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evaporated to dryness. Nevertheless, it was not until the 1950s when
Ehrmann and Gey first in 1956 and particularly Bornstein in 1958
described a consistent and reliable method for the use of reconstituted rattail collagen as a substrate for tissue cultures. These authors reported cell
growth exclusively on the surface of the collagen gel, thus facilitating
observation of never-seen-before ultrastructural features of cells and
tissues cultured on collagen coated coverslips, tissue chambers, inserts,
and dishes.
The work by Ehrmann, Gey and Bornstein on collagen gels was taken
further in the late 1970s with the observation by Bell et al. that hydrated
collagen matrices could be contracted by embedded human fibroblasts,
thus reporting the first contractile collagen gel, with great implications in
the study of certain phenomena of wound healing. Moreover, collagen gels
have since been used as cell culture systems in themselves to study
dynamic cell processes or investigate stem cell differentiation.
The lasting legacy of Bornstein, Ehrmann and Gey’s work continues
with tissue engineering strategies for regeneration of a wide range of
collagen-rich tissues. Looking into the future, collagen will play an
important role in technologies such as organoids, organs-on-a-chip, tissueengineered tumour models, or additive manufacturing techniques, which
are likely to shape the future of medicine in terms of finding effective
ways to treat, for example, cancer, and for developing personalised
therapies.
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CHAPTER ONE
INTRODUCTION

The word “collagen” comes from the Greek “kólla”, which means glue,
and the French “-gène”, which means producing. A "producer of glue" is
quite a befitting description of collagen, as it is the most ubiquitous and
abundant protein in the human body, playing a fundamental role in holding
bodily structures together. The name was coined sometime in the mid1800s as it is the main ingredient of glues produced by boiling animal
skin, tendons, and ligaments. Since then, collagen was discovered to be the
principal component of the extracellular matrix (ECM) of body tissues,
which is the non-cellular constituent present within all tissues and organs.
The ECM provides physical scaffolding for cells and is responsible for
releasing essential biochemical and biomechanical signals needed for
tissue morphogenesis, differentiation, and homeostasis. The ECM is
fundamentally composed of water, proteins, of which collagen is the most
abundant, and polysaccharides. Nevertheless, each tissue has a unique
ECM with a distinct composition and topology (Frantz et al. 2010). For
example, tendons’ ECM is mainly composed of collagen type I and
smaller amounts of elastin, glycosaminoglycans, and collagen type III;
whilst in cartilage, the ECM is 90-95% collagen type II, also containing
elastin fibres and proteoglycans. In other tissues, the ECM incorporates an
inorganic component, such as in the case of bone and dentin, where their
stiffness is due to the inclusion of a calcium-phosphate mineral (Fratzl
2008).
The term “collagen” encompasses a family of, so far, 28 members that
are further divided into 8 subfamilies depending on their function and
domain homology. However, they all share the famous triple-helical motif
that ultimately assembles into fibres (Ricard-Blum 2011; Kadler et al.
2007). The hierarchical structure of collagen is key to its prominent
mechanical function in various tissues ranging from skin to cornea, bones,
or tendons. As the main component of the human ECM, collagen confers
not only mechanical stability but also scaffolding as a three-dimensional
(3D) substratum for cells to attach to and migrate through. The enormous
importance of this family of proteins in the human body is perfectly
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illustrated by the genetic and acquired diseases implicating collagen,
involving, sadly in many cases, dramatic symptoms.
The earliest work known on collagen preparations was carried out by
Zacchariades back in 1900, showing that dilute organic acids can extract
proteins from rat-tail tendon (Zacchariades 1900). It took another 5
decades for first Ehrmann and Gey and particularly Bornstein to describe a
consistent and reliable method for the use of reconstituted rat-tail collagen
as a substrate for tissue cultures (Ehrmann and Gey 1956; Bornstein 1958).
The work by these authors was published when scientists were still
debating about the formation of collagen: in the late 1950s it was still
controversial if collagen fibrils were formed with cellular intervention, or
whether the process was entirely extracellular (Ross and Benditt 1961).
We now know that procollagen is formed inside the cell and secreted
outside, where it is further processed to form fibrils and ultimately fibres
(Hulmes 2008). Regardless, the work by Ehrmann, Gey and Bornstein
opened the door to tissue culture of a variety of cellular types, including
primary, and tissue explants, all of which were observed to exclusively
grow on the surface of the thin collagen film. This led to observation of
ultrastructural features of cells such as neurons or smooth muscle cells,
thus revealing never-observed-before fine morphological attributes that
allowed the correlation of ultrastructural features with functional
observations.
Over the next decades, and still today, the use of collagen as a thin
coating film for tissue culture allowed investigation of cell-ECM
interactions, study of cellular events such as migration or apoptosis, or
isolation and culture of weakly adherent cells (Rittié 2017). Concurrently,
different collagen solution sources and methods of preparation became
available commercially and in the scientific literature. Nevertheless, in
their native environment cells are embedded in a 3D ECM lattice that is
fundamental to the regulation of important cellular events, such as
attachment or migration. Therefore, since the 1970s, cell embedded-3D
collagen matrices have been used as cell culture systems to study a variety
of phenomena, such as wound healing and pathological scarring, dynamic
cell processes such as tumour invasion, or stem cell differentiation, as for
example occurs in the epidermal layer of skin (Bell et al. 1979; Hogg et al.
2015).
The lasting legacy of the early work done by Bornstein, Ehrmann and
Gey on collagen preparations does not end in tissue culture but continues
with tissue engineering strategies for repair and regeneration of a wide
range of tissues and organs, such as skin, musculoskeletal tissues, or
cornea. To engineer organ/tissue equivalents, a biomaterial that acts as a
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scaffold for cells to attach to, proliferate, and deposit the ECM encouraged by molecular cues that further direct the cells to produce new
tissue- is indispensable (Langer and Vacanti, 1993; Lanza et al. 2000). As
the main component of the natural ECM, collagen often plays a prominent
role in the scaffold component, which is in many occasions made of or has
collagen as a constituent (García-Gareta et al. 2015). Commercially
available collagen-based tissue-engineered biomaterials, e.g. for the
treatment of dermal injuries or soft tissue repair, have been in the market
for a few decades, and next generation collagen-based materials, that for
example encourage angiogenesis and innervation, are being developed as
we speak (Sorushanova et al. 2018; Davison-Kotler et al. 2018).
However, the fields of tissue engineering and biomaterials science are
much broader than just creating tissue substitutes. Other areas where
collagen plays a role, such as organoid cultures, organ-on-a-chip technology,
tissue-engineered tumour models, and additive manufacturing techniques,
are likely to shape the future of medicine in terms of finding effective
methods to treat, for example, cancer, and for developing personalised
therapies. Technologies such as organoids and organs-on-a-chip will be
routinely used for drug testing and toxicology studies, testing of new
therapies for tissue repair and regeneration, and development of
personalised therapies where more effective drugs and therapeutic
windows for a particular patient will be identified (Dekkers et al. 2013,
2016; An et al. 2015). Similarly, tissue-engineered tumour models have an
enormous potential to find effective treatments against cancer, and to
develop personalised therapies by assessing the patients’ tumour
progression using their own tumour cells (Villasante and VunjakNovakovic 2015; Chim and Mikos 2018). Finally, the ever-popular 3D
printing offers the attractive feature of being able to produce 3D implants
that perfectly fit into the defect to be repaired (Aldaadaa et al. 2018;
Gopinathan and Noh 2018).
As seen in the previous paragraphs, collagen gels, substrata, and
materials are used for a variety of purposes, from substrates for tissue
culture, to 3D culture systems in themselves, to biomaterial scaffolds, and
to organoids. All this research would not be possible without the work
conducted in the 1950s by Ehrmann, Gey and Bornstein, who described
the first consistent and reliable method for producing collagen solutions
and gels. How this “invention” gave rise to such vast research makes for a
remarkable journey through recent scientific history.

CHAPTER TWO
FUNCTION, STRUCTURE, AND COMPOSITION
OF COLLAGEN IN TISSUES

Function of collagen
Collagen, and specifically collagen type I, is the most abundant protein in
mammals and the human body and a major component of the ECM. The
most prominent role of collagen is its mechanical function, conferring
mechanical stability, strength and toughness to a variety of tissues that
include skin, tendon, ligaments, bone, dentin, blood vessels, and cornea.
Other functional roles of collagen in tissues are morphogenesis, repair,
angiogenesis, cell adhesion, cell migration, and scaffolding.
The mechanical properties of collagen-rich tissues are adapted by
modifying the hierarchical structure of collagen, where the basic building
block is the collagen fibril. Exceptions are mineralised tissues such as the
aforementioned bone and dentin, where their stiffness is achieved by the
inclusion of a mineral component.

Collagen in skin
Skin is the largest and fastest-growing organ in the human body. Skin is
composed of two basic layers: the superficial thin epidermis (0.1-0.15
mm) and the deeper thicker dermis (1.5-3 mm) (Fig. 2.1). While the
epidermis acts as a surface barrier layer to prevent microbial penetration
and fluid loss, it is the dermis that plays a key role in thermoregulation,
sensation, and healing.
Epidermis is the outer covering of the skin with keratinocytes being the
most abundant cell type (95%). Other cell types found in the epidermis are
melanocytes, Langerhans cells, and Merkel cells. Keratinocytes produce
the different epidermal components through an organised differentiation
process called cornification. During this process, as keratinocytes move
from the innermost layer of the epidermis (stratum basale) to the
outermost layer (stratum corneum), they differentiate into corneocytes
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(dead keratinocytes), which lack intracellular organelles and give the layer
a brick-type organisation that is essential for its barrier function. During
the terminal differentiation process, keratinocytes produce keratins,
essential structural cytoskeletal proteins that converge and terminate at the
plasma membrane forming attachment plates desmosomes, thus protecting
epithelial cells from mechanical damage (Menon 2002; Houben et al.
2007).

Figure 2.1. Histological image of epidermis and dermis layers of porcine skin
stained with haematoxylin and eosin (2.5X magnification). Image produced and
kindly donated by Dr Stuart John Brown (RAFT Institute, Mount Vernon Hospital,
Northwood, UK).

In contrast to the epidermis, dermis is a highly vascularised tissue that
contains appendages like hair follicles or sweat glands that are connected
to the epidermis but penetrate deep into the dermal layer. The main cell
type found in the dermis is fibroblasts, which are responsible for
producing the structural components of the dermal ECM. The main
component of the dermal ECM is collagen type I, which in conjunction
with elastomeric elastin fibres, fibronectin, and proteoglycans (dermatan
sulfate and hyaluronan), give skin its necessary elasticity, flexibility, and
tensile strength. Apart from collagen I, which constitutes 80-85% of the
dermal ECM, collagen III is also present (8-11%) (Menon 2002; Schultz et
al. 2005). During normal wound healing after suffering an injury, a
temporary fibrin matrix is initially formed. Fibroblasts are attracted into
and attach to this fibrin matrix before depositing an ECM that is rich in
collagen III (40% in wounded tissue). During the later remodelling phase
of the wound healing process, which can last up to a year or even longer
after injury, the disorganised collagen III bundles become organised and
crosslinked to collagen I, resulting in a fully matured scar with stable

