular matrix remodeling to cell proliferation,
migration, differentiation and signal transduction232,233. In line with the observed hyperproliferative epidermis, it is reasonable to assume that increased ATP-levels were required.
In addition, VEGF, stimulating angiogenesis and thus tissue repair, has been reported to
stimulate mitochondrial biogenesis to provide the tissue with sufficient ATP233,234.
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Conclusion
In conclusion, the use of prenatally applied COL-HEP/GF scaffolds results in enhanced skin
growth and allows regenerated skin to grow postnatally. Reduced collagen degradation,
a mild immune response, decreased numbers of myofibroblasts and increased numbers
of adipocytes and keratinocytes are likely to play a role in this process. This offers new
possibilities for the use of COL-HEP/GF scaffolds in the intrauterine treatment of spina bifida.
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Supplementary information
Supplementary figures
A

Supplementary figure S1 Evaluation of the integrity of RNA isolated from laser capture microdissected epidermis and dermis from sheep skin using Agilent RNA Pico Chips. RIN score
(1-10) indicates RNA quality. The 28S and 18S rRNA bands are visible for all samples, indicating intact
RNA. On average the RIN score was 7.3. COL-HEP/GF: collagen scaffold functionalized with heparin,
VEGF and FGF2; COL: collagen scaffold.
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Supplementary figure S1 (Continued).
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Supplementary figure S2 Validation of microarray data using quantitative polymerase chain
reactions. Data are presented as fold-changes. All data from the microarray were significant.
COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold;
UNTR: untreated. * p < 0.05, ** p < 0.005, ***p < 0.0005
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Supplementary figure S3 Visualization of heparin in functionalized collagen scaffolds. After
6 months, the covalently bound heparin (green) was still present in the collagen scaffold functionalized
with heparin, VEGF and FGF2 (COL-HEP/GF). Staining for heparin on the collagen scaffold alone (COL)
was negative. The collagen scaffolds are marked by the white dotted lines in the lower panel. DAPI
stained nuclei are presented in blue.
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A

Supplementary figure S4 Quantitative and semi-quantitative histological analysis of various
treatments. A) Semi-quantitative analysis of adipose tissue, alpha-smooth muscle actin (αSMA)
positive myofibroblasts, muscle tissue, and elastic fibers. The presence of adipose tissue was
significantly increased in COL-HEP/GF. The presence of myofibroblasts was reduced at 6 months
postnatally in COL-HEP/GF compared to COL. B) Quantification of hair follicles, sebaceous glands
and alpha-smooth muscle actin (αSMA) positive blood vessels per measured area. The number of hairs
and sebaceous glands was reduced compared to native skin. The arrows depict the corresponding
parameter. COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen
scaffold; UNTR: untreated. Scale bar is 50 μm. * p < 0.05, ** p < 0.005, *** p < 0.0005.
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Supplementary figure S4 (Continued).
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A

B

Supplementary figure S5 Quantification of cells in mitosis and macroscopic observation of
hairs lacking pigmentation. A) Cells in metaphase and anaphase were quantified in the epidermis
of H&E stained sections. At 1 month postnatally, increased numbers of mitotic cells were found in
COL-HEP/GF. B) Macroscopic view at 6 months postnatally showing hairs lacking pigmentation after
treatment with COL-HEP/GF. Contrast was enhanced in Adobe Photoshop to improve visualization.
Scale bar = 25 μm. ** p < 0.005 COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and
FGF2; COL: collagen scaffold; UNTR: untreated.
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Supplementary figure S6 Semi-quantitative analyses of immune cells of various treatments.
Arrows indicate the cells that were scored. Scale bar = 50 μm. COL-HEP/GF: collagen scaffold
functionalized with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.
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Supplementary tables

Supplementary table S1 Characteristics of operated lambs.
Lamb Ewe Gender Study group Included in
(Months)
study (Y/N)

Complications

1

1

M

1

Y

2

1

M

1

Y

3

2

F

1

Y

4

2

M

1

N

5

3

M

3

N

6

3

M

-

N

Died during delivery due to suffocation

7

4

M

-

N

Died intra-uterinely

8

5

M

-

N

Died intra-uterinely

9

5

F

-

N

Died intra-uterinely

10

6

M

6

y

Reconstructive surgery wound area ewe

11

6

F

-

N

Reconstructive surgery wound area ewe,
fetus died intra-uterinely

12

7

M

6

Y

13

7

F

-

N

14

8

M

6

Y

15

8

F

6

Y
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Heart failure, sacrificed 8 days postnatally

Died intra-uterinely
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RPL37

Ribosomal protein L37

High-sulfur keratin BIIIB4 protein
XM_004017021

NM_001009475

XM_004002523

BIIIB4

S100 calcium binding protein A8

S100A8

XM_004002522.2
NM_001159761

S100 calcium binding protein A12

S100A12

Accession
number

KRTAP1-3 Keratin associated protein 1-3

Gene name

Gene
symbol

Primer list

102.3
105.9
98.7
101.8

TCGAAGTTAATTCCACCATCC
CTGACTGCAGGTTGATCGG
CACAGCTGGGCTGAGTGTAG
CGCTTGGGTTTAGGTGTTG

AAGAGACTGTTAGAGACAGAGTGTCC

CTGTGGCTCTAAGGCCTACC

ACCTTGCCACATTCCTCAG

TCCACCAGCTTCTGTGGATT

99.5

GAACTCCTCAAAGCTGACCTC

CAAAGGAACTTCCCAACTGC

0.998

0.996

0.998

0.988

0.990

Efficiency R2
(%)
Reverse primer

Forward primer

Supplementary table S2 Primer information. Gene symbol, gene name, accession number, primer sequences, efficiency (%) and
correlation coefficients of the genes validated using qPCR are given.
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Supplementary table S3 Fold changes of the differentially expressed genes from
the GO-terms “Mitochondrial translational elongation” and “Mitochondrial translational
termination” in the epidermis at 1 month postnatally.
COLHEP/GF
vs
COL

COL
vs
UNTR

COLHEP/GF
vs
UNTR

Gene

Gene description

C12ORF65

Chromosome 12 Open Reading Frame 65

CHCHD1

Coiled-Coil-Helix-Coiled-Coil-Helix Domain
Containing 1

MRPL11

Mitochondrial Ribosomal Protein L11

MRPL14

Mitochondrial Ribosomal Protein L14

MRPL20

Mitochondrial Ribosomal Protein L20

2.84

MRPL40

Mitochondrial Ribosomal Protein L40

3.45

MRPL41

Mitochondrial Ribosomal Protein L41

2.83

MRPL54

Mitochondrial Ribosomal Protein L54

3.25

MRPS18A

Mitochondrial Ribosomal Protein S18A

4.64

MRPS18B

Mitochondrial Ribosomal Protein S18B

2.73

MRPS18C

Mitochondrial Ribosomal Protein S18C

2.73

MRPS33

Mitochondrial Ribosomal Protein S33

MRPS5

Mitochondrial Ribosomal Protein S5

2.96

3.10
3.66
3.11

2.15

3.33

All identified genes are upregulated in COL-HEP/GF compared to the untreated skin.
COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold;
UNTR: untreated. All genes were significantly different expressed with p<0.05
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3.33
2.15

4.78
2.33
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Supplementary table S4 Fold changes of the 10 most up and down regulated genes
in the epidermis and dermis as a result of various treatments. A) 1 month postnatally
B) 6 months postnatally. The lists are sorted from most up regulated to most down regulated.
A
1 Month

Epidermis

COL-HEP/GF vs COL
Gene

Gene description

Fold
Change

S100A8

S100 calcium binding protein A8

113.28

S100A7L2

S100 calcium binding protein A7 like 2

90.01

S100A12

S100 calcium binding protein A12

79.77

S100A9

S100 calcium binding protein A9

45.28

LOC101102969

Lysozyme C, tracheal isozyme

35.13

RBP2

Retinol binding protein 2

22.14

VSNL1

Visinin like 1

11.55

CASP14

Caspase 14

11.49

IL36B

Interleukin 36, beta

10.99

SLC36A2

Solute Carrier Family 36 Member 2

10.63

CCRL1

Atypical Chemokine Receptor 4

-9.02

SERPINA1

Serpin Family A Member 1

-7.93

ATF3

Activating Transcription Factor 3

-7.59

CCL27

C-C Motif Chemokine Ligand 27

-7.48

RGS2

Regulator Of G-Protein Signaling 2

-7.40

FOS

FBJ Murine Osteosarcoma Viral Oncogene Homolog

-7.36

CTGF

Connective Tissue Growth Factor

-6.06

RGS1

Regulator Of G-Protein Signaling 1

-5.82

IL37

Interleukin 37

-5.80

DNAL4

Dynein Axonemal Light Chain 4

-5.36

COL vs UNTR
Gene

Gene description

ANAPC13

Anaphase Promoting Complex Subunit 13

10.52

COA5

Cytochrome C Oxidase Assembly Factor 5

8.25

SPIN1

Spindlin 1

5.84

SPARCL1

SPARC Like 1

5.47

IFITM1

Interferon Induced Transmembrane Protein 1

5.34

HPRT1

Hypoxanthine Phosphoribosyltransferase 1

5.21

128

Fold
Change

Dermis
COL-HEP/GF vs COL
Gene

Gene description

Fold
Change

SNAPIN

SNAP Associated Protein

5.53

LOC101119889

Ig heavy chain V region PJ14-like

5.41

LOC101122412, PRRG1

Proline rich Gla (G-carboxyglutamic acid) 1

5.16

RABIF

RAB Interacting Factor

4.95

CSNK1G2

Casein Kinase 1 Gamma 2

4.34

PKIB

Protein Kinase (CAMP-Dependent, Catalytic) Inhibitor Beta

4.34

GAPT

GRB2-Binding Adaptor Protein, Transmembrane

4.18

PARM1

Prostate Androgen-Regulated Mucin-Like Protein 1

3.79

ZNF652

Zinc Finger Protein 652

3.72

TKT

Transketolase

3.08

EPDR1

Ependymin Related 1

-7.13

THAP2

THAP Domain Containing, Apoptosis Associated Protein 2

-4.31

FOS

FBJ Murine Osteosarcoma Viral Oncogene Homolog

-4.30

COQ10B

Coenzyme Q10B

-4.24

KCNK12

Potassium Two Pore Domain Channel Subfamily K Member 12

-4.23

VTI1A

Vesicle Transport Through Interaction With T-SNAREs 1A

-4.11

OCIAD2

OCIA Domain Containing 2

-4.05

SLC31A1

Solute Carrier Family 31 Member 1

-3.97

RILPL2

Rab Interacting Lysosomal Protein Like 2

-3.94

C10orf32

BLOC-1 Related Complex Subunit 7

-3.81

5

COL vs UNTR
Gene

Gene description

Fold
Change

ATP6V1B1

ATPase H+ Transporting V1 Subunit B1

6.95

DGAT2L6

Diacylglycerol O-Acyltransferase 2 Like 6

6.87

MEST

Mesoderm Specific Transcript

6.58

NDUFA7

NADH:Ubiquinone Oxidoreductase Subunit A7

6.49

NUDT19

NUDT19

5.41

COCH

Cochlin

4.81
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Supplementary table S4 Continued.
A
1 Month

Epidermis

COL vs UNTR
Gene

Gene description

Fold
Change

CRABP2

Cellular Retinoic Acid Binding Protein 2

5.02

MESDC2

Mesoderm Development Candidate 2

4.98

C15H11orf57

Chromosome 15 open reading frame, human C11orf57

4.83

MLEC

Malectin

4.77

DPM3

Dolichyl-Phosphate Mannosyltransferase Subunit 3

-2.94

C21H15orf17

Family With Sequence Similarity 219 Member B

-2.96

PPP1R3C

Protein Phosphatase 1 Regulatory Subunit 3C

-3.05

DLX6

Distal-Less Homeobox 6

-3.21

ELOVL4

ELOVL Fatty Acid Elongase 4

-3.38

ZNF609

Zinc Finger Protein 609

-3.51

LSMEM1

Leucine Rich Single-Pass Membrane Protein 1

-3.71

CLDN11

Claudin 11

-3.92

VTI1A

Vesicle Transport Through Interaction With T-SNAREs 1A

-4.17

COA4

Cytochrome C Oxidase Assembly Factor 4 Homolog

-4.77

COL-HEP/GF vs UNTR
Gene

Gene description

Fold
Change

S100A8

S100 Calcium Binding Protein A8

245.55

S100A12

S100 Calcium Binding Protein A12

193.13

S100A9

S100 Calcium Binding Protein A9

61.86

ATOX1

Antioxidant 1 Copper Chaperone

13.65

SENP8

SUMO/Sentrin Peptidase Family Member, NEDD8 Specific

12.56

RBP2

Retinol Binding Protein 2

12.14

VSNL1

Visinin Like 1

11.60

XDH

Xanthine Dehydrogenase

11.53

KLK8

Kallikrein Related Peptidase 8

11.49

GJB2

Gap Junction Protein Beta 2

10.36

DMD

Dystrophin

-6.31

LOC101121539

Cytochrome P450 2F3

-6.51

VTI1A

Vesicle Transport Through Interaction With T-SNAREs 1A

-6.53
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Dermis
COL vs UNTR
Gene

Gene description

Fold
Change

LOC101113108

Histone H2A type 1

4.58

MTAP

Methylthioadenosine Phosphorylase

4.47

LOC101109129

Histone H4

4.30

PLA2G2F

Phospholipase A2 Group IIF

4.18

RBPMS

RNA Binding Protein With Multiple Splicing

-4.41

CCL26

C-C Motif Chemokine Ligand 26

-4.45

UBAC2

UBA Domain Containing 2

-4.72

LOC101116409

Protein LEG1 homolog

-4.96

TRPV6

Transient Receptor Potential Cation Channel Subfamily V
Member 6

-5.50

MRPL53

Mitochondrial Ribosomal Protein L53

-6.62

LOC101108849

Dihydrodiol dehydrogenase 3-like

-7.33

LOC101114011

Prolactin-inducible protein homolog

-11.51

GLYATL2

Glycine-N-Acyltransferase Like 2

-14.90

LOC101116799

Allergen Bos d 2-like

-19.19

Gene

Gene description

Fold
Change

LOC101105787

Histone H4

9.31

SRGN

Serglycin

8.30

ATG7

Autophagy Related 7

7.85

LOC101119889

Ig heavy chain V region PJ14-like

7.48

DHCR24

24-Dehydrocholesterol Reductase

7.12

SH3BGRL2

SH3 Domain Binding Glutamate Rich Protein Like 2

6.59

LOC101122412

PRRG1 ,Proline rich and Gla domain 1

6.00

HMGN4

High Mobility Group Nucleosomal Binding Domain 4

5.44

MAD2L1

MAD2 Mitotic Arrest Deficient-Like 1 (Yeast)

5.40

RABIF

RAB Interacting Factor

5.37

RNF185

Ring Finger Protein 185

-4.26

KCND3

Potassium Voltage-Gated Channel Subfamily D Member 3

-4.35

BMP4

Bone Morphogenetic Protein 4

-4.71

5

COL-HEP/GF vs UNTR
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Supplementary table S4 Continued.
A
1 Month

Epidermis

COL-HEP/GF vs UNTR
Gene

Gene description

Fold
Change

FOS

FBJ Murine Osteosarcoma Viral Oncogene Homolog

-6.66

IL1R2

Interleukin 1 Receptor Type 2

-7.33

CTGF

Connective Tissue Growth Factor

-7.93

ETV5

ETS Variant 5

-8.04

SERPINA1

Serpin Family A Member 1

-9.34

RGS2

Regulator Of G-Protein Signaling 2

-10.21

CCRL1

Atypical Chemokine Receptor 4

-13.81

B
6 Months

Epidermis

COL-HEP/GF vs COL
Gene

Gene description

S100A7L2

S100 calcium binding protein A7 like 2

10.80

NICN1

Nicolin 1

10.54

RPS4Y1

Ribosomal Protein S4, Y-Linked 1

10.51

TRAPPC1

Trafficking Protein Particle Complex 1

10.28

POLR1D

Polymerase (RNA) I Subunit D

8.22

DPM3

Dolichyl-Phosphate Mannosyltransferase Subunit 3

8.03

SF3B5

Splicing Factor 3b Subunit 5

6.79

VAMP3

Vesicle Associated Membrane Protein 3

5.69

C13H20orf20

MRG/MORF4L Binding Protein

4.96

GOLT1B

Golgi Transport 1B

4.82

SCO1

SCO1 Cytochrome C Oxidase Assembly Protein

-4.13

H2AFV

H2A Histone Family Member V

-4.29

TOMM6

Translocase Of Outer Mitochondrial Membrane 6

-4.90

CKS2

CDC28 Protein Kinase Regulatory Subunit 2

-5.49

FCF1

FCF1 RRNA-Processing Protein

-6.68

FGFBP1

Fibroblast Growth Factor Binding Protein 1

-7.06

COA5

Cytochrome C Oxidase Assembly Factor 5

-7.27

132

Fold
Change

Dermis
COL-HEP/GF vs UNTR
Gene

Gene description

Fold
Change

GPR133

Adhesion G Protein-Coupled Receptor D1

-4.77

ABCA9

ATP Binding Cassette Subfamily A Member 9

-5.16

AGTR1

Angiotensin II Receptor Type 1

-7.60

CDC42EP2

CDC42 Effector Protein 2

-7.65

LOC101108849

Dihydrodiol dehydrogenase 3-like

-8.44

IGIP

IgA-Inducing Protein

-9.75

LOC101114011

Prolactin-inducible protein homolog

-11.87

5
Dermis
COL-HEP/GF vs COL
Gene

Gene description

Fold
Change

LOC101112404

Keratin-associated protein 3-2

406.87

BIIIB4

High-sulfur keratin BIIIB4 protein

251.16

KRTAP1-3

Keratin associated protein 1-3

232.19

LOC101111893

Keratin, high sulfur matrix protein, IIIB3

113.37

LOC100526781, KRT34

Keratin 34, type I

112.89

KRTAP1-1

Keratin Associated Protein 1-1

93.02

KRTAP26-1

Keratin Associated Protein 26-1

65.56

LOC100141108 *

Keratin-associated protein 4-7

34.69

LOC101116068

Keratin-associated protein 9-9-like

34.35

LOC617218*

Keratin associated protein LOC617218

33.73

UNG

Uracil DNA Glycosylase

-3.41

AKTIP

AKT Interacting Protein

-3.45

STK17A

Serine/Threonine Kinase 17a

-3.79

NEXN

Nexilin F-Actin Binding Protein

-3.94

GAS2L3

Growth Arrest Specific 2 Like 3

-4.01

LOC101115702

Putative uncharacterized protein PNAS-138-like

-4.44

ANAPC16

Anaphase Promoting Complex Subunit 16

-4.52
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Supplementary table S4 Continued.
B
6 Months

Epidermis

COL-HEP/GF vs COL
Gene

Gene description

Fold
Change

PET117

PET117 Homolog

-7.51

MRPS34

Mitochondrial Ribosomal Protein S34

-7.55

TMEM167A

Transmembrane Protein 167A

-10.52

Gene

Gene description

Fold
Change

SPINK6

Serine Peptidase Inhibitor, Kazal Type 6

TMEM167A

Transmembrane Protein 167A

9.25

GLO1

Glyoxalase I

5.72

ANKRD10

Ankyrin Repeat Domain 10

5.20

PDCD7

Programmed Cell Death 7

4.99

RAB38

RAB38, Member RAS Oncogene Family

4.83

DUSP14

Dual Specificity Phosphatase 14

4.42

ROMO1

Reactive Oxygen Species Modulator 1

4.23

CKS2

CDC28 Protein Kinase Regulatory Subunit 2

4.08

CCL17

C-C Motif Chemokine Ligand 17

4.03

CSNK1G2

Casein Kinase 1 Gamma 2

-5.59

TMEM234

Transmembrane Protein 234

-6.16

TIMP3

TIMP Metallopeptidase Inhibitor 3

-6.81

SDHD

Succinate Dehydrogenase Complex Subunit D

-7.26

EMD

Emerin

-7.87

MKL2

MKL1/Myocardin Like 2

-8.05

NXT1

Nuclear Transport Factor 2 Like Export Factor 1

-8.10

RPS4Y1

Ribosomal Protein S4, Y-Linked 1

-9.40

CTGF

Connective Tissue Growth Factor

-11.17

KRT17

Keratin 17

-18.35

Gene

Gene description

Fold
Change

SMIM11

Small Integral Membrane Protein 11A

18.72

TMEM167A

Transmembrane Protein 167A

13.51

COL vs Native skin

10.11

COL vs UNTR
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Dermis
COL-HEP/GF vs COL
Gene

Gene description

Fold
Change

ZCRB1

Zinc Finger CCHC-Type And RNA Binding Motif Containing 1

-5.34

SEPT4

Septin 4

-6.17

ZCRB1

Zinc Finger CCHC-Type And RNA Binding Motif Containing 1

-6.36

COL vs Native skin
Gene

Gene description

Fold
Change

COL1A1

Collagen Type I Alpha 1

22.65

LOC101119889

Ig heavy chain V region PJ14-like

19.27

COL3A1

Collagen Type III Alpha 1

18.33

COL1A2

Collagen Type I Alpha 2

18.27

LOX

Lysyl Oxidase

12.97

IGFBP5

Insulin Like Growth Factor Binding Protein 5

8.70

ASPN

Asporin

7.89

SFRP4

Secreted Frizzled Related Protein 4

7.38

COL6A3

Collagen Type VI Alpha 3

6.96

FBN1

Fibrillin 1

6.94

LOC101106121

Cytochrome P450 4X1

LOC101116068

Keratin-associated protein 9-9-like

LOC101116799

Allergen Bos d 2-like

-107.44

LOC101111893

Keratin, high sulfur matrix protein, IIIB3

-114.26

LOC101115634

Keratin-associated protein 9-2

-125.10

LOC100526781, KRT34

Keratin 34, type I

-133.62

KRTAP1-1

Keratin Associated Protein 1-1

-190.71

KRTAP1-3

Keratin associated protein 1-3

-211.85

BIIIB4

High-sulfur keratin BIIIB4 protein

-264.16

LOC101112404

Keratin-associated protein 3-2**

-431.31

Gene

Gene description

Fold
Change

POLR1D

Polymerase (RNA) I Subunit D

17.72

LOC101119889

Ig heavy chain V region PJ14-like

12.89

5

-91.24
-102.73

COL vs UNTR
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Supplementary table S4 Continued.
B
6 Months

Epidermis

COL vs UNTR
Gene

Gene description

Fold
Change

LOC101111099

RE1-silencing transcription factor-like

13.39

SMDT1

Single-Pass Membrane Protein With Aspartate-Rich Tail 1

12.80

CDC26

Cell Division Cycle 26

12.00

LOC101105036

histone H2A type 1

10.82

TGIF1

TGFB Induced Factor Homeobox 1

10.68

NDUFA11

NADH:Ubiquinone Oxidoreductase Subunit A11

10.11

DAD1

Defender Against Cell Death 1

9.46

TOMM6

Translocase Of Outer Mitochondrial Membrane 6

8.00

EREG

Epiregulin

-4.65

NAA30

N(Alpha)-Acetyltransferase 30, NatC Catalytic Subunit

-4.76

LSM3

LSM3 Homolog, U6 Small Nuclear RNA And MRNA Degradation
Associated

-5.03

TAGLN

Transgelin

-5.85

CSNK1D

Casein Kinase 1 Delta

-6.08

UQCRQ

Ubiquinol-Cytochrome C Reductase Complex III Subunit VII

-6.21

TCTEX1D2

Tctex1 Domain Containing 2

-6.96

TM4SF1

Transmembrane 4 L Six Family Member 1

-7.00

ANAPC15

Anaphase Promoting Complex Subunit 15

-7.77

FAM89B

Family With Sequence Similarity 89 Member B

-8.02

COL-HEP/GF vs Native skin
Gene

Gene description

S100A7L2

S100 Calcium Binding Protein A7 Like 2

NICN1

Nicolin 1

9.13

DPM3

Dolichyl-Phosphate Mannosyltransferase Subunit 3

7.92

ROMO1

Reactive Oxygen Species Modulator 1

6.66

COL1A1

Collagen Type I Alpha 1

6.65

VKORC1

Vitamin K Epoxide Reductase Complex Subunit 1

6.61

C12orf57

Chromosome 12 Open Reading Frame 57

6.54

SOD1

Superoxide Dismutase 1, Soluble

4.74

COL1A2

Collagen Type I Alpha 2

4.74
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Fold
Change
18.72

Dermis
COL vs UNTR
Gene

Gene description

Fold
Change

ANAPC15

Anaphase Promoting Complex Subunit 15

12.31

IGFBP5

Insulin Like Growth Factor Binding Protein 5

10.38

COL3A1

Collagen Type III Alpha 1

10.17

MXRA7

Matrix Remodelling Associated 7

10.16

UQCRB

Ubiquinol-Cytochrome C Reductase Binding Protein

10.14

MFAP4

Microfibrillar Associated Protein 4

9.56

COL1A2

Collagen Type I Alpha 2

9.09

PGAM1

Phosphoglycerate Mutase 1

8.56

HIST1H2BN

Histone Cluster 1, H2bn

-8.60

HIST1H2AH

Histone Cluster 1, H2ah

-8.76

SKA2

Spindle And Kinetochore Associated Complex Subunit 2

-9.08

LOC101120447

Histone H2A type 1

-12.18

LOC101120702

Histone H2A type 1-H

-12.18

LOC101120200

Histone H2A type 1

-13.47

LOC101105036

Histone H2A type 1

-15.77

BIIIB4

High-sulfur keratin BIIIB4 protein**

-16.41

LOC101112404

Keratin-associated protein 3-2

-17.88

KRTAP1-3

Keratin associated protein 1-3

-19.33

5

COL-HEP/GF vs Native skin
Gene

Gene description

Fold
Change

COL1A1

Collagen Type I Alpha 1

9.96

LOC101119889

Ig heavy chain V region PJ14-like

9.52

ATG7

Autophagy Related 7

8.55

COL3A1

Collagen Type III Alpha 1

7.82

ZNF521

Zinc Finger Protein 521

5.45

SFRP2

Secreted Frizzled-Related Protein 2

5.25

GPX8

Glutathione Peroxidase 8 (Putative)

5.14

NR4A1

Nuclear Receptor Subfamily 4 Group A Member 1

4.51

CXCL3

C-X-C Motif Chemokine Ligand 3

4.29
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Supplementary table S4 Continued.
B
6 Months

Epidermis

COL-HEP/GF vs Native skin
Gene

Gene description

Fold
Change

NDUFA8

NADH:Ubiquinone Oxidoreductase Subunit A8

DUT

Deoxyuridine Triphosphatase

-6.59

LOC101110417

Probable ergosterol biosynthetic protein 28

-6.62

CNN2

Calponin 2

-6.91

FA2H

Fatty Acid 2-Hydroxylase

-7.00

LOC101116323

Short-chain dehydrogenase/reductase family 16C member 6

-7.66

LOC101111091

ncRNA uncharacterized LOC101111091

-8.01

ELOVL3

ELOVL Fatty Acid Elongase 3

-8.97

CSNK1G2

Casein Kinase 1 Gamma 2

-9.78

SOAT1

Sterol O-Acyltransferase 1

-16.63

FAR2

Fatty Acyl-CoA Reductase 2

-17.47

4.72

COL-HEP/GF vs UNTR
Gene

Gene description

DPM3

Dolichyl-Phosphate Mannosyltransferase Subunit 3

23.47

S100A7L2

S100 Calcium Binding Protein A7 Like 2

22.06

SF3B5

Splicing Factor 3b Subunit 5

16.99

C12orf57

Chromosome 12 Open Reading Frame 57

13.19

LOC101105036

Histone H2A type 1

12.91

NICN1

Nicolin 1

12.30

TGIF1

TGFB Induced Factor Homeobox 1

11.49

POLE3

Polymerase (DNA) Epsilon 3, Accessory Subunit

10.96

EHF

ETS Homologous Factor

10.20

VAMP3

Vesicle Associated Membrane Protein 3

EREG

Epiregulin

-5.44

LSM3

LSM3 Homolog, U6 Small Nuclear RNA And MRNA Degradation
Associated

-5.70

FGFBP1

Fibroblast Growth Factor Binding Protein 1

-6.35

TMEM54

Transmembrane Protein 54

-6.38

LOC101111091

ncRNA uncharacterized

-6.40

COA5

Cytochrome C Oxidase Assembly Factor 5

-6.76
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Fold
Change

9.86

Dermis
COL-HEP/GF vs Native skin
Gene

Gene description

Fold
Change

FMOD

Fibromodulin

4.05

LOC101114959

Angiogenin-2-like

-9.16

LOC101122904

Histone H2A type 2-B

-11.83

LOC101114011

Prolactin-inducible protein homolog

-13.57

LOC101116661

Protein LEG1 homolog

-13.83

LOC101108849

Dihydrodiol dehydrogenase 3-like

-17.17

LOC101116409

Protein LEG1 homolog

-23.75

GLYATL2

Glycine-N-Acyltransferase Like 2

-45.47

LOC101116537

Allergen Bos d 2-like

-48.35

LOC101106121

Cytochrome P450 4X1

-97.11

LOC101116799

Allergen Bos d 2-like

-100.70

Gene

Gene description

Fold
Change

KRTAP8-1

Keratin Associated Protein 8-1

27.68

KRT10

Keratin 10

24.41

LOC101112404

Keratin-associated protein 3-2 **

22.76

KRTDAP

Keratinocyte Differentiation Associated Protein

22.19

ACER1

Alkaline Ceramidase 1

20.67

LOC100526781, KRT34

Keratin 34, type I

17.76

ELOVL3

ELOVL Fatty Acid Elongase 3

17.26

ATG7

Autophagy Related 7

16.29

LOC101111893

Keratin, high sulfur matrix protein, IIIB3

15.87

BIIIB4

High-sulfur keratin BIIIB4 protein

15.30

NENF

Neudesin Neurotrophic Factor

-5.65

LOC101120200

Histone H2A type 1

-5.79

EBP

Emopamil Binding Protein (Sterol Isomerase)

-5.86

LOC101120447

Histone H2A type 1

-6.16

LOC101120702

Histone H2A type 1-H

-6.16

MAFG

V-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene
Homolog G

-6.29

5

COL-HEP/GF vs UNTR
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Supplementary table S4 Continued.
B
6 Months

Epidermis

COL-HEP/GF vs UNTR
Gene

Gene description

Fold
Change

LOC101121964

Tigger transposable element-derived protein 1-like

-6.83

DUT

Deoxyuridine Triphosphatase

-7.09

TAGLN

Transgelin

-9.25

FAM89B

Family With Sequence Similarity 89 Member B

-9.48

UNTR vs NL
Gene

Gene description

Fold
Change

TMEM30B

Transmembrane Protein 30B

TAGLN

Transgelin

6.41

ANAPC15

Anaphase Promoting Complex Subunit 15

6.23

RAB38

RAB38, Member RAS Oncogene Family

5.96

SLC31A2

Solute Carrier Family 31 Member 2

5.94

LOC101121964

Tigger transposable element-derived protein 1-like

5.78

C6H4orf32

Chromosome 4 Open Reading Frame 32

5.46

LSM3

LSM3 Homolog, U6 Small Nuclear RNA And MRNA Degradation
Associated

4.62

PSENEN

Presenilin Enhancer Gamma Secretase Subunit

4.59

H2AFJ

H2A Histone Family Member J

4.36

SOAT1

Sterol O-Acyltransferase 1

-8.02

LOC101115755, NAA50

N(alpha)-acetyltransferase 50, NatE catalytic subunit

-8.44

LOC101108348

Histone H2A type 1

-8.69

CNN2

Calponin 2

-8.77

C7H19orf70

Chromosome 19 Open Reading Frame 70

-9.14

CSNK1G2

Casein Kinase 1 Gamma 2

-9.30

SAR1B

Secretion Associated Ras Related GTPase 1B

-9.65

EGR2

Early Growth Response 2

-10.03

RBM12B-AS1

RBM12B Antisense RNA 1

-10.12

LOC101109919

Histone H4

-11.40

17.44

Note increased expression of S100A8, S100A9 and S100A12 at 1 month in COL-HEP/GF vs COL and COL-HEP/GF vs UNTR in the
epidermis. KRTAP1-1, KRTAP1-3, KRTAP3-2, BIIIB4 and KRT34 are highly increased at 6 months in COL-HEP/GF vs COL and highly
decreased in COL compared to native skin in the dermis.
COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.
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Dermis
COL-HEP/GF vs UNTR
Gene

Gene description

Fold
Change

ID3

Inhibitor Of DNA Binding 3, HLH Protein

-7.99

KRT85

Keratin 85

-8.09

PRELID1

PRELI Domain Containing 1

-8.81

LOC101105036

Histone H2A type 1

-13.21

Gene

Gene description

Fold
Change

SKA2

Spindle And Kinetochore Associated Complex Subunit 2

8.76

MAFG

V-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene
Homolog G

6.28

KRT85

Keratin 85

6.21

ZBTB8OS

Zinc Finger And BTB Domain Containing 8 Opposite Strand

5.09

LOC101120455

Histone H2B type 2-F

4.35

EBP

Emopamil Binding Protein (Sterol Isomerase)

3.92

CCDC92

Coiled-Coil Domain Containing 92

3.60

IRX3

Iroquois Homeobox 3

3.51

IGSF10

Immunoglobulin Superfamily Member 10

3.43

SNRPD3

Small Nuclear Ribonucleoprotein D3 Polypeptide

3.39

RTN3

Reticulon 3

-27.26

LOC101104027

Keratin-associated protein 7-1-like

-28.66

KRTAP1-1

Keratin Associated Protein 1-1

-29.41

KRTAP8-1

Keratin Associated Protein 8-1

-33.25

KRTDAP

Keratinocyte Differentiation Associated Protein

-34.66

CCL27

C-C Motif Chemokine Ligand 27

-36.58

GLYATL2

Glycine-N-Acyltransferase Like 2

-39.32

LOC101116537

Allergen Bos d 2-like

-41.86

LOC101106121

Cytochrome P450 4X1

-79.87

LOC101116799

Allergen Bos d 2-like

UNTR vs NL

5

-100.94
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ADAM Metallopeptidase With
Thrombospondin Type 1 Motif 2

Collagen Type I Alpha 1 Chain

Collagen Type I Alpha 2 Chain

Collagen Type III Alpha 1 Chain

Collagen Type V Alpha 2 Chain

Collagen Type VI Alpha 1 Chain

Collagen Type VI Alpha 2 Chain

Collagen Type VI Alpha 3 Chain

Collagen Type VI Alpha 5 Chain

Collagen Type VI Alpha 6 Chain

Collagen Type VIII Alpha 1 Chain

Collagen Type XIV Alpha 1 Chain

Fibromodulin

Kallikrein Related Peptidase 6

Secreted Frizzled Related Protein 2

ADAMTS2

COL1A1

COL1A2

COL3A1

COL5A2

COL6A1

COL6A2

COL6A3

COL6A5

COL6A6

COL8A1

COL14A1

FMOD

KLK6

SFRP2

-3.21

5.11

6.05

2.12

5.01

6.96

3.94

3.76

2.69

18.33

18.27

22.65

COL
vs
Native skin

3.67

3.65

3.43

2.63

10.17

9.09

COL
vs
UNTR

COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold; UNTR: untreated.

Gene description

Gene

COL-HEP/GF
vs
COL

5.25

4.05

3.31

3.92

3.95

3.41

7.82

9.96

2.00

COL-HEP/GF
vs
Native skin

5.36

5.96

3.34

COL-HEP/GF
vs
UNTR

-3.31

2.19

UNTR
vs
Native skin

Supplementary table S5 Fold changes of differentially expressed genes from the GO-terms “Collagen catabolic process” and “Collagen
fibril organization” in the dermis at 6 months postnatally when comparing COL-HEP/GF and COL with native skin.
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1-Acylglycerol-3-Phosphate O-Acyltransferase 2

ATPase Sarcoplasmic/Endoplasmic Reticulum
Ca2+ Transporting 2

Basonuclin 1

Calmodulin Like 5

Corneodesmosin

Collagen Type XVII Alpha 1 Chain

Cellular Retinoic Acid Binding Protein 2

Cystatin E/M

Connective Tissue Growth Factor

Epithelial Membrane Protein 1

GRB2 Associated Binding Protein 1

Grainyhead Like Transcription Factor 2

AGPAT2

ATP2A2

BNC1

CALML5

CDSN

COL17A1

CRABP2

CST6

CTGF

EMP1

GAB1

GRHL2

Kallikrein Related Peptidase 7

Alkaline Ceramidase 1

ACER1

KLK7

Gene description

Gene

A

13.99

2.18

6.38

2.50

6.38

COL-HEP/GF
vs
COL

-5.78

-2.28

-5.31

-7.96

-2.55

-12.79

-2.78

-2.39

COL
vs
Native skin

COL
vs
UNTR

COL-HEP/GF
vs
Native skin

-7.97

7.21

-11.75

-2.52

-5.43

-7.17

-13.15

-7.76

-2.17

5.37

8.52

6.56

-12.87

20.67

-2.28

UNTR
vs
Native skin

COL-HEP/GF
vs
UNTR

Supplementary table S6 Differentially expressed genes of the Biological Process GO-terms in the dermis identified using DAVID at
6 months postnatally. A) Differentially expressed genes from the GO-term “Epidermal development” showing a down regulation in COL
and untreated skin when compared to native skin. Gene expression of COL-HEP/GF is comparable to native skin. Mind the presence of
epidermal structures (hairs) inside the dermis contributing to epidermal gene expression. B) The GO-term “Cell-cell adhesion” is enriched
when comparing untreated with native skin. Genes included in this GO-term are downregulated in the untreated skin.
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Keratin 85

Sciellin

Transglutaminase 5

UDP-Glucose Ceramide Glucosyltransferase

KRT85

SCEL

TGM5

UGCG

Gene description

Activator Of HSP90 ATPase Activity 1

ADP Ribosylation Factor Interacting Protein 1

BAI1 Associated Protein 2 Like 1

Caldesmon 1

Calpastatin

Chaperonin Containing TCP1 Subunit 8

Clathrin Interactor 1

Cordon-Bleu WH2 Repeat Protein Like 1

DEAD-Box Helicase 6

DExH-Box Helicase 29

Gene

AHSA1

ARFIP1

BAIAP2L1

CALD1

CAST

CCT8

CLINT1

COBLL1

DDX6

DHX29

B

Keratin 17

Keratin 5

Keratin 15

KRT15

KRT17

Keratin 14

KRT14

KRT5

Gene description

Gene

A

Supplementary table S6 Continued.

COL-HEP/GF
vs
COL

4.07

COL-HEP/GF
vs
COL

COL
vs
Native skin

-2.48

-3.66

-3.37

-2.14

-2.86

-5.69

-4.62

COL
vs
Native skin

3.10

3.20

COL
vs
UNTR

COL
vs
UNTR

-2.37

COL-HEP/GF
vs
Native skin

COL-HEP/GF
vs
Native skin

4.03

COL-HEP/GF
vs
UNTR

5.89

-8.09

COL-HEP/GF
vs
UNTR

-2.09

-2.12

-2.19

-3.96

-2.49

-2.17

-2.69

-3.69

-2.62

-2.26

UNTR
vs
Native skin

-3.37

-2.92

-7.82

6.21

-2.08

-4.25

UNTR
vs
Native skin
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Filamin B

Formin Binding Protein 1 Like

Glyoxalase Domain Containing 4

Golgin A2

LRR Binding FLII Interacting Protein 1

Microtubule-Actin Crosslinking Factor 1

Myosin VI

NUMB, Endocytic Adaptor Protein

Protein Kinase N2

Peroxiredoxin 6

Radixin

RuvB Like AAA ATPase 1

S100 Calcium Binding Protein A11

Septin 9

SH3 Domain Containing GRB2 Like Endophilin
B1

STE20 Like Kinase

Signal Transducer And Activator Of
Transcription 1

Testin LIM Domain Protein

Tropomodulin 3

Tyrosine 3-Monooxygenase/Tryptophan
5-Monooxygenase Activation Protein Zeta

FLNB

FNBP1L

GLOD4

GOLGA2

LRRFIP1

MACF1

MYO6

NUMB

PKN2

PRDX6

RDX

RUVBL1

S100A11

SEPT9

SH3GLB1

SLK

STAT1

TES

TMOD3

YWHAZ

2.24

-3.59

-2.63

-3.26

COL-HEP/GF: collagen scaffold functionalized with heparin, VEGF and FGF2; COL: collagen scaffold;
UNTR: untreated.

Eukaryotic Translation Initiation Factor 3
Subunit E

EIF3E

5
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2.35

2.37

-2.63

-2.29
-4.67

2.37
4.24

3.21

-4.64

4.79

-3.36

-4.32

-2.59

-2.49

-3.39

2.01

-3.30

-4.97

-2.23

-2.71

-3.73

-2.48

-3.27

-3.04

-3.84

-2.75

-3.13

-2.13

2.18

2.09

2.11

2.15

-2.22
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Supplementary materials & methods
Collagen scaffolds
Porous scaffolds were prepared as described from a 0.8 % (w/v) type I collagen suspension178,235.
After lyophilization, the scaffolds were crosslinked using 33 mM 1-ethyl-3-(-3-dimethyl
aminopropyl) carbodiimide (EDC and 6 mM N-hydroxysyccinimide (NHS in 50 mM
2-morpholinoethale sulfonic acid pH 5.0 in 40% ethanol in the presence or absence of
0.5% heparin for 30 min at ambient temperatures. Hereafter, the scaffolds were washed,
frozen and lyophilized, followed by 6 rounds of disinfection in 70% ethanol. Next, the scaffolds
were washed eight times in sterile phosphate buffered saline (PBS). For implantation,
the 12 mm diameter punches of the porous type I collagen scaffolds functionalized with
heparin were taken and loaded by incubating in 5 ml PBS containing 3.5 µg/ml vascular
endothelial growth factor 165 (VEGF; human recombinant, R&D systems) and 3.5 µg/ml
basic fibroblast growth factor 2 (FGF2; human recombinant, R&D systems) for 1 h and
washed 3x in sterile PBS. The scaffolds without growth factors were only washed 3x in PBS.
Hereafter, the scaffolds were kept on PBS for implantation.

Characterization of collagen scaffolds
Scanning electron microscopy
The ultrastructure of the scaffolds was analyzed using scanning electron microscopy
(SEM). The scaffolds were dehydrated in 99.5% ethanol, lyophilized and placed on a stub.
Hereafter, the scaffolds were sputtered with a thin layer of gold in a Polaron E5100 coating
system and visualized using a scanning electron microscope (JEOL JSM-6310) at 15 kV.
Scanning electron microscopic analysis showed a high porosity of both COL and COL-HEP/GF.
TNBS assay and hexosamine assay
To define the level of crosslinking, the number of primary amine-groups was determined
spectrophotometrically using 2,4,6-trinitrobenzene sulfonix acid (TNBS)236. The number of
amine groups used in crosslinked scaffolds was expressed as a percentage of the number
of available amine groups before crosslinking. Crosslinking efficiency was determined at
47% ± 11 for COL and 54% ± 11 for COL-HEP/GF.
The heparin content in collagen scaffolds was measured using a hexosamine assay
as described and determined at 11.7% ± 0.8147,237.
SDS-PAGE and Western blotting
The amount of growth factors coupled to the scaffolds was assessed using western blotting.
First, the proteins were separated on a 15% sodium-dodecyl sulfate polyacrylamide gel.
After Western blotting, the blot was incubated with goat anti-hVEGF (1:500) and rabbit
anti-FGF2 (1:4000) in PBS/1% BSA. Hereafter the binding of the primary antibodies was
visualized using goat anti-rabbit peroxidase conjugated antibody (1:20,000) and rabbit
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anti-goat peroxidase conjugated antibody (1:20,000). For both growth factors, a standard
curve was taken along. The amount of growth factor per mg scaffold was determined for
VEGF at 442 ng/mg scaffold ± 72, and for FGF2 at 494 ng/mg scaffold ± 134.
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Abstract
Regenerative medicine has gained interest in chemical small molecules that modulate cell
fate while being less complex and unstable than biological compounds. Here, we selected
three small molecules which directly or indirectly mimic endogenous signaling molecules
involved in skin regeneration. SUN11602, a FGF-2 signaling mimetic; ONO-1301, a prostacyclin
agonist that indirectly upregulates VEGF; and purmorphamine, a sonic hedgehog (SHH)
signaling mimetic, were probed on cultured fibroblasts and keratinocytes. SUN11602 reduced
the expression of type I collagen by human primary fibroblasts while it reduced keratinocyte
migration and increased the expression of MMP-1, VEGF, TGM1 and IVL on these cells.
ONO-1301 showed minor effects on keratinocytes, however, in primary fibroblasts it
increased proliferation, while reducing cell migration. Purmorphamine increased primary
fibroblast proliferation while reducing the expression of VEGF, type I collagen and elastin,
whilst in keratinocytes it increased the expression of K14 and TGM1. Our results show
that each small molecule had a distinct effect on keratinocytes and fibroblasts. SUN11602
primarily modulates differentiation-related processes in keratinocytes, while ONO-1301
influences fibroblast proliferative capacity and purmorphamine is able to influence fibroblasts proliferation and keratinocytes differentiation. These effects suggest a potential for
these molecules as active compounds to be incorporated in engineered skin substitutes.
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Introduction
Skin wound healing features a significant clinical challenge worldwide238. Split thickness
autografts are currently the gold standard for complex wound management, but still
needs improvement78. In an attempt to overcome the drawbacks of traditional wound
healing, several bioengineered skin substitutes are commercially available or under
pre-clinical and clinical investigation239. Although skin substitutes have brought significant
improvements to wound healing therapy, none of these is fully effective. Limitations
include poor integration, insufficient vascularization, scar formation, wound contraction
and immune rejection78. Signaling molecules such as growth factors have been included in
skin substitutes to improve their performance240. While clinical trials suggest that growth
factors successfully affect hard-to-heal wounds, the risk-benefit ratios are questionable
as high concentrations can lead to adverse effects and safety data are insufficient241.
Moreover, like other biologicals, growth factors demonstrate short circulating half-lives
and low stability in addition to high costs and complex production and purification
processes242.
In this view, chemical small molecules have attracted attention in this field for being
more stable and less complex alternatives to biological agents. In addition, they are
physicochemically well defined, mostly cell-permeable with modifiable pharmacokinetics
and pharmacodynamics profiles, non-immunogenic and the production process is more
cost effective with a reduced risk of contamination243. Small molecules have shown
encouraging results as potential therapeutic agents for different health problems. For instance,
in the field of regenerative medicine the potential to modulate the fate of stem cells led
to selection of promising compounds for treatment of neurodegenerative disorders
and cardiovascular diseases244,245. Little is known, however, about the influence of small
molecules on skin regeneration. For the present study, we selected three small molecules
which directly or indirectly mimic endogenous signaling molecules involved in the process
of skin regeneration; SUN11602, a fibroblast growth factor (FGF)-2 signaling mimetic;
ONO-1301, a prostacyclin agonist; and purmorphamine, a sonic hedgehog (SHH) signaling
mimetic, more specifically a Smoothened agonist.
FGF-2 is known to significantly improve wound healing and scar quality in different
types of wounds246. SUN11602 is a p-aminoaniline compound that mimics the neuroprotective role of FGF-2 in a mechanism related to fibroblast growth factor receptor 1
(FGFR1) activation, followed by phosphorylation of extracellular signal-regulated kinases
1/2 and calcium-capture protein calbindin-D28k gene expression 247.
Prostacyclin (prostaglandin I2, PGI2) is a prostanoid with a well-established role on
angiogenesis and regenerative responses248. ONO-1301 is a chemically and biologically
stable prostacyclin mimetic that activates PGI2 receptor promoting cyclic adenosine
monophosphate/protein kinase A (PKA) pathway activation triggering the release of
several pro-angiogenic factors such as hepatocyte growth factor and vascular endothelial
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growth factor (VEGF). Its angiogenic and anti-fibrotic activity are well documented in
preclinical studies249.
SHH signaling is involved in skin homeostasis and induces proliferation of skin cells
and formation of appendages and is essential for the balance between proliferation and
apoptosis of normal keratinocytes besides the promotion of angiogenesis250-252. On skin
wounds, SHH improves skin regeneration, re-epithelialization and angiogenesis in healthy
and diabetic mice250. Purmorphamine is a purine derivative that activates SHH signaling
by stimulating Smoothened protein and promotes stem cell differentiation similar to that
observed with SHH stimulation253.
In this study, the three small molecules are applied to cultured fibroblasts and
keratinocytes to study effects on proliferation, differentiation and migration in order to
verify the potential of these compounds as active molecules in skin engineered substitutes.
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Materials and Methods
Small Molecules
SUN11602 (4-({4-[[(4-amino-2,3,5,6-tetramethylanilino)-acetyl](methyl)amino]-1-piperidinyl}methyl)benzamide; Cat. No. 4826) and Purmorphamine (Cat. No. 4551) were purchased
from Tocris Bioscience, Bristol, UK. ONO-1301 (7,8-dihydro-5-[(E)-[[a-(3-pyridyl)-benzylidene]aminooxy]ethyl]-1-naphthyloxy]acetic acid; Cat. No. O2264) was purchased from SigmaAldrich, St. Louis, MO, USA. Stock solutions were prepared by dissolving the compounds
in DMSO in the following concentrations: SUN11602 - 22 mM; ONO-1301 - 2.3 mM; Purmorphamine
- 100 mM. All groups received the same concentration of the vehicle (DMSO 0.45%), even
control groups. In the literature, these molecules are usually applied in in vitro studies in
final concentrations up to: 100 µM for SUN11602, 10 µM for ONO-1301 and 5 µM for
purmorphamine.

Cell Culture
The human epidermal keratinocyte cell line HaCaT was obtained from Cell Lines Service
(300493, CLS, Eppelheim, Germany). Murine fibroblasts NIH/3T3 (CRL-1658™) and human
skin fibroblasts HFF-1 (SCRC-1041™) were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). The FGF-2 sensitive mouse fibroblast cell line (NR6R-3T3) was
kindly provided by Prof. A. Rizzino (University of Nebraska Medical Center, Omaha, NE,
USA). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM Gibco, Life
Technologies, Inc., Grand Island, NY, USA) containing fetal bovine serum (FBS; Gibco), 10%
for HaCaT, NIH/3T3 and NR6R-3T3 and 20% for HFF-1, and 1% penicillin/streptomycin
(10,000U/100 mg/ml; Gibco) at 37°C with 5% CO2 in a humidified atmosphere. Primary
normal human keratinocytes (NHKs) were obtained from skin explants after abdominoplasty
as previously described and were cultured using keratinocyte growth medium (KGM;
Lonza, Basel, Switzerland) and differentiated by depletion of growth factors as previously
described30,254. Primary normal human dermal fibroblasts (NHF) from healthy patients
were isolated as previously described and maintained in DMEM containing 10% FBS and
1% penicillin/streptomycin255.

Cytotoxicity assay
In order to check the effect of small molecules on cell viability, HaCaT and 3T3 cells, 7 x 103
cells were seeded in each well of a 96-well plate in DMEM plus 10% FBS and incubated at
37°C for a period of 16 h. The medium was then replaced with 200 μl of fresh medium
containing 0.1% of FBS and varying concentrations of SUN11602 (10-200 μM), ONO-1301
(0.1-30 μM) and Purmorphamine (0.003-1 μM). Control cells only received fresh medium.
The plate was then incubated for 24 h, after which cell viability was verified by Alamar
Blue® Cell Viability Assay (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to
manufacturer’s instructions.
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Cell proliferation assay
HFF-1 or NR6R-3T3 cells (3.5 x 103/well) were seeded in a 96-well plate and incubated at
37°C for 16 h. The medium was replaced by medium (0.1% FBS) containing varying
concentrations of SUN11602 (3-100 μM), ONO-1301 (0.3-10 μM), purmorphamine (0.03-1
μM) or FGF-2 (10 ng/mL; R&D Systems, Inc. Minneapolis, MN, USA). FBS 10% was applied as
positive control group. The plates were incubated for 72 h. Cell viability was evaluated by
Alamar Blue Cell Viability Assay (Thermo Fisher Scientific, Inc., Waltham, MA, USA), as an
indirect measure of cell number. For NHF, a slightly different protocol was followed. NHF
cells were seeded at a density of 2000 cells/well in 96 wells plates and allowed to adhere
for 24 h at 37 ºC. Medium was replaced by medium with 0.1% FBS and the plate was
incubated for 16 h, after which different concentrations of small molecules were added to
the cells: SUN11602 (25-100 μM), ONO-1301 (0.5-2 μM) and purmorphamine (0.1-0.5 μM).
The plates were incubated for a maximum period of 120 h and cell viability was assessed
every 24 h using Alamar Blue.

Quantification of mRNA expression levels
For gene expression analysis, NHFs were seeded in 24-well plates (3 × 104 cells/well) in
DMEM 10% FBS and incubated at 37 ºC. After 24 h, medium was replaced by DMEM + 0.5%
FBS containing SUN11602 (25-100 µM), ONO-1301 (0.5-2 µM) or purmorphamine (0.1-0.5
µM). NHKs were seeded in 24-well plates (2 × 104 cells/well) in keratinocyte growth
medium (KGM, Lonza, Basel, Switzerland) and cultured until confluence. The medium was
replaced by keratinocyte basal medium (Lonza, Basel, Switzerland) containing SUN11602
(25-100 µM), ONO-1301 (0.5-2 µM) or purmorphamine (0.1-0.5 µM). Control cells were
exposed to medium containing 0.45% DMSO (vehicle). Cells were harvested for RNA
isolation after 24 and 48 h of treatment. The following genes were assessed for keratinocytes: VEGF, matrix metalloproteinase (MMP)-1, Keratin 14 (K14), Keratin 10 (K10), involucrin
(IVL), loricrin (LOR) and and transglutaminase 1 (TGM1). For fibroblasts VEGF, MMP-1, cyclin
D1, Ki67, alpha-smooth muscle actin (α-SMA), type I collagen and elastin were analysed.

RNA isolation and quantitative polymerase chain reactions
To isolate RNA, the cells were washed with PBS followed by addition of 250 µl TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). After vigorous pipetting, the lysed cells were
transferred to 1.5 ml Eppendorf tubes. Hereafter, 1/5 volume of chloroform was added
followed by vortexing for 30 s. After centrifugation at 17,000 x g for 20 min at 4 °C, 150 µl
of the water layer was transferred to a 1.5 ml Eppendorf tube. An equal volume of 70%
ethanol was added to the water layer and mixed shortly by inverting. Subsequently, the
samples were purified using RNeasy mini kit columns (Qiagen GmbH, Hilden, Germany)
according to manufacturer’s protocol. After washings, an on-column DNase I (RNase free
DNase I, Qiagen) treatment was performed. The yield was quantified spectrophotometrically
at 260 nm using the NanoDrop (Thermo Scientific, Rockford, IL, USA). Gene expression
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levels were measured using quantitative polymerase chain reactions (qPCR). cDNA
synthesis was performed in a 20 µl reaction volume on 50 ng of RNA (in 15 µl RNase free
water) using the iScript cDNA synthesis kit (iScript cDNA synthesis kit, Bio-Rad, Hercules,
CA, USA) as described by the manufacturer. As a no-reverse transcription control, 15 µl
water was used. Hereafter, cDNA was diluted 20x in RNase free water and used as a
template for qPCR amplification (CFX real-time detection system, Bio-Rad) of the genes
listed in Table 1. The reaction was performed in a total volume of 12.5 µl containing 2.5 µl
cDNA (1.6 ng), 0.6 µM primers (see Table 1) and 6.25 µl iQ SYBR Green super mix (Bio-Rad).
After incubation for 3 min at 95 °C, amplification was carried out for 40 cycles of 15 s at 95
C° and 30 s at 60 °C. To indicate the purity of the product, the melting temperature was
measured by increasing the temperature from 65 °C to 95 °C with 0.5 °C increments every
10 s. The quantification cycles (Cq) for the genes of interest were normalized to the Cq
value of the reference gene ribosomal protein large P0 (RPLP0). To calculate the relative
quantity the 2-∆∆Cq method was used, where cells treated with only the vehicle DMSO
(0.45 %) were taken as a control. No-template controls (2.5 µl water instead of cDNA) and
no-reverse transcription controls were taken along on each plate for each gene.
Quantification cycles (Cq) higher than 38 were not used for analysis. Primers were obtained
from Biolegio (Nijmegen, The Netherlands). All primers were validated to assess the PCR
amplification efficiency (E) as described in the MIQE guidelines 191. Primers with an
efficiency of 100 ± 10% were used.

In vitro scratch assay
NHK or NHF cells were cultured in 24-well plates until confluence. A single scratch wound
was created using a p200 micropipette tip into a fully confluent cell layer. Cells were
washed three times with PBS to remove cell debris, and medium containing SUN11602
(100 µM), ONO-1301 (2 µM) or purmorphamine (0.5 µM) was added. Control cells were
exposed to the medium containing 0.45% DMSO (vehicle). FBS (10%) was used as a positive
control. Microscopical images were taken at 0h and 48h after the scratch, and the area of
the gaps was evaluated. NHF do not migrate in an orderly way being difficult to calculate
the remained open area after cell migration. So, for NHF wound closure was calculated
comparing the number of cells at scratched area and at no scratched area (100% closure)
after 48 h. For NHK, it is possible to calculate the area without cells. So, percentage of
wound closure area was calculated comparing the scratched area at 48h with the initial
scratched area (0h). Images were captured by Leica DMi1 (Leica Microsystems, Wetzlar,
Germany) inverted optical microscope (5X magnification) and the scratched area or
number of cells per area was determined by analyzing the images with ImageJ Software
version 1.46r (National Institute of Health, USA).
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Forward primer
TCCTGGTGAACAAGCTCAAG
CATGAACTCGGCCATTCTC
AGAAGGAGGAGGGCAGAATC
ACTTATTTCGGGTCCGCTAGGT
AAACCAACAAAGAGGAACACAAATT
TGGTTCAATGAAAAGAGCAAGGA
GGCCTGCTGAGATCAAAGACTAC
AGGTTAAGACATGAAGGATTTGCAA
CCCCCGCAATGAGATCTACA
CCGACCGAATGCAGAAGGA
CCTCAAGGGCTCCAACGAG
GGGTGCCGGGCAGTTC
CACCATTGAAATCCTGAGTGATGT

Gene

CCND1 Cyclin D1

Matrix metalloproteinase-1

Vascular endothelial growth factor A

Involucrin

Ki67

Keratin 10

Keratin 14

Loricrin

Transglutaminase 1

Alpha-smooth muscle actin

Collagen I, alpha I

Elastin

RPLP0

TGACCAGCCCAAAGGAGAAG

TGGGAAAATGGGAGACAATCC

TTTTGTATTCAATCACTGTCTTGCC

ACAGAGTATTTGCGCTCCGAA

ATCCTCATGGTCCACGTACACA

GGCACCGATGGGCTTAGAG

CACTGTGGCTGTGAGAATCTTGTT

GGGATTGTTTCAAGGCCAGTT

GTCTGGAGCGCAGGGATATTC

GAGACATGTAGAGGGACAGAGTCAAG

AAGATGTCCACCAGGGTCTC

ACATCACCACTGAAGGTGTAGC

CTCTGGCATTTTGGAGAGG

Reverse primer

Table 1 Primer sequences of all genes examined by Real-Time Quantitative Polymerase Chain Reaction.

107.3

94.6

95.6

100.7

109.2

92.4

101.2

100.1

100.6

104.4

106.7

99.9

103.7

Efficiency
(%)

1.0

0.9834

0.9907

0.9979

0.9770

0.9826

0.9987

0.9998

0.9952

0.9973

0.9942

0.9757

0.9946
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Statistics
Independent triplicates were carried out for all experiments (N=3). The results were
expressed as mean ± SD and data were evaluated by one-way analysis of variance (ANOVA)
complemented by Bonferroni post-hoc test, excepted for proliferation of NHF (Figure 1C)
where it was applied two-way ANOVA followed by Tukey’s test. P<0.05 was considered as
indicative of significance. All values were obtained using the Statistical software GraphPad
Prism version 6.00, San Diego California, USA.
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Results
Small molecules are not cytotoxic for fibroblasts and keratinocytes
First, we used the commonly applied fibroblast and keratinocyte cell lines, 3T3 and HaCaT,
in a screening cytotoxicity assay to assess the potential toxic effect and determine safe
ranges of concentrations of small molecules. As shown in Figure 1A, no toxic effect was
observed at any of the tested concentrations (SUN11602, 10-200 µM; ONO-1301, 0.1-30 µM;
purmorphamine, 0.005-1 µM).

ONO-1301 and purmorphamine enhance proliferation
of primary fibroblasts
For the next experiments, we tested the effect of small molecules on cell proliferation of
primary human fibroblasts (NHF), which are typically more sensitive and similar to the
physiological situation (Figure 1B). When treated with small molecules, cells from three
different donors showed similar trends, but different absolute numbers of viable cells.
After 120 h, the positive control (10% FBS) promoted cell proliferation of fibroblasts from
the three donors 5-fold, 3-fold and 5-fold for donor 1, 2 and 3, respectively. SUN11602 did
not change cell proliferative capacity. ONO-1301 and purmorphamine, however, did
increase cell proliferation. At 120 h, ONO-1301 resulted in a maximum increase of 96 ± 25%
(2 µM) for donor 1, 69 ± 17% (2 µM) for donor 2 and 87 ± 11% (2 µM) for donor 3. At the
same time point, purmorphamine induced a maximum increase of 121 ± 32% (0.5 µM) for
donor 1, 89 ± 27% (0.25 µM) for donor 2 and 97 ± 15% (0.25 µM) for donor 3.
The influence of small molecules on cell proliferation was also assessed in the human
foreskin fibroblast cell line HFF-1 cells. Ten percent FBS, used as a positive control, increased
cell number in 49 ± 26% compared to control (0.1% FBS). However, small molecules did
not change basal cell proliferation in any tested concentration (Figure 1C). In order to
confirm SUN11602 lacking a proliferative effect, the compound was tested in the FGFhypersensitive cell line, NR6R-3T3. As observed in Figure 1D, FGF-2 (10 ng/mL) gave a 91 ±
48% increase in cell number, whereas SUN11602 did not increase proliferation at any of
the concentrations applied.

Small molecules influence gene expression of primary fibroblasts
and keratinocytes
Proliferation and differentiation of primary human fibroblasts in the presence of small
molecules were also assessed by gene expression analysis using qPCR. VEGF and MMP-1
were assessed since they are important mediators of healing responses. Cyclin D1 and
Ki67 were used as proliferation markers, while α-SMA was used as a differentiation marker.
Type I collagen and elastin are ECM molecules released by active fibroblasts and their
mRNA was measured as an indicator of fibroblast activity. A complete overview of all qPCR
results for primary fibroblasts can be found in Supplementary figure S1.
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As can be appreciated in Figure 2, small molecules changed mRNA expression of primary
fibroblasts. SUN11602 (50 µM) only reduced the expression of type I collagen (2.1-fold)
(Figure 2A). ONO-1301 reduced the expression of Ki67 2.7-fold at 24 h and 3.3-fold at 48h.
Cyclin D1 was reduced 2.5-fold at 24 h, while the expression of MMP-1 was increased
4-fold at 48 h (Figure 2B). Treatment with purmorphamine (0.25 µM) reduced the
expression of VEGF (1.9-fold), type I collagen (1.6-fold) and elastin (1.7-fold) (Figure 2C).
A similar analysis was performed on mRNA expression of primary keratinocytes after
small molecule exposure (Figure 3). A complete overview of all qPCR results for
keratinocytes can be found in Supplementary figure S2. The assessed genes were the
healing-related molecules VEGF and MMP-1, and the differentiation markers K14, K10,
IVL, LOR and TGM1. SUN11602 increased expression of MMP-1 (16.3-fold), VEGF (3.2-fold),
TGM1 (3-fold) and involucrin (4.7-fold) after 48 h (Figure 3A). ONO-1301 promoted an
increase on MMP-1 expression after 48 h (2.3-fold) (Figure 3B), while purmorphamine
increased expression of TGM1 at 24 h (1.4-fold) and K14 at 48 h (1.6-fold) (Figure 3C).
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Figure 1
A

B

C

D

Figure 1 The effect of small molecules on fibroblasts and keratinocytes. A) Small molecules
have no effect on skin cells viability. 3T3 and HaCaT cells were incubated with small molecules for 24
h before cell viability assessment. B) ONO-1301 and purmorphamine slightly enhance proliferation
of primary fibroblasts (NHF). NHF were exposed to small molecules for 120 h before cell viability
assessment (NHF1, NHF2 and NHF3, referring to three donors). C) Small molecules have no effect on
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HFF-1 proliferation. HFF-1 cells were incubated with small molecules for 72 h before cell viability
assessment. D) SUN11602 did not change NR6R-3T3 proliferation. Cells were incubated with
SUN11602 or FGF-2 for 72 h before cell viability assessment. Each bar represents the mean ± SD.
Significance values were *P<0.05; **P<0.01 and ***P<0.001.

ONO-1301 inhibits migration of fibroblasts, SUN11602 inhibits
migration of keratinocytes
The effect of small molecules on migratory activity of primary cells was evaluated using an
in vitro wound healing assay. The positive control, 10% FBS increased the migration of
primary fibroblasts (112 ± 11%) increasing closure of scratched area when compared to
0.1% FBS (control, basal migration), while ONO-1301 reduced the migratory capacity of
these cells by 31 ± 7% when compared to the control. SUN11602 and purmorphamine did
not change the migration of primary fibroblasts (Figure 4A). On primary keratinocytes,
SUN11602 (100 µM) inhibited the migratory capacity of primary keratinocytes in 51 ± 6%,
Figure 2
while ONO-1301 and purmorphamine did not change this parameter (Figure 4B).

A

6
B

C

Figure 2 Small molecules modulate the gene expression of primary human fibroblasts.
Cells were exposed to A) SUN11602 (0-100 µM), B) ONO-1301 (0-2 µM) or C) Purmorphamine (0-0.5 µM)
for 24 and 48 h before assessment of gene expression by qPCR. Each bar represents the mean ± SD.
Significance values were *P<0.05; **P<0.01 and ***P<0.001.
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Figure 3
A

B

C

Figure 3 Small molecules modulate the gene expression of primary human keratinocytes.
Confluent cells were exposed to A) SUN11602 (0-100 µM), B) ONO-1301 (0-2 µM) or C) purmorphamine
(0-0.5 µM) for 24 and 48 h before assessment of gene expression by qPCR. Each bar represents the
mean ± SD. Significance values were *P<0.05 and **P<0.01.
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Figure 4
A

B

6

Figure 4 The effect of small molecules on wound closure by primary human fibroblasts A) and
keratinocytes B). Representative pictures and wound closure from scratch assay (48h). A confluent
layer of cells was scratched and exposed to SUN11602 (100 µM), ONO-1301 (2 µM) or purmorphamine
(0.5 µM) for 48 h. Pictures were taken at 0 and 48 h and the closure of wounded area was calculated.
Control group: DMEM + 0.1% FBS + 0.45% DMSO. Scale bar = 0.5 mm. Each bar represents the mean
± SD. Significance values were **P<0.01 and ***P<0.001.
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Discussion
Facing the limitations and difficulties of the use of growth factors and biological agents,
chemical small molecules may be an attractive alternative in regenerative medicine. Here,
we investigated three small molecules for skin regeneration and showed that SUN11602,
ONO-1301 and purmorphamine influence fibroblast and keratinocyte behavior in different
ways. Table 2 gives an overview of the observed effects of the studied small molecules on
skin cells.

Table 2 Small molecules effects on skin cells
Proliferation

Differentiation

Migration

Fib

KC

Fib

Fib

-

n.e.

-

ONO-1301

n.e.

-

Purmorphamine

n.e.

-

SUN11602

KC

KC

-

-

-

Fib = fibroblasts; KC = keratinocytes; - = no change; = increase; = decrease; n.e. = not evaluated

For the first time, SUN11602 was applied to skin cells and demonstrated alterations on
keratinocyte behavior, with little effect on fibroblasts. On keratinocytes, SUN11602 induced
MMP-1 expression suggesting an effect on remodeling phase of wound healing, including
basal membrane reestablishment and cell migration, and degradation of excessive
extracellular matrix (ECM)39,256. It also increased VEGF mRNA levels, which usually can be
seen in compounds that accelerate and improve skin healing by reestablishment of microcirculation, rescue tissue perfusion and increase oxygen tension in the damaged
tissue257. SUN11602 also stimulated keratinocyte differentiation which is essential for
restoration of the skin barrier and for the impermeable external epidermal layers258. In
accordance, SUN11602 reduced keratinocyte migration, stressing that the compound
regulates the late phase of wound healing response, where keratinocytes stop migrating
to start the differentiation process258. Unlike FGF-2, SUN11602 did not change the
proliferation rate of any of the studied fibroblasts. Similar results were found by Murayama
et al. (2015) where, SUN11602 did not induce proliferation of FGFR1-expressing cell lines,
notwithstanding the compound activates FGF1R. On fibroblasts, SUN11602 reduced type
I collagen mRNA expression, together with increased MMP-1 expression by keratinocytes,
SUN11602 could regulate ECM formation/degradation ratio being a potential tool for
therapy of hypertrophic scars and maybe even fibrosis in general259.
Although ONO-1301 has a potential effect on angiogenesis and regeneration,
information about its effects on skin cells is lacking249. Here, ONO-1301 had a minor effect
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on keratinocytes, but changed the proliferative profile of fibroblasts. Gene expression
analysis on primary fibroblasts showed reduction of proliferation markers such as cyclin
D1 and Ki-67 after 24 and 48 h of treatment. Studies evaluating ONO-1301 on dermal
fibroblasts demonstrated pro-angiogenic effects without considering proliferative
events260. However, ONO-1301 reduced proliferation of primary mouse lung fibroblasts261.
In addition, Beraprost, a prostacyclin analogue, inhibited proliferation of cardiac
fibroblasts262. Also, studies have shown that ONO-1301 possesses anti-fibrotic potential by
reducing fibrogenic protein expression such as collagen and the number of tissue
myofibroblasts249,263. We observed a reduction of the migratory capacity of fibroblasts
after ONO-1301 exposure, which may contribute to the anti-fibrotic potential of the
compound. Supporting our results, Kohyama et al. (2002) showed that prostacyclin
analogues inhibited fibroblast migration in a PKA pathway-dependent manner264.
ONO-1301 induced MMP-1 expression in fibroblasts and keratinocytes. Treatments which
increase MMP-1 levels have a preventive role in skin fibrosis and scar formation39. Suzuki et
al. already demonstrated ONO-1301’s anti-fibrotic capacity, using a sustained-release
formulation of ONO-1301 on myocardial remodeling in murine cardiac allograft.
Subcutaneous application of the compound reduced collagen content, inflammatory
cytokines and MMPs, especially MMP-2, on chronically rejected cardiac tissue265.
Although SHH signaling is also involved in carcinoma development, this pathway
seems to be essential for normal skin wound healing. This idea is supported by SHH’s
ability to induce angiogenesis and endothelial-mesenchymal transition266,267. Disruption
of SHH signaling impairs wound healing and SHH proteins are reduced in the skin of
diabetic mice, while the stimulation of SHH signaling improves diabetic healing
response250,268,269. Here, we tested the SHH mimetic purmorphamine, which has shown
regenerative capacity in bone and neuronal cells, on skin cells. Purmorphamine induced
proliferation of primary fibroblasts while promoting TGM1 and K14 gene expression in
primary keratinocytes. Purmorphamine could potentially be applied early in wound
therapy to stimulate the proliferative phase as it induced fibroblast proliferation and
reduced parameters of differentiated cells like expression of type I collagen, elastin and
VEGF270. The induction of K14 after treatment with purmorphamine suggests that the
small molecule stimulates basal keratinocyte proliferation, which is in agreement with
SHH agonist’s pro-regenerative capacity271. However, purmorphamine also induced
TGM1, a keratinocyte differentiation marker associated with effective barrier restoration
process272. Although the modulation of TGM1 expression suggests a pro-healing activity
for purmorphamine, it is contradictory to what is known about SHH signaling being
associated with proliferative tissues and being suppressed during keratinocyte differentiation273. The mechanisms by which purmorphamine acts on keratinocytes needs to be
further elucidated.
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Conclusions
Our findings suggest that SUN11602 has potential to modulate later phases of the healing
process, ONO-1301’s main effect suggests an anti-fibrotic potential, while purmorphamine
demonstrated a proliferative effect being interesting for the first stages of the skin
regeneration response. The three small molecules show potential as active compounds of
skin engineered substitutes, although further studies are necessary to better elucidate
these compounds effects on skin cells and delineate the best application methods for
these molecules, as well as their stability and compatibility with commonly applied
biomaterials in tissue engineering.
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Supplementary figure S1 The effect of small molecules on the gene expression of primary
human fibroblasts. Cells were exposed to A) SUN11602 (0-100 µM), B) ONO-1301 (0-2 µM) or
C) purmorphamine (0-0.5 µM) for 24 and 48 h before assessment of gene expression by qPCR.
Each bar represents the mean ± SD. The graphic symbols denote the significance levels when
compared with control group: *P<0.05; **P<0.01 and ***P<0.001.
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Supplementary figure S2 The effect of small molecules effect on the gene expression of
primary human keratinocytes. Confluent cells were exposed to A) SUN11602 (0-100 µM),
B) ONO-1301 (0-2 µM) or C) purmorphamine (0-0.5 µM) for 24 and 48 h before assessment of gene
expression by qPCR. Each bar represents the mean ± SD. The graphic symbols denote the significance
levels when compared with control group: *P<0.05 and **P<0.01.

168

6

169

07

Chapter 7
General discussion and future outlook

CHAPTER 7

172

General discussion and future outlook
The development of tissue engineered skin has progressed over time to improve the
current clinical strategies in the treatment of full thickness skin defects58. Many approaches
have been developed from applications of cells only or scaffolds only, to combinations of
cells, scaffolds, and signaling molecules274. Ideally, a skin substitute should possess the
ability to resemble native skin and restore the protective barrier. Cells seeded into matrices
have to be functional and replace the artificial ECM with its own molecules. In the case of
acellular skin substitutes, cells from the surrounding should be efficiently attracted,
infiltrating the temporary matrix and replacing it, as well as producing the molecules
required to form a functional skin. To date, the outcomes after implantation with the
currently available skin substitutes often show a lack of pigmentation and absence of
appendices such as hair follicles, and sweat and sebaceous glands274.
In this thesis, we have applied technologies enabling the analysis of skin substitutes,
both prior to and after implantation, in order to quantitatively assess their quality. The
ability to analyze skin substitutes on a molecular level, as we did in this thesis could
potentially have a clinical value in deciding whether a cultured skin substitute is useful for
implantation, whereas the assessment after implantation could be used to evaluate the
quality of the regenerated skin. Such analyses are valuable tools to increase our
understanding of wound healing mechanisms and elucidate pathways in the context of
e.g. hair follicle formation and melanogenesis.

7

Skin substitutes and personalized medicine
No one wound is like another and the process of healing is affected by age, infections and
diseases such as diabetes and cancer, emphasizing the need for tailor made skin substitutes
to treat each patient accordingly42,275.

Molecular analyses of the skin
In order to design personalized wound healing strategies it is evident that reliable and
unbiased diagnostic and prognostic tools are required42. By constructing a blueprint of
the perfect skin substitute and of completely regenerated skin, a first step is set to find
biomarkers that are predictive for treatment outcomes. Therefore, it is necessary to
quantitatively and qualitatively analyze skin tissue before and after implantation. Currently,
to analyze skin tissue on a molecular level, biopsies are required. Optimized methods to
quantitatively assess the quality of the skin will enable us to design a blueprint for the
optimal skin substitute. RNA and DNA techniques are very robust and routinely used in
diagnostics, however, they do not give information regarding the protein content of
tissues276. Extraction and quantification of extracellular matrix molecules is challenging
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due to its characteristic to give tissues strength and rigidity99,101,277. Studies to the
quantitative analysis of the extracellular matrix proteins in the dermal layers of the skin are
therefore limited. For quantification of collagen, hydroxyproline assays or western blotting
are generally performed in a research context rather than in a clinical setting278-280. An
alternative for quantitative measurement of extracellular matrix molecules could be mass
spectrometry277. Mass spectrometry has already proven its value in the assessment of
collagen ratios in skin, which is indicative of the state of the regenerating skin281. Using
isotope labeled reference peptides, the corresponding peptides from the protein of
interest can be quantified101,276,282. As mass spectrometry has a high resolution and
sensitivity, this will also allow differentiation between newly synthesized collagen and
collagen from the tissue engineered construct (bovine collagen, or other species),
emphasizing the use of MS for quality control purposes of advanced therapeutic medical
products such as cultured skin substitutes.
As stated, biopsy collection is highly invasive. This stresses the need for non-invasive
methods, which allow unbiased analysis of the wound healing process at the molecular
level. Multi-photon-based intravital imaging enables the analysis of cell dynamics and
subcellular biochemical characterization of skin in vivo283,284. This technique can make use
of intrinsic fluorophores such as NADH for visualization of the cells enabling the
investigation of energy metabolism and localization of mitochondria during wound
healing283,285. In addition, epidermal thickness can be measured using this technique,
which is one of the physiological characteristics of healing skin283. Visualization of the
epidermal layer during regeneration could therefore be a useful parameter during skin
regeneration. Other structures that can be detected in the skin with multiphoton
microscopy are collagen and elastic fibers286. This facilitates analysis of the deeper layers
of the skin during wound healing with the use of a non-invasive method286.
Although being invasive, gene expression analysis of collected biopsies is in terms of
quantification a valuable tool to design profiles for healing or pathologically healing skin,
and can be of clinical value. Gene expression profiles of normal healing skin can be
compared to pathologically healing skin, giving insight in the mechanisms altering wound
healing and facilitating a tool for the assessment of the wound healing process287-289.
Moreover, gene expression analyses can be used to decide whether or not a cultured skin
substitute is suitable for implantation. If the cells are not functional, and do not express the
appropriate genes, then it should not be implanted. Overall, once the molecular
requirements for an optimal skin substitute are known, and the presence of the required
molecules can be quantified in the regenerating skin or cultured skin substitute, these
values can be used as biomarkers to predict the outcome of healing or to follow healing
in time and help decision making in whether or not to proceed or initiate certain
treatments.
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Biomarkers
Biomarkers that can be used to determine wound healing stages, or pathologies occurring
during wound healing, would enable us to act upon unwanted biological processes
leading to scar formation or comorbidities. Several biomarkers have been suggested for
clinical use to adjust the course of treatment290. Increased expression of for instance
matrix metalloproteinases (MMPs) may lead to an unbalanced environment of proteases
and protease inhibitors which are both required during wound healing, causing impaired
wound healing291. A point of care test to measure protease activity in non-healing wounds
is developed to be able to choose specific treatments targeting protease activity292. In
addition, several biomarkers have been suggested as therapeutic targets in the treatment
of chronic ulcers293. The ability to detect changes in the wound-healing environment
would enable clinicians to quickly identify exacerbating wounds. However, to develop
diagnostic and prognostic tools to predict clinical outcome and to determine a
personalized treatment plan, a full understanding of the molecular mechanism behind
both scarless and pathologic wound healing is necessary.

Scarless wound healing and regeneration
The molecular basis for pathological scarring is poorly understood. Therefore, effective
treatment is often lacking, asking for more in-depth analyses of the mechanisms behind
scar formation, and correspondingly the mechanisms leading to scarless healing42.
Preferably, we want to steer the processes of wound healing in the direction of scarless
wound healing. This demands that we study wound-healing processes in animals where
regeneration is a natural phenomenon in order to be able to translate this to clinical
applications.

Animal models
Already in the early seventies, scarless wound healing was observed in fetal lambs. This
formed the basis for further research into scarless fetal wound healing294. The regenerative
capacity of a tissue is determined by the cellular behavior, which is highly impacted by its
surrounding ECM99,295. The presence of stem cell populations and the potential of cells to
undergo dedifferentiation form the basis for new cells to regenerate parts of the body in
regenerative species such as the flat worm, axolotl and Xenopus laevis295,296. In mammalian
adults, only small numbers of stem cells are present limiting the possibility to regenerate
tissues295. Therefore, inducing dedifferentiation programs of mature cells could stimulate
the regenerative potential of tissues. Another mammalian animal model, which is of great
value to study the molecular mechanisms behind full skin regeneration including all
appendices, is the spiny mouse or Acomys. This mouse is known for its ability to perfectly
regenerate skin after full thickness wounding297. With intravital imaging the cellular
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dynamics can be compared between regenerating skin of the Acomys and scarring skin in
the normal mouse44,298. Study to the regenerative capacity of animals having the ability
to develop missing body parts will shed light on molecular mechanisms for the translation
to scarless wound healing299.

Induced pluripotent stem cells and fibroblast lineages
Although the skin harbors relatively large numbers of stem cells (in the basal layer of the
epidermis and in hair follicles, see Figure 1 of chapter 1) compared to other tissues of our
body, it lacks the potential to regenerate after large full thickness wounding300. The use of
stem cells in wound healing has already proven its worth by stimulating healing and
decreasing fibrosis301. Through dedifferentiation of mature cells into induced pluripotent
stem cells (iPSCs) having embryonic stem cell characteristics, the regenerative capacity
could be boosted296,300. iPSCs could be differentiated in vitro into cells with the desired
phenotype thereby creating the ability to manipulate the scarring response301. Different
fibroblast populations are of interest for scarless wound healing302,303. Fibroblasts that are
positive for engrailed-1 contribute to scar formation, whereas fibroblasts that are negative
for this protein are not303,304. Cells stimulating hair follicle neogenesis or specific fibroblast
populations can potentially be generated with the use of iPSCs. Subsequently these cells
can be incorporated in a collagen hydrogel as in chapter 3 and delivered to the wound
site stimulating the process of wound healing after implantation. Clearly, iPSCs are of great
interest for tissue engineering applications. However, there are serious disadvantages to
the use of iPSCs for clinical applications. iPSCs are genomically unstable and are therefore
more susceptible to mutations305. Changes in chromosome number, copy number
variations, and single nucleotide changes are described to occur more often in these
cells306-308. Whether all these mutations are harmful is unknown, however some are
associated with cancer and safety cannot be guaranteed yet305.

Regeneration of appendices and pigmentation
Although the primary function of the skin is mostly restored with the current skin
substitutes, the clinical outcome is often esthetically unsatisfying as the regenerated skin
lacks pigmentation and appendices. Abnormal pigmentation of the skin after wound
healing is frequently observed60. Normally, pigmentation of the skin and hairs is facilitated
by melanocytes residing in the epidermis and in the hair follicles309. Interestingly, hypopigmentation of the skin is not subscribed to a lower number of melanocytes, but to a
decreased activity of the melanocyte60. Melanocyte stem cells are present in the basal
layer of the epidermis and in the bulge of the hair follicle. Consequently, pigmentation of
a scar requires the presence of hair follicles60. We have shown that the use of growth
factors applied during fetal development stimulates de novo hair follicle formation.

176

Remarkably, in a mouse model comparable results were obtained showing new hairs and
absence of pigmentation220. De novo hair follicle synthesis, also defined as wound induced
hair follicle neogenesis, was ascribed to Wnt-signalling220,302. Histological analysis for e.g.
Wnt1, Wnt3a or β-catenin in the hair follicle, but also single cell gene expression analysis of
the hair follicles would be of interest to characterize the molecular differences between
adult hairs and the new hairs formed in the regenerated skin. In our gene-expression
study presented in chapter 5, we could not confirm whether de novo hairs arose as a
result of Wnt-signalling. Therefore, analysis of gene-expression profiles shortly after
implantation would be of interest to investigate whether Wnt-signalling was initiated by
the presence of heparin, VEGF and FGF2 added to the collagen scaffolds (COL-HEP/GF).
Gene expression analysis 2 weeks after implantation has been performed. Preliminary
analysis shows that compared to the untreated defect, 355 genes are differentially
expressed when treated with COL-HEP/GF, as to 191 genes upon treatment with a collagen
scaffold only. The relation between the differentiated genes will be investigated further
using DAVID functional annotation tool in order to interpret these results and to confirm
whether Wnt-signalling was affected by the application of heparin and growth factors to
the collagen scaffold.
To be able to stimulate hair follicle regeneration, embryogenic hair follicle developmental
pathways should be activated. Yet, not much is known about the cell lineages that give
rise to de novo hair follicles302. Single cell gene expression analysis showed large fibroblast
heterogeneity after wounding in mice302. This heterogeneity is described to be beneficial
for scarless wound healing310. Additionally, adipogenesis is related to hair follicle
morphogenesis, as adipocytes cannot regenerate in hairless wounds302. Adipose derived
stem cells have the ability to differentiate into fibroblasts, hereby contributing to a diverse
fibroblast population310. To sum up, adipocytes, fibroblasts and hair follicle stems cells are
essential for hair follicle regeneration, however, the exact interplay remains unknown302,311.
In our study, we have observed a thick layer of adipose tissue underneath the dermal layer
and de novo hair follicles in the lambs when treated with heparin and growth factors
(chapter 5). It is therefore hypothesized that the use of heparin and growth factors could
be responsible for the presence of different fibroblastic lineages. Precursor cells could
have been steered into specific cells by the use of heparin and growth factors. To get
insight in presence of different fibroblastic lineages it would be relevant to isolate single
cells from the different dermal areas and investigate gene expression analyses by RNA
sequencing or to investigate cellular dynamics in healing wounds using intravital imaging
systems.
Once the full cellular basis of regeneration of the appendages is understood, we can
use this knowledge to functionalize biomaterials with the appropriate cues to stimulate
for instance hair follicle formation.
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Bioactive components and controlled release
Besides the use of cellular skin substitutes, regeneration of the skin can also be stimulated
via acellular scaffolds functionalized with signaling molecules. Growth factors are
important regulators of cellular responses during wound healing and are therefore of
interest for clinical use312. Although our knowledge regarding the function of these
molecules is increasing, difficulties when applying growth factors to tissue engineered
constructs remain. Growth factors have a short half-life; thereby the therapeutic dosage is
hard to control312. In addition, although growth factors have shown promising results
when applied topically to wounds or when functionalized via heparin to a collagen
scaffold as we have shown in chapter 5, they are costly to produce and can have undesired
side effects when applied in high doses179,294,312-314.
An alterative for growth factors to instruct cellular behavior are small molecules and
growth factor mimetics. In comparison to growth factors, small molecules can be synthesized
more reproducibly, have the ability to penetrate cells and show low immunogenicity243,315.
Currently, the use of small molecules or growth factor mimetics to stimulate tissue
formation is still in its infancy but is vastly emerging243,316. The use of small molecules and
growth factor mimetics targeting Wnt-signalling, serine protease granzyme B, hypoxiainducible factor 1, FGF2 and defensins (anti-microbial peptides) have shown promising
results in wound healing related research317-321. However, only limited research has been
performed in the field of skin wound healing. In chapter 6 we commenced to explore the
effect of several small molecules involved in wound healing processes on fibroblast and
keratinocyte behavior.
Moreover, at each stage of wound healing different growth factors have specific
roles, implicating that improving skin regeneration will not rely on the application of one
or two growth factors only179. One way to include growth factors to scaffolds is by making
use of the binding sites present in the biomaterial used179. For instance, we have used
collagen as a biomaterial, to which heparin was crosslinked facilitating growth factor
binding (chapter 5). Other ECM molecules have the ability to bind growth factors by
nature as well. Combining different ECM molecules increases the options to incorporate
various signaling molecules. However, this will not solve the problem of burst release and
short half-life of growth factors. Chemical crosslinking of growth factors, on the other
hand, can influence their biological activity. Therefore, other release systems or growth
factor mimetics could overcome these problems. In search for novel anti-cancer therapies,
biological release systems for the delivery of antibody-drug conjugates have gained
attention. The drug is coupled to an antibody via a linker molecule. When needed, the
drug can be released by a chemical elimination reaction322,323. This mechanism may be of
value to optimize current growth factor delivery systems in tissue engineered constructs,
as it could allow sequential release of different therapeutic agents to stimulate the
appropriate phases of wound healing. Growth factors, or growth factor mimetics, can be
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coupled to a collagen scaffold via these linkers. Topical application, or intravenous
injection, of the activator would than induce the release of the growth factors. Alternatively,
nanocapsules can also be used as a delivery system. Nanocapsules made from thermosensitive polymers can be loaded with the desired molecules, which can be released
when temperature increases324,325. Other mechanisms to trigger release of therapeutics
from specific nanocapsules make use of a magnetic or electric field, light or ultrasound326,327.
This could be of special interest for drug delivery in tissue engineered skin, due to the
accessibility of the skin. Overall, inquiry to a more sophisticated release system is of interest
enabling the spatio-temporal release of optimal concentrations of growth factors or
growth factor mimetics.

Concluding remarks
Objective analysis of the molecules involved in pathological wound healing and scarless
wound healing will give invaluable insight in the molecular pathways during the wound
healing process. A better understanding of the key molecules involved will give the
opportunity to stimulate fetal wound healing responses on the one hand, and dampening
pathological scarring on the other hand. This will pave the way to design novel strategies
and support the improvement of the current wound healing therapies.
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Summary
The skin forms the first line of defense and protects our body from the environment. Upon
superficial wounding, when only the epidermis is affected, the skin has the ability to heal
itself. However, upon extensive damage, i.e. a full thickness skin defect where both
epidermis and dermis are injured, the skin lacks the capacity to fully recover. To close the
wounds and restore the barrier function of the skin, transplantation is required. The use of
autologous split thickness skin grafts is the golden standard, which still results in scarring
and is not sufficient in case of large burn wounds due to shortage in healthy autologous
donor tissue. Development of tissue engineered skin is therefore of great interest as an
alternative to current treatments. The use of tissue engineered constructs is also
investigated for prenatal applications where the protective barrier formed by the skin is
absent due to congenital malformations. This thesis focuses on the use of tissue
engineered constructs for both prenatal and postnatal applications.
In chapter 1, a general introduction was given explaining the function and anatomy of
the skin. The processes involved and differences between postnatal and prenatal wound
healing were described. In addition, current methods used to assess wound healing were
discussed, emphasizing the need for quantitative methods allowing unbiased evaluation.
Current analysis of skin substitutes before and after implantation is mainly based on
subjective parameters. In chapter 2, cultured skin substitutes were evaluated for
extracellular matrix components in search for quantitative analyses for quality control
purposes. Various methods were compared to quantitatively analyze cultured skin
substitutes. Two cultured cellular skin substitutes, denovoDerm and denovoSkin were
used as a model. The use of western-blot and ELISA for the quantification of type III
collagen and laminin 5 was unsuccessful, analogous to measurements of lysyl oxidase
activity. Gene expression of specific dermal and epidermal genes was quantified using
qPCR. This was a reliable and robust method, enabling detection of different culture
conditions. Lastly, the number of cells was calculated by measurement of DNA content, as
an indication of cell proliferation. To conclude, methods based on RNA and DNA were
most reliable and reproducible for application on small tissue samples.
Collagen is the most abundant protein in the human body and is a key biomaterial in the
field of tissue engineering. One advantage of collagen, when used as a biomaterial, is its
biodegradability. After cells have synthesized their own extracellular matrix (ECM), the
biomaterial is degraded, leaving just the patient’s own tissue. During collagen synthesis,
the fibril diameter of the collagen is regulated by the glycosaminoglycan dermatan sulfate
as part of the proteoglycans decorin and biglycan. Purified collagen used for tissue
engineering purposes is free of dermatan sulfate, enabling discrimination between
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purified collagen and collagen deposited by cells. In chapter 3 we described an immunohistochemical method to distinguish collagen deposited by the cells from the collagenbased scaffolds grounded on the intrinsic association of dermatan sulfate with newly
synthesized collagen. It is a simple and inexpensive technique to visualize the presence
of newly synthesized collagen in a collagenous environment.
To improve objective evaluation of skin substitutes, we have investigated in chapter 4
whether scar quality can be analyzed using high-density gene expression microarrays as
a supplement to the current subjective scar-assessment tools and qualitative histological
analyses. Treatment of burn wounds with Novomaix in combination with a split-thickness
skin graft (STSG) was compared to treatment with an STSG only (n=4) at three months
after implantation. As a reference for ‘native’ skin, healthy skin acquired from patients who
underwent abdominoplasty was used. We presented an optimized method for RNA
isolation from biopsies as small as 2 mm diameter, and showed that RNA integrity may be
affected by the homogenization procedure used on the tissue and the chronology of
DNase treatment. When comparing both treatments, only few genes were differentially
expressed. GO-term analysis hereof, showed no enrichment for biological processes, i.e.
there was no correlation between the differentially expressed genes. However, when
either Novomaix or treatment with STSG alone was compared to native skin, enrichment
for biological processes related to the ECM were found. This indicated ongoing remodeling
of the scar. Histological analysis of the tissue corroborated these results, indicating that
gene expression analysis can give an objective evaluation of the scar.
In spina bifida, when closure of the neural tube has failed, the spinal cord is exposed to the
intra uterine surrounding. Damage to the spinal cord tissue aggravates as a consequence
of prolonged exposure to the intra uterine environment. Although primary closure of the
fetal skin improves clinical outcome regarding impaired motor functions and bladder and
bowel dysfunction, it is associated with postnatal growth malformations and spinal cord
tethering. In chapter 5 we have investigated the long-term effects of collagen scaffolds
functionalized with heparin, VEGF and FGF2 (COL-HEP/GF) to prenatally close full thickness
skin defects in lambs. Extensive postnatal analyses at 1 and 6 months after delivery were
performed focusing on skin regeneration and skin growth. We showed that the use of
COL-HEP/GF greatly enhanced skin growth. The surface area of the regenerated skin was
increased by 6.9 times, compared to 1.7x when the 12 mm diameter full thickness skin
defect was closed with a collagen scaffold only. We think that this increased skin growth
was the result of a combination of reduced scaffold degradation, decreased number of
myofibroblasts, mild infiltration of immune cells and increased numbers of adipocytes
and keratinocytes. In line with the histological observations, gene expression microarray
analyses showed increased keratinocyte proliferation and increased energy metabolism.
Another noteworthy observation was the presence of hairs in the middle of the
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regenerated skin, indicating de novo hair follicle synthesis. Gene expression related to hair
follicles was more normal in the COL-HEP/GF treated defect. In this chapter it is discussed
how the interplay between keratinocytes, fibroblasts and adipocytes could have
contributed to the effects observed. In conclusion, promising results for the prenatal
closure of full thickness skin defects using functionalized collagen scaffolds offers new
possibilities in the intra-uterine treatment of spina bifida.
In chapter 6 the use of small molecules as an alternative to the more complex and
unstable growth factors to stimulate skin regeneration was investigated. The effect of
three compounds, mimicking the role of signaling molecules involved in wound healing
processes, on keratinocyte and fibroblast behavior was studied. The FGF2-mimetic
SUN11602 reduced keratinocyte migration and affected expression of genes related to
epidermal differentiation. Treatment of fibroblasts with the molecule ONO-1301
(responsible for indirect VEGF upregulation) showed increased proliferation and reduced
migration. Lastly, the sonic-hedgehog signaling mimetic purmorphamine affected both
fibroblast proliferation and keratinocyte differentiation. All three molecules showed
potential as additives to tissue engineered skin.
In chapter 7 the future perspective regarding quantitative analysis of skin and future
perspectives of tissue engineered skin were discussed. In conclusion, objective analysis of
the skin and healing skin will give invaluable insight in the pathways involved in
pathological scarring and skin regeneration. This will lead to a better understanding of the
wound healing process and is of importance for the design of novel wound healing
strategies and improvement of current treatment modalities.
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Samenvatting
De huid is de eerste afweerlinie en beschermt ons tegen de omgeving. Wanneer
oppervlakkige wonden ontstaan waarbij enkel de epidermis is aangedaan, heeft de huid
de eigenschap dat het uit zichzelf kan helen. Echter, wanneer er ernstige schade is,
zogenoemde ‘full-thickness’ (volledige dikte) huiddefecten, waarbij zowel de epidermis als
de (hele) dermis verwond zijn, dan heeft de huid niet meer de capaciteit om zich volledig
te herstellen. Om deze wonden te sluiten en de barrièrefunctie van de huid te herstellen
vindt meestal een transplantatie plaats. Als gouden standaard worden autologe ‘split
skin grafts’ gebruikt. Het nadeel van ‘split skin grafts’ is dat toepassing hiervan nog steeds
in littekenvorming resulteert. Een bijkomend probleem is dat in het geval van grote
brandwonden een tekort aan gezond autoloog donormateriaal is om de wonden te
bedekken. De ontwikkeling van huidconstructen die met behulp van weefseltechnologie
(tissue engineering) kunnen worden gemaakt, is daarom van groot belang als alternatief
voor de huidige behandelingen. Het gebruik van tissue engineering om prenatale huiddefecten ontstaan door een aangeboren afwijking te sluiten, behoort ook tot de
mogelijkheden. Het onderzoek beschreven in dit proefschrift richt zich op het gebruik
van huidconstructen voor zowel pre- als postnatale toepassingen.
In hoofdstuk 1 is een algemene introductie gegeven waarin de functie en anatomie van
de huid nader worden uitgelegd. De processen die betrokken zijn bij postnatale en
prenatale wondheling en de verschillen hiertussen worden besproken. Tevens worden de
huidige methoden om wondheling te beoordelen bediscussieerd. Hieruit blijkt de
behoefte aan betere kwantitatieve technieken voor een objectieve evaluatie van de wond
en het wondgenezingsproces.
De huidige analyse van huidsubstituten, zowel voor als na implantatie, is voornamelijk
gebaseerd op subjectieve parameters. Om een meer objectieve beoordeling voor
bijvoorbeeld de kwaliteit van gekweekte huidsubstituten mogelijk te maken, zijn in
hoofdstuk 2 verschillende kwantitatieve methoden onderzocht om componenten van
de extracellulaire matrix in gekweekte huidsubstituten te meten. Twee gekweekte
cellulaire huidsubstituten, denovoDerm en denovoSkin, zijn hiervoor als model gebruikt.
Voor het kwantificeren van type III collageen en laminine 5 zijn western-blot analyse en
ELISA niet geschikt bevonden. Ook het meten van de enzymactiviteit van lysyloxidase
was niet succesvol. Genexpressie-analyse van specifieke dermale en epidermale genen
middels qPCR bleek een betrouwbare en robuuste methode te zijn waarmee subtiele
verschillen in kweekcondities gedetecteerd konden worden. Tot slot werd ook het aantal
cellen berekend aan de hand van de hoeveelheid aanwezig DNA, als maat voor celproliferatie. Concluderend zijn methoden gebaseerd op RNA en DNA het meest betrouwbaar en
reproduceerbaar voor bepalingen in kleine samples.
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Collageen is het meest voorkomende eiwit in het menselijk lichaam en wordt veelvuldig
gebruikt als biomateriaal in de tissue engineering. Een van de voordelen van het gebruik
van collageen als biomateriaal is dat het biologisch afbreekbaar is. De cellen synthetiseren
zelf de extracellulaire matrix (ECM) en breken de ECM van het biomateriaal af, waardoor
uiteindelijk alleen weefsel van de patiënt overblijft. Tijdens de collageensynthese wordt
de diameter van de fibril gereguleerd door het glycosaminoglycaan dermatansulfaat,
welke onderdeel is van de proteoglycanen decorine en biglycaan. In gezuiverd collageen,
hetgeen gebruikt wordt voor tissue engineering doeleinden, is dermatansulfaat afwezig.
Op basis van de aanwezigheid van dermatansulfaat in nieuw gesynthetiseerd collageen,
en de afwezigheid hiervan in het biomateriaal, kan onderscheid gemaakt worden tussen
het collageen dat door de cellen aangemaakt is en het collageen dat als biomateriaal
aangeboden is. Hoofdstuk 3 beschrijft een immunohistochemische methode om
collageen dat door de cellen is gemaakt te onderscheiden van een scaffold gemaakt op
basis van collageen. Hierbij wordt gebruik gemaakt van het feit dat dermatansulfaat enkel
aanwezig is in nieuw gesynthetiseerd collageen. Dit is een simpele en voordelige manier
om de aanwezigheid van nieuw gesynthetiseerd collageen in een collagene omgeving
zichtbaar te maken.
Om huidsubstituten op een objectieve manier te analyseren, is in hoofdstuk 4 onderzocht
of de kwaliteit van littekenweefsel met behulp van genexpressie microarrays kan worden
beoordeeld, als toevoeging op de huidige, meer subjectieve beoordelingsmethoden en
kwalitatieve histologische analyses. Brandwonden werden behandeld met Novomaix in
combinatie met een split-thickness skin graft (STSG) of met alleen een STSG (n=4). Drie
maanden na implantatie werden de resultaten van beide behandelingen met elkaar
vergeleken. Als controle werd gezonde huid gebruikt van patiënten die een buikwandcorrectie hadden ondergaan. In dit hoofdstuk wordt een geoptimaliseerde methode
gepresenteerd om RNA te isoleren uit biopten van slechts 2 mm in diameter. Resultaten
lieten zien dat de integriteit van het RNA beïnvloed werd door de methode waarmee het
weefsel gehomogeniseerd werd. Ook het tijdstip waarop de DNase behandeling werd
geïntegreerd had effect. Wanneer beide behandelingen werden vergeleken, bleken
slechts enkele genen differentieel tot expressie te worden gebracht tussen de met
Novomaix + STSG en de met STSG behandelde huid. Er werd geen verband tussen deze
genen gevonden op basis van GO-term analyse. Echter, wanneer zowel Novomaix als de
behandeling met alleen STSG werd vergeleken met natieve huid bleken de differentieel
tot expressie komende genen geassocieerd te zijn met biologische processen gerelateerd
aan de ECM, wat aangeeft dat de wondgenezing zich in de regeneratieve fase bevond.
Histologische analyse van het weefsel ondersteunde deze bevindingen, wat een indicatie
geeft dat genexpressieanalyse van waarde kan zijn voor de objectieve evaluatie van een
litteken.
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Spina bifida ontstaat wanneer de neuraalbuis niet goed sluit tijdens de embryonale
ontwikkeling. Als gevolg hiervan wordt het ruggenmerg blootgesteld aan de intra-uteriene
omgeving hetgeen leidt tot schade. De mate van schade aan het ruggenmerg neemt toe
met de duur van de blootstelling aan de intra-uteriene omgeving. Vroegtijdig sluiten van
de foetale huid, waardoor de blootstelling verkort wordt, biedt een betere neurologische
prognose. Zowel de motorische ontwikkeling en de blaas- en darmfuncties laten een
betere uitkomst zien. Toch kunnen er op latere leeftijd nog vergroeiing en verklevingen
van het ruggenmerg optreden. In hoofdstuk 5 zijn de lange-termijn effecten onderzocht
van collageenscaffolds gefunctionaliseerd met heparine, VEGF en FGF2 (COL-HEP/GF)
voor het sluiten van prenatale full-thickness huiddefecten in lammeren. De regeneratie en
groei van de huid is uitgebreid geanalyseerd op 1 en 6 maanden na geboorte van de
lammeren. Het gebruik van COL-HEP/GF liet een toename in groei van de huid zien. De
oppervlakte van de geregenereerde huid was 6.9x groter dan de oorspronkelijke
oppervlakte van de wond en de aangebrachte scaffold (12 mm diameter). Dit in
tegenstelling tot een toename van slechts 1.7x ten opzichte van de originele scaffoldgrootte wanneer het defect met enkel een collageenscaffold, zonder heparine en
groeifactoren, werd gesloten. Deze toename in groei bij COL-HEP/GF hebben we
toegeschreven aan een combinatie van een afname in scaffolddegradatie, een afname in
de hoeveelheid myofibroblasten, een milde infiltratie van immuuncellen en een toename
in het aantal adipocyten en keratinocyten. Overeenkomend met deze histologische
resultaten, lieten microarrayanalyses ook een toename zien in expressie van genen
betrokken bij keratinocytproliferatie en energiemetabolisme. Opvallend was de
aanwezigheid van haren in het midden van de geregenereerde huid, wat duidt op de
novo haarfollikelsynthese. In het defect behandeld met COL-HEP/GF was genexpressie
gerelateerd aan haarfollikels meer in overeenstemming met normale huid dan wanneer
enkel een collageenscaffold of de onbehandelde huid werd vergeleken met normale
huid. In dit hoofdstuk is bediscussieerd hoe een samenspel van keratinocyten, fibroblasten
en adipocyten kan bijdragen aan deze resultaten. Concluderend laat het prenataal sluiten
van full-thickness huiddefecten met gefunctionaliseerde collageen scaffolds veelbelovende
resultaten zien, welke nieuwe mogelijkheden biedt voor de intra-uteriene behandeling
van spina bifida.
Als alternatief voor de meer complexe en minder stabiele groeifactoren, is in hoofdstuk 6
het gebruik van small molecules voor het stimuleren van huidregeneratie onderzocht.
Er werden drie stoffen gebruikt welke de rol van signaleringsmoleculen betrokken bij
wondheling nabootsen. De effecten van deze stoffen op keratinocyten en fibroblasten
werden bestudeerd. Small molecule SUN11602 simuleert de functie van FGF2 en liet een
afname in keratinocytmigratie zien. Expressie van genen betrokken bij epidermale
differentiatie werden ook beïnvloed door deze stof. Behandeling van fibroblasten met
ONO-1301, welke indirect zorgt voor opregulatie van VEGF, liet een toename zien van
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proliferatie en een afname van migratie. Tot slot werden proliferatie van fibroblasten en
differentiatie van keratinocyten beïnvloed door het molecuul purmorphamine, welke de
signalering van sonic-hedgehog nabootst. Alle drie de moleculen hebben potentie om
toegevoegd te worden aan huidconstructen gemaakt middels tissue engineering.
In hoofdstuk 7 is de toekomst van kwantitatieve analyse van de huid en van tissue
engineering van de huid bediscussieerd. Concluderend zal de objectieve analyse van de
(genezende) huid waardevolle informatie geven over pathways betrokken bij littekenvorming en huid regeneratie. Met deze kennis kan het proces van wondgenezing beter
worden begrepen, wat van belang is om de huidige behandeling van wonden te verbeteren
en om nieuwe wondheling strategieën te ontwikkelen.
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Dankwoord
Trots. Met trots presenteer ik mijn eerste, en waarschijnlijk laatste, boek! Trots op het
onderzoek, maar misschien nog wel trotser op het tot stand komen en afronden van dit
proefschrift. Dit had ik natuurlijk nooit gekund zonder een groot aantal collega’s, vrienden
en dierbaren.
Allereerst Prof. Roland Brock, dr. Toin van Kuppevelt en dr.ir. Willeke Daamen, mijn promotor
en co-promotoren. Bij jullie is het allemaal begonnen toen er een vacature kwam bij
Biochemie en ik in mei 2012 mijn promotietraject kon starten. Roland, bedankt voor het
vertrouwen en voor de vrijheid die je mij, Toin en Willeke hebt gegeven bij de invulling
van mijn promotietijd. Toin, ik kan me nog goed herinneren dat je tijdens een tripje naar
Zwitserland voor de EuroSkinGraft meeting (ergens op een berg waar geen openbaar
vervoer kwam en we in de regen naar boven moesten wandelen) vertelde dat je het heel
leuk en spannend vindt als je de weg niet kunt vinden. Soms voelde mijn promotietraject
voor mij ook als een zoektocht. Onderweg kwam ik obstakels en omwegen tegen. Mede
dankzij jou heb ik de bestemming toch eindelijk bereikt. Volgens jou is het schrijven van
een manuscript als een ‘fluide continuüm’ en ‘vloeibaar’ was het zeker. Uit de nodige
conceptversies zijn mooie manuscripten gekristalliseerd. Ik heb altijd veel bewondering
voor jouw onuitputtelijke bron aan biochemische kennis en leuke feitjes. In mijn huidige
functie als docent hoop ik met net zo veel enthousiasme mijn kennis over te dragen op
mijn studenten. Willeke, doordat mijn promotieonderzoek onderdeel was van een
Europees project, ben ik vaak met jou op stap geweest. Zo hebben we elkaar op de
terrassen van Genua en Mallorca onder het genot van een lokaal biertje beter leren
kennen. Je hebt me gesteund bij mijn ‘maiden speech’ in het onrustige Istanbul. Dat was
een uitzonderlijk congres (zonder lunch en wc-papier, maar met traangas) en een trip om
nooit te vergeten. Op het lab wist jij altijd exact wat iedereen aan het doen was en hield
je echt het overzicht (hoe doe je dat toch?). Daarnaast ben je heel precies en zeer taaltechnisch, wat mijn manuscripten zeker ten goede is gekomen. Toin en Willeke: Bedankt!
Partners of the EuroSkinGraft consortium, Prof. Reichmann, thank you for coordinating
the EuroSkinGraft project and making this PhD project possible. Prof. Middelkoop, beste
Esther, dank voor de goede zorgen, gezelligheid, en prettige samenwerking. Kim, bedankt
voor de gezelligheid op de bijeenkomsten en voor de fijne samenwerking! Katrien, jij
kwam van biochemie en ging naar OCB, en ik andersom. Niet veel later kwamen we elkaar
tegen in dit consortium, wat een kleine wereld is het toch. Bedankt voor de leuke tijd,
alle hulp en voor je heldere labjournaal (zo zouden er meer moeten zijn!). And to all the
other partners: thanks for the discussions, advice and nice time in Zurich, Edinburgh and
Mallorca.
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MXB-de harde kern. Dankzij jullie, Michiel, Luuk, Henk en René, voelde ik mij al gauw ‘one
of the guys’. Een paar maanden later was ‘de harde kern’ compleet met Sophieke erbij en
hebben we naast hard werken, ook veel ‘extra curriculaire’ activiteiten beleefd. Zo heb ik
geleerd wat een U-boot is, hoe een sigaar smaakt, dat zeemeerminnen bestaan, dat een
NECer en Arnhemmer heel goed samen gaan, dat ik whisky lust en waar gate D6 is (beter
laat dan nooit). Jullie wil ik in het bijzonder bedanken, want wat had ik zonder jullie
gemoeten? Michiel, wij hebben vier jaar lang een u-tje gedeeld. We hebben samen
regelmatig even lekker gemopperd, maar vooral veel geouwehoerd en slechte grappen
gemaakt. Ontzettend bedankt dat je altijd voor me klaar stond met morele support. Zelfs
toen je met Lies in zuid-Amerika aan het reizen was, kon ik even mijn verhaal bij je kwijt.
Bedankt dat je me vandaag voor het laatst in mijn rol als promovenda wilt steunen als
paranimf. Luuk, wat hebben we altijd veel gelachen om slechte (vieze) grappen en
blunders op het lab. Ik heb met plezier 4 jaar tegenover je gezeten en naast ‘mijn’
pipettenset hebben we vele onderzoeksperikelen met elkaar gedeeld. Dank daarvoor!
Henk, ik moest als Arnhemmer echt wel even wennen aan jouw rivaliteit tegen alles wat
met deze mooie stad te maken heeft. Gelukkig viel het eigenlijk best wel mee en zit er
achter die grote woorden een klein hartje. Bedankt dat je me regelmatig een lift wilde
geven naar het station in één van die snelle wagens en voor alle goede raad en adviezen!
René, bedankt voor de toffe tijd en de gezellige borrelavondjes en etentjes in de Aesculaaf,
wat toch wel jouw stamkroeg was (is?). Sophieke, jij bent echt de meest efficiënte,
gedreven, vrolijke en grootste doorzetter van ons clubje. Het leek soms alsof jij meer uur
in een dag had dan de ‘gewone’ mens. We hebben op het lab nooit echt samengewerkt,
maar we hebben wel een mooie studie samen opgezet naar de lekkerste muizen-curries
van Nijmegen. We hebben nog een hoop curries te gaan. Super bedankt voor alles!
Nu wij, ‘de harde kern’, allemaal dr. zijn, moeten we dat toch echt nog eens goed gaan vieren!
Ook de (oud) aio’s, analisten en onze post-doc van de afdeling biochemie wil ik graag
bedanken. Myrtille en Etienne, jullie waren al bijna klaar met jullie onderzoek toen ik
net begon. Dank voor het wegwijs maken op de afdeling. Danique, voor jou is het einde
bijna in zicht. Nog even doorzetten: de aanhouder wint! Heel veel succes met het afronden
van jouw proefschrift. Elly, Arie, Els, Marianne en Theo, bedankt voor de gezellige
momenten tijdens de koffie en lunch, maar natuurlijk ook voor de ondersteuning op het
lab, voor alle tips & tricks, bestellingen, sterke en spannende verhalen, goede gesprekken,
steun en advies! Cintia, both our research focused on skin, we had a lot of plans and ideas,
which unfortunately we could not realize in the time given. Thanks for the nice Brazilian
delicacies, bossa nova and the good chats!
Joyce, Sjoerd, Aya en Linde, jullie hebben tijdens jullie stage veel werk verricht en een
mooie bijdrage geleverd aan mijn onderzoek. Bedankt!
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De collega’s van urologie mogen natuurlijk niet ontbreken in dit dankwoord. Allereerst
Dorien, jij hebt me veel geholpen bij de studie die tot hoofdstuk 5 heeft geleid. We
hebben in Istanbul als ‘Twin-Towers’ door de stad gelopen. Bedankt voor de ontzettend
leuke tijd en gezelligheid. Ik kwam altijd met veel plezier naar jullie afdeling, waar eigenlijk
iedereen meteen klaar stond om me te helpen. Tilly, Onno, Kees, Gerald en Egbert
bedankt! Paul de Jonge, Marije en Peter, bedankt voor de gezelligheid op alle
congressen (Istanbul, Genua, Wageningen en Lunteren of all places) en de leuke
momenten die we daar (en in de Aesculaaf) hebben meegemaakt. Paul Geutjes, jouw
werk tijdens het EuroStec project is de basis geweest voor het grootste onderzoek waar ik
aan gewerkt heb. Bedankt voor alle hulp en de tijd die je vrij kon maken om betrokken te
blijven bij dit onderzoek. Dit heeft geleid tot mijn mooiste artikel. Prof. Schalken, beste
Jack, als afdelingshoofd van urologie en destijds ook als CSO van NovioGendix (nu MDx
Health) heb je veel voor mij betekend door mij de ruimte en het vertrouwen te geven om
binnen jouw bedrijf een deel van mijn onderzoek te mogen uitvoeren. Je zei eens:
“onderzoek doen is per definitie samenwerken”. Hier geef je zelf het goede voorbeeld in.
Ontzettend bedankt! Frank, zonder jou had ik al het onderzoek bij MDx health zeker niet
uit kunnen voeren en had dit proefschrift er veel leger uitgezien. Bedankt voor alle hulp
bij het uitvoeren en analyseren van de microarrays en voor de gezelligheid op het lab.
Bedankt voor de leuke verhalen over de mooie reizen die je samen met Daphne hebt
gemaakt.
Mijn oud collega’s van orthodontie en craniofaciale biologie wil ik ook van harte bedanken.
In het begin van mijn promotie kwam ik nog regelmatig langs op mijn oude stekkie en
hebben jullie mij geholpen met de histologie en immunokleuringen. Marjon, René en
Pia, bedankt voor de hulp en de fijne tijd die ik heb gehad. Hans, bedankt voor de
samenwerking in hoofdstuk 3 en voor het feit dat ik altijd welkom was op ‘mijn’ oude
afdeling. Frank, ik heb jou altijd enorm bewonderd voor jouw rijke ideeën, helikopter-view
en grote hoeveelheid geduld. Ik heb in de tijd voorafgaand aan mijn promotieproject heel
veel van je geleerd. Dank daarvoor!
Patrick, Judith, en Jeroen, bedankt voor de leuke tijd bij dermatologie (tijdens mijn
stage en korte tijd als analiste). Patrick, waarschijnlijk weet je het niet, maar door mijn
stage bij jou ben ik onderzoek doen écht leuk gaan vinden en ben ik de goede sfeer op
het lab enorm gaan waarderen. Judith, onze ‘onderzoekspaden’ kruisten telkens: samen
op de 7e; ik bij biochemie, jij bij farmacologie/toxicologie. Een jaar later werkten we vaak
op hetzelfde lab: ik voor pathologie en jij voor genetica. Daarna kwamen we elkaar bij
dermatologie weer tegen. Het was altijd eindeloos gezellig om met jou op het lab te
zitten! Jeroen, samen op het lab de slechtste muziek meefluiten, hoe leuk was dat!? En nu
als collega’s bij de HAN, waar we nog regelmatig even ouwehoeren, maar waar ik ook veel
van je heb geleerd. Bedankt voor alles! Diana, Yvonne en Patrick Z. natuurlijk ook
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bedankt voor de gezellige tijd bij dermatologie en voor het feit dat ik tijdens mijn
onderzoek bij biochemie bij jullie om hulp kon vragen! Professor Schalkwijk, beste
Joost, dank dat ik altijd gebruik mocht maken van jullie laboratoria en voor de inhoudelijke
discussies die we hebben gehad tijdens mijn promotietraject. Ellen, bedankt dat je samen
met Joost, Toin en mij leuke en interessante discussies hebt gevoerd over de resultaten in
hoofdstuk 5.
Hanna, we hebben elkaar leren kennen bij OCB en zijn later ‘roomies’ geworden bij de
jaarlijkse aio-retraites. Wat hebben we een hoop lol gehad bij die congressen. Bedankt
voor de gezellige lunches, en etentjes samen met Judith. Die houden we er in!
De collega’s van de HAN mogen natuurlijk ook niet ontbreken. In het bijzonder mijn
‘vaste-niet-zo-flexende-kamergenoten’ Jeroen, Anne, Judith, Carien, Kaveh, Nikkie,
Kenneth, Niels en Maritza. Wat heb ik toch een fijne groep collega’s om mij heen. Dank
voor jullie interesse, begrip en geduld als ik weer eens over mijn promotie begon. Sam,
you are the most dedicated researcher I have ever met. You are able to perform gazillion
experiments during the ‘holidays’ or in-between classes, write grand proposals and even
make time to help me out with my introduction. Thanks a lot for all the help! Patricia,
jij was misschien nog wel enthousiaster dan ik toen ik vertelde dat mijn proefschrift was
goedgekeurd. Bedankt voor alle steun en dat je het mogelijk hebt gemaakt dat ik meer
tijd in de afronding van mijn proefschrift heb kunnen stoppen. Anders was het echt nog
niet af geweest!
Mijn oud-studiegenoten mogen natuurlijk ook niet ontbreken. Jorgen, Bart, Ferdi,
Henri, Tim en Dennis, wat is het altijd weer gezellig om met z’n allen af te spreken en om
bij te kletsen. Bedankt voor de leuke avonden!
Mirthe, jij verdient een eigen alinea of eigenlijk wel een heel boek! Wat ben je toch een
fantastische vriendin. Jij hebt mij laten zien dat alles mogelijk is: promoveren, een gezin en
docent zijn. Nu is het mij ook gelukt: ‘Goed voorbeeld doet goed volgen’, ‘De aanhouder
wint’ en ‘Beter laat dan nooit’ (met dank aan het spreekwoord van de dag ;)). Dat had ik
echt niet gekund zonder al jouw positiviteit en natuurlijk onze etentjes waarbij we altijd
heel veel lachen, en dan ook écht héél véél lachen! Daar krijg ik super veel energie van!
Kim, wat vliegt de tijd! Van balletdanseresjes naar stapavondjes in 5th, studeren in
Nijmegen, naar waar we nu zijn. En toch is er niet eens zo heel veel veranderd, want zodra
wij afspreken is het weer als vanouds. Super fijn om altijd weer lekker bij te kunnen kletsen.
Bedankt!
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Lisa, wat fijn dat jouw proefschrift ook af is. En dat met 2 kids! Super knap gedaan! En dan
wist je ook nog tijd te vinden om af te spreken met vriendinnen. Laten we het gauw gaan
vieren dat we nu beiden een streep onder dit hoofdstuk hebben gezet! Misschien weer
eens ouderwets naar 5th?
Tamar, nog zo’n bijzondere vriendin! Bij de Vierdaagsefeesten in Nijmegen hebben we
elkaar leren kennen: jij als stagiaire bij urologie en ik als groentje bij biochemie. We woonden
beiden in Arnhem dus zijn we begonnen met hardlopen/bootcampen (nog nooit heb ik
zoveel spierpijn in mijn leven gehad, want ik wilde me niet laten kennen!) of gingen we
thee drinken wanneer we geen puf hadden. Dat was een leuke tijd, bedankt! Nu houden
we het bij het laatste en natuurlijk muziek maken, ook niet verkeerd toch?
Natuurlijk wil ik ook alle familie, vrienden, collega muzikanten etc. bedanken die altijd
vroegen naar mijn promotie, scriptie, studie of onderzoek, of die via-via wilden weten hoe
het er voor stond. Het antwoord op hoe het ging was meestal lang en niet altijd vrolijk,
dus bedankt voor jullie interesse en geduld. Nu kan ik met trots een heel kort antwoord
geven: Het is af!
Mijn schoonfamilie wil ik uiteraard ook bedanken. Yvonne, Monique, Thijs en Bernadine,
bedankt voor alle interesse in mijn onderzoek en voor alle gezellige en heerlijke etentjes
en fijne avonden.
Pap en Mam, al van kinds af aan konden jullie zien hoe mijn dag was geweest aan de manier
waarop ik door het hek kwam als ik uit school kwam. Dat is nog altijd niet veel veranderd en
jullie hoefden dan ook niet vaak te vragen hoe het met mijn proefschrift ging. Bedankt dat
jullie altijd voor mij klaarstaan en al die jaren naar mijn strubbelingen hebben geluisterd,
advies hebben gegeven en dat ik als het nodig was op mijn oude kamertje kon komen
werken. Ik ben trots op wat ik heb bereikt en dat had ik nooit zonder jullie gekund. Mam,
bedankt voor je creativiteit en al je geduld! Dit heeft geleid tot een prachtig figuur in mijn
introductie! Nu zit ik in het onderwijs... jullie hebben het altijd al gezegd ;).
Marlies, Pieter, Maud en Saar. Wat is het toch fijn om jullie zo dicht bij me te hebben!
Lieve Marlies, jij weet ook hoe het is om te promoveren, en ik heb de kunst van je afgekeken.
Als ik niet wist hoe ik iets moest aanpakken dan had jij vaak goede suggesties. Wat fijn dat
je vandaag naast me staat als paranimf tijdens mijn laatste uurtjes als promovenda.
Bedankt voor alle hulp sis! Pieter, bedankt voor de hulp met allerlei technische dingen in
het leven waar ik geen kaas van gegeten heb en voor de koffie op dinsdagen toen je nog
vrij was en ik even geen zin meer had om te typen. Je bent een super toffe zwager!
Lieve Maud en Saar, wat geniet ik van jullie. Jullie zorgen altijd voor de nodige entertainment
en afleiding. Heerlijk. Bedankt dat ik altijd bij jullie langs kan komen voor wat dan ook.
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Het beste bewaar ik natuurlijk voor het laatst. Sjoerd jij bent echt de beste in veel dingen.
De beste in slechte grappen, de beste Kok (al die heerlijke gerechten na een dag hard
werken, wat bof ik toch!), de beste met Excel (bedankt voor de hulp met die mega datasets
van mij), de beste in het terughalen van data van een gecrashte harde schijf (zo vlak voor
het einde van dit traject), de beste in relativeren en de beste in relaxen. Maar het
belangrijkste is dat je de beste papa bent voor onze dochter Ella. Lieve Ella, wat is het toch
heerlijk om met jou te knuffelen, te lachen en te dollen. Puur genieten. Ik hoop samen met
jullie nog veel hoofdstukken van een mooie toekomst te mogen schrijven.
Bedankt!

