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Abstract 

Collagen is a complex supramolecular structure that occurs in highly diverse 

morphologies across different tissues, lending them a range of physical and biological 

functions. Collagens have a long history in both evolution and biotechnology and 

continue to offer both challenges and exciting opportunities in biomedicine as nature’s 

biomaterial of choice. Despite the significant advancement in the development of 

collagen-based devices, clinical data clearly demonstrate an inconsistent therapeutic 

efficiency, even when collagen devices are used that were produced from collagen 

extracted from the same species, using the same extraction protocol. These 

observations clearly illustrate that there are other factors at play, when one considers 

collagen as a raw material for medical device development. To this end, herein the 

properties of collagen-derived biomaterials and their effect on the behaviour and 

phenotype of permanently differentiated cells (human adult dermal fibroblasts and 

human tenocytes) as a function of collagen origin (e.g. species, tissue, gender) and 

cross-linking type [e.g. 4-star poly(ethylene glycol) ether tetrasuccinimidyl glutarate, 

glutaraldehyde, carbodiimide] were investigated. 

Although collagen type I is extensively used in biomedicine, no study to-date has 

assessed how the properties of the produced scaffolds are affected as a function of 

species, gender and tissue from which the collagen was extracted. Herein, collagen 

from porcine and bovine, male and female and skin and tendon tissues was extracted 

and characterised and subsequently collagen sponges were fabricated and their 

structural, biophysical, biochemical and biological properties were assessed. All 

collagen preparations were of similar purity and free amine content. In general, the 

porcine groups yielded more collagen; had higher denaturation temperature and 

resistance to enzymatic degradation; and lower swelling ratio and compression stress 

and modulus than the bovine groups of the same gender and tissue. All collagen 

preparations supported growth of human dermal fibroblasts and exhibited similar 

biological response to human THP-1 monocytes. These results further illustrate the 

need for standardisation of collagen preparations for the development of reproducible 

collagen-based devices. 

Recent data suggest that collagen retains memory from the tissue that derives from 

and therefore affecting the properties of the produced devices. With this in mind, 

collagen (from bovine skin and tendon tissues) sponges were fabricated with different 

crosslinking densities of 4-arm polyethylene glycol succinimidyl glutarate and their 
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physicochemical and biological properties were assessed. Structural analysis revealed 

that crosslinking significantly reduced % porosity of both skin- and tendon- derived 

collagen sponges. In general, as the crosslinking density was increased, the resistance 

to enzymatic degradation, denaturation temperature, compressive stress and 

compressive modulus were significantly increased and the free amine content, % 

swelling and cytocompatibility (using human dermal fibroblasts) were significantly 

reduced. The tendon-derived collagen scaffolds exhibited significantly higher 

compressive stress and compressive modulus values and induced significantly higher 

human tenocyte DNA concentration and metabolic activity than the skin-derived 

collagen scaffolds. In human tenocyte cultures at day 14, the 1 mM 4-arm polyethylene 

glycol succinimidyl glutarate tendon-derived collagen sponges induced significantly 

higher collagen type III synthesis (as expected at early stages of physiological tendon 

healing) and downregulated actin alpha 2 (associated with myofibroblast 

differentiation) and the skin-derived collagen sponges induced significantly higher 

collagen type IV synthesis (found primarily at the dermal-epidermal junction) and 

upregulated prolyl 4-hydroxylase subunit alpha-1 (associated with collagen 

biosynthesis and constitutes a target for antifibrotic compounds). Data obtained 

indicate that the tissue from which collagen is extracted should be considered in the 

development of medical devices. 

Various chemical, natural, or synthetic in origin, crosslinking methods have been 

proposed over the years to stabilise collagen fibres. However, an optimal method has 

yet to be identified. Herein, the potential of 4-star poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate, as opposed to glutaraldehyde and carbodiimide, on the 

structural, physical and biological properties of collagen fibres was assessed. The 

0.0475 mM 4-star poly(ethylene glycol) ether tetrasuccinimidyl glutarate induced an 

intermedium surface smoothness, denaturation temperature and swelling. The 4-star 

poly(ethylene glycol) ether tetrasuccinimidyl glutarate fibres had significantly higher 

stress at break values than the carbodiimide fibres, but significantly lower than the 

glutaraldehyde fibres. With respect to strain at break, no significant difference was 

observed among the crosslinking treatments. 4-star poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate of 1 mM significantly reduced the amount of free amines 

and significantly increased resistance to degradation and denaturation temperature. 

Moreover, mechanical properties of 4-star poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate collagen fibres were significantly higher compared to 



  

XXXI 

 

glutaraldehyde, independent of concentration. The 4-star poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate fibres exhibited significantly higher cell metabolic activity 

and DNA concentration that all other crosslinking treatments, promoted consistently 

cellular elongation along the longitudinal fibre axis and by day 7 they were completely 

covered by cells. This work clearly demonstrates the potential of 4-star poly(ethylene 

glycol) ether tetrasuccinimidyl glutarate as collagen crosslinker. 

Collectively, this work provides further knowledge on the importance of collagen 

source and cross-linker type and concentration for the development and use of 

collagen-derived biomaterials.
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1.1 Introduction 

The term ‘collagen’ derives from the Greek words for ‘glue’ and ‘to produce’ and as 

such it was first known as the component of tissues that when boiled produces glue. 

The word ‘collagen’ was coined in the 19th century to designate the constituent of 

connective tissues that yields gelatin after boiling [1]. It has also been considered as 

the biological glue that holds cells in place [2]. The more modern view is that collagen 

is the major extracellular matrix (ECM) molecule that self-assembles into cross-

striated fibrils, provides support for cell growth and is responsible for the mechanical 

resilience of connective tissues. 

The prevalence of collagen in human tissues and various inherent properties (e.g. cell 

recognition signals, ability to form three-dimensional scaffolds of various physical 

conformations, controllable mechanical properties, and biodegradability) makes it a 

natural choice as raw material for tissue-engineered scaffolds for various clinical 

indications. The desirability of collagen as a biomaterial depends principally on the 

fact that it is a naturally abundant extracellular matrix (ECM) component and, as such, 

it is perceived as an endogenous constituent of the body and not as foreign matter. 

Collagen is a complex supramolecular structure and occurs in highly diverse 

morphologies across different tissues, thus lending them a range of biological 

functions. Collagen components interact sequentially with each other and with other 

ECM constituents to produce higher order structures with numerous hierarchical levels 

of association and specific functions. Further, collagen, as the fundamental structural 

component of connective tissues, plays a pivotal role in maintaining their structural 

and biological integrity. Advanced understanding of these properties has paved the 

path for the development of novel biomaterials that mimic both the structural and 

biological properties of native tissues, particularly tissues primarily comprised of 

collagen type I or collagen type II. 

To fully exploit the potential of this unique biopolymer in biomedicine, it is essential 

to understand its fundamental characteristics, key processing modes and application 

features. To this end, we provide an overview of the suprafamily of collagens and their 

biosynthesis, assembly and native cross-linking. We also critically discuss current 

various sources of collagen, natural to synthetic, along with collagen-based device 

fabrication, cross-linking and characterisation methods. We further highlight 

significant new knowledge on collagen as a biopolymer that will effectively drive 

innovation in reparative therapies in the years to come.  
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1.2 Collagen family 

The collective term ‘collagen’ encapsulates a whole family of glycoproteins that are 

characterized by three signature features. First among these is the amino acid repeating 

sequence [Gly-X-Y]n, both with and without interruptions. The second characteristic 

feature is the occupation of the X and Y positions by proline and its hydroxylated 

form, hydroxyproline, respectively. Thirdly, the right-handed triple helix is formed 

from three left-handed polyproline α chains of identical length, which gives collagen 

a unique quaternary structure. 

The ubiquity of collagen and collagenous structures throughout the animal kingdom 

serves as an indication of their importance in biological viability. Sponges, the 

simplest known multicellular organisms, express genes for at least two types of a 

prototypic collagen [3, 4]. In vertebrates, collagen is the major component of 

specialized and non-specialized connective tissues, making up almost ¼ of total body 

protein in humans, ¾ of the dry weight of human skin, over 90 % of human tendon 

and corneal tissues and almost 80 % of the organic matter in bones [5, 6]. 

It is interesting to note that the triple helical blueprint has been partially carried over 

into the structures of other complex molecules that have evolved in air-breathing 

animals with advanced immune and nervous systems. A data bank search (Source: 

www.uniprot.org; Term searched: collagen-like domains; Species: human) yielded 42 

glycoproteins that are not bona fide collagens. These include all three subunits of 

complement component C1q, 13 proteins related to them, as well as adiponectin, 

collectins, EMILINs, gliomedin, neurogranin, otolin-1, macrophage scavenger 

receptors, mannose-binding protein, pulmonary surfactant proteins A1/A2 and D and 

the collagenic tail peptide associated with acetyl cholinesterase. 

Evolutionary branching, partially by reduplication of chromosome parts, has led to a 

multitude of genetically distinct collagen types; 29 have been described to date [7]. 

Notably, these collagen types were discovered through their homologies to other 

collagen genes and their characteristic [Gly-X-Y]n sequences. Although the tissue 

distribution and function of many collagen types still remains obscure, along with 

confirmation of their existence on the protein level, it is clear that collagens occur in 

many places throughout the body, with collagen types I, II and III representing the 

lion’s share; together they make up around 80-90 % of total body collagen. 
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 Collagen structure and conformation 

The collagen molecule is comprised of a triple helical region and two non-helical 

regions at either end of the helix. The triple helical conformation is the defining 

structural element of all collagens (Figure 1.1a). The collagen triple helix (tertiary 

structure) has a coiled-coil structure made of three parallel  polypeptide chains 

(secondary structure) that are wound around each other in a regular helix to generate 

a rope-like structure of approximately 300,000 g/mole molecular weight and 280 nm 

in length and 1.4 nm in diameter. Intramolecular hydrogen bonds between glycines in 

adjacent chains stabilize the triple helix. The hydroxyl groups of hydroxyproline 

residues also form hydrogen bonds and stabilize the triple helix. Two hydrogen bonds 

per triplet are found: one between the amine-group of a glycyl residue and the 

carboxyl-group of the residue in the second position of the triplet in the adjacent chain 

and one via the water molecule participating in the formation of additional hydrogen 

bonds with the help of the hydroxyl group of hydroxyproline in the third position 

(Figure 1.1b). Each α-chain is left-handed, but when they are staggered by one residue 

relative to each other around a central axis, they form a right-handed super-helix 

(Figure 1.1c). This super-helix is due to the twisting of the chain helices around the 

central axis by about +30 ° at every turn. Thus, every third amino acid is in the centre 

of the helix and, for steric reasons, only glycine, with a side chain limited to a single 

hydrogen atom, can occupy this position without altering the triple helical 

conformation. The Gly-Pro-Hyp sequence is the most common (about 12 %), 

sequences of the form Gly-Pro-Y and Gly-X-Hyp represent about 44 % and Gly-X-Y 

sequences constitute the remaining 44 %. Proline and hydroxyproline stabilize the 

collagen molecule and because of their alicyclic nature, they stiffen the α chain, where 

they occur by preventing rotation around the C-N bond. During or following secretion 

in the extracellular space, the propeptides are removed at either end of the triple helical 

molecule by specialized enzymes, leaving the triple helix with short, non-triple helical 

regions, measuring 9-26 amino acids in length at the N- and C- termini. These non-

helical domains, referred to as telo-peptides, play a crucial role in the registering (the 

alignment of the three pro-α-chains) and cross-linking of collagen α chains and they 

also add flexibility to the otherwise rigid molecule. The removal of the propeptides is 

prerequisite to the self-assembly of collagen molecules into a quarter-staggered 
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arrangement by lateral and head-to-tail fashion, ultimately resulting in the formation 

of cross-striated fibrils. 

Collagen type I, the most abundant collagen type, is present in the form of elongated 

fibrils that can be greater than 500 μm in length, 500 nm in diameter and contain more 

than 107 molecules. The collagen fibrils exhibit a high degree of axial alignment, 

which results in a characteristic D banding / periodicity, due to the alternating overlap 

(two adjacent triple helices) and gap (triple helices lined up head-to-tail with some 

space in between) zones, produced by the specific packing arrangement of the 300 nm 

long and 1.5 nm in diameter collagen molecules. This produces an average periodicity 

of 67 nm in the native hydrated state (Figure 1.1d), although dehydration and 

shrinkage during conventional sample preparation for electron microscopy results in 

lower values of around 55 to 65 nm. The in vitro fibrillogenesis of collagen type I is 

dependent on temperature, pH and ionic strength. Under appropriate conditions, 

collagen molecules will spontaneously self-assemble to form microscopic fibrils, fibril 

bundles and macroscopic fibres that exhibit D periodicity banding virtually 

indistinguishable from native collagen fibres. This feature was first described in the 

late 1940s with transmission electron microscopy (TEM) [8] and is absolutely typical 

of collagen. Topographical analysis of the surface of large collagen fibres by atomic 

force microscopy (AFM) confirmed ridges alternating with 5-15 nm deep grooves 

with a 60-70 nm period [9-11]. 
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Figure 1.1: (a) The triple-helical collagen structure. (b) Hydrogen bonds within the 

collagen triple helix. (c) Cross-section of collagen triple helix. (d) Schematic 

representation of the arrangement of collagen molecules within fibrils. 
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 Collagen types 

To date, 40 vertebrate collagen genes have been identified that form 29 distinct homo- 

and/or hetero- trimeric molecules (Table 1.1) [12-18]. Roman numerals are used to 

indicate the type and Greek letters are used to identify the chains, bands and higher 

molecular weight components. The trimeric nature of a collagen molecule allows for 

the combination of three identical pro α chains or of two identical chains and one other 

with fitting length and registration of C-propeptide, or even of three different chains 

to form a complete triple helix. The fit of the respective pro α chains, as defined by 

their length, corresponding interruptions (if any), the correct registration of the C-

propeptides and their combination, delineates different collagen types. However, 

isoforms within individual collagen type do exist. For example, most collagen type I 

exists as heterotrimer of two α1 chains and one α2 chain, but also as homotrimer of 

three α1 chains. Many collagen types, such as collagen type II, type III or type VII, 

exist exclusively as homotrimers. At the other end of the spectrum is collagen IV, 

where six different α chains are available for combination to yield a considerable 

number of isoforms that form tissue-specific basement membranes. 

While some of the 29 currently identified collagen types show highly unique features, 

most of them appear highly interrelated, but confined to specific tissue locations. This 

variety points to diverse biological functions is reflected by a multitude of physical 

structures. Based on their primary structure, the length of the triple helical domain, the 

molecular weight, the charge profile along the helix, the triple helix interruptions, the 

size and shape of the terminal domains, the cleavage or retention of the latter in the 

supramolecular aggregate and variation in the post-translation modifications, four 

overarching collagen groups can be identified [19-27]: 

Group 1 hosts the fibril-forming collagen type I, type II, type III, type V, type XI, 

type XXIV and type XXVII. They all possess triple helices with uninterrupted Gly-X-

Y stretches approximately 300 nm in length. However, XXI and XXVII show 

imperfections in these Gly-X-Y stretches, suggesting very short interruptions of triple 

helical structure. Collagen fibrils in the dermis, tendon and other tissues are often 

mixtures of different collagen types, usually type I, type III and type V. These mixed 

fibres are referred to as heterotypic fibrils, contrasting with homotypic fibrils that are 

composed of only one collagen type (e.g. collagen VII in anchoring fibrils of the 

dermo-epidermal junction). 
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Group 2 hosts the basement membrane collagen type IV, type VII and type XXVIII. 

While collagen type IV forms a fibrillar meshwork, collagen type VII is created 

through antiparallel dimer association and forms cross-striated fibrils with a different 

banding pattern. 

Group 3 contains the short-chain collagen type VI, type VIII and type X. They are 

named after their triple helical regions, which extend up to 100 nm and 150 nm, 

respectively. Collagen type VI forms beaded microfilaments, whilst collagen type VIII 

and type X form hexagonal lattices. Collagen type XXIX has a short and uninterrupted 

triple helical region that is flanked by several von Willebrand factor A domains. 

Group 4 contains collagens with multiple interruptions of their triple-helical Gly-X-

Y stretches. Collagen type IX, type XII, type XIV, type XVI and types XIX to XXII 

comprise the fibril-associated collagens with interrupted triple-helices (FACIT 

collagens). These collagens fulfil specific roles by association with collagen fibrils 

and adding functionality to them. They may also play a role in controlling the diameter 

of collagen fibres in various tissues by limiting lateral appositional growth, as has been 

described for collagen type IX [28], but also for the fibrillar collagen type V [29]. The 

term MULTIPLEXINs (multiple triple-helix domains and interruptions) has been 

created for collagen type XV and type XVIII, as they present the highest number of 

interruptions. A remarkable subgroup of the non-fibrillar collagens is the 

transmembrane collagens (type XIII, type XVII, type XXIII and type XXV), which 

possess transmembrane domains that allow these molecules to be inserted into cell 

membranes, whilst projecting the (interrupted) triple-helical domains outwards into 

the extracellular space. 

At supramolecular assembly level, admixtures of fibrillar collagen types that lead to 

heterotypic fibrils are identified. A typical extract of dermis will show a combination 

of collagen type I, type III and type V in varying proportions, as will biochemical 

analysis of matrix that has been deposited by cultured dermal fibroblasts isolated from 

this tissue. On top of these heterotypic fibrils, non-fibrillar collagens and other ligands, 

such as proteoglycans, are identified. Major advances have been made in identifying 

fibrillar composition using highly sensitive techniques, such as infrared matrix-

assisted laser desorption / ionization time-of-flight mass spectrometry (IR-MALDI-

TOF-MS) [30-32]. Thus, the composition of triple-helices, the supramolecular 

heterogeneity of fibrils and finally the admixture of non-fibrillar ligands generates the 

biological versatility and functionality of the collagens.
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Table 1.1: Collagen family characteristics and tissue distribution (adopted with modifications from [17, 18]). 

Collagen Type Chains Molecular Assembly 
Supramolecular 

Structure 

Mw (kDa) / α 

chain 
Tissue Distribution 

I 

(Heterotrimer) 
[α1(I)]2α2(I)] 

Monomers staggered 

by 67 nm 

Large-diameter, 67 nm 

banded fibrils 

95 

Skin, tendon, ligament, 

cornea, organ capsules, 

dura mater of brain and 

spinal cord, the main 

organic component of bone 

I (Homotrimer) [α1(I)]3 67 nm banded fibrils Tumours, dermis, bone 

II [α1(II)]3 
Monomers staggered 

by 67 nm 
67 nm banded fibrils 95 

Cartilage, vitreous, 

cartilagenous zones of 

tendon, intervertebral disc 
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III [α1(III)]3 
Monomers staggered 

by 67 nm 

Small-diameter, 67 nm 

banded fibrils 
95 

Dermis, aorta, uterus, 

admixture in tendon, 

intestine, blood vessels, in 

the reticular connective 

tissue of liver, spleen and 

surrounding internal organs 

IV 

[α1(IV)2α2(IV)]; 

α3(IV), α4(IV), 

α5(IV), 

α 6(IV) 

Association of 4N- and 

2C-termini 

Non-fibrillar 

meshwork 
170-180 Basement membranes 

V 

[α1(V)]2 α2(V) 

[α1(V) α2(V) 

α3(V)] [α1(V)]3 

Monomers staggered 

by 67 nm 

9 nm diameter banded 

fibrils 
120-145 

Placental/embryonic tissue, 

dermis, bone, cornea, cell 

surfaces 
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VI 
[α1(VI) α2(VI) 

αα3(VI)] 

Association into 

tetramers that aggregate 

end to end 

5-10 nm diameter αl(VI) 140 Uterus, dermis, cartilage 

beaded micro-fibrils α2(VI) 140 Muscle 

100-nm periodicity α(VI) 340  

VII [α1(VII)]3 
Lateral aggregation of 

antiparallel dimers 
Anchoring fibrils 170 

Skin, amniotic membrane, 

Cornea, mucosal 

epithelium 
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VIII 
[α1(VIII)]2 

α2(VIII) 

Interrupted helical 

structure 

Non-fibrillar, 

hexagonal lattice 
61 

Descemet's membrane, 

endothelial cells 

IX 
[α1(IX) α 2(IX) 

αα3(IX)] 

Covalently cross-linked 

to surface of collagen II 

fibrils 

FACIT; non-fibrillar 68-115 

Cartilage, vitreous, 

admixture in tendon, co-

distributes with collagen II 

X [α1(X)]3 
Assemble a mat-like 

structure 

Non-fibrillar, 

hexagonal lattice 
59 

Calcifying cartilage 

(including parts of tendons) 

XI 
[α1(XI) α 2(XI) 

αα3(XI)] 

Monomers staggered 

by 67 nm 

Fine fibrils similar to 

those of collagen V 
110-145 

Cartilage, intervertebral 

disc 
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XII [α 1(XII)]3 
Associates with surface 

of collagen fibrils 
FACIT; non-fibrillar 220,340 Dermis, tendon, cartilage 

XIII [α1(XIII)]3 
150 nm rod with two 

flexible hinges 
Trans-membrane 62-67 Endothelial cells, epidermis 

XIV [α1(XIV)]3 
Disulphide-linked 

cross-shape 
FACIT; non-fibrillar 220 Dermis, tendon, cartilage 

XV [α1(XV)]3 
Figure eight knot 

configuration 

MULTIPLEXIN; non-

fibrillar 
125 

Placenta, kidney, heart, 

ovary, testis 
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XVI [α1(XVI)]3 

Associates with dermal 

fibrillin; associates with 

banded collagen in 

cartilage 

FACIT; non-fibrillar 150-160 Heart, kidney, muscle 

XVII [α1 (XVII)]3 

Shed from cell surface 

into shorter soluble 

form 

Membrane-intercalated 180 
Hemidesmosomes (skin), 

specialized epithelia 

XVIII [α1(XVIII)]3  
MULTIPLEXIN; non-

fibrillar 
200 Kidney, liver 

XIX [α1(XIX)]3 
Sharply kinked and 

higher order complexes 
FACIT; non-fibrillar 165 

Transitory embryonic 

expression, interneurons 

and formation of 

hippocampal synapses, 

basement membranes, 



Chapter 1 

15 

 

muscle cell, 

rhabdomyosarcoma 

XX [α1(XX)]3 

Binds to collagen fibrils 

with amino terminal 

domains away from 

fibrillar surface 

FACIT 
185, 170, and 

135 

Corneal epithelium, 

embryonic skin, sternal 

cartilage, tendon 

XXI [α1(XXI)]3  FACIT  

Blood vessel walls, 

secreted by smooth-muscle 

cells. 

XXII [α1(XXII)]3 
Associates with 

cartilage micro-fibrils 
FACIT 200 Tissue junctions 
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XXIII [α1(XXIII)]3  Trans-membrane  Tumors (prostate) 

XXIV [α1(XXIV)]3 
Associates with 

vertebrate fibrillar 

Fibrillar, fibril 

associated 
 

Regulation of collagen I 

fibrillogenesis, osteoblast 

differentiation marker 

XXV [α1(XXV)]3 Binds to fibrillized Aβ Trans-membrane 50 / 100 

Interaction with  amyloid 

plaques in Alzheimer’s 

disease 

XXVI [α1(XXVI)]3  FACIT ~ 80 Ovary and testis 

XXVII [α1(XXVII)]3 
10 nm network 

organization 

Thin non-striated 

fibrils 
 Hypertrophic cartilage 
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XXVIII [α1(XXVIII)]3 
Associates with non-

myelinated regions 

Beaded filament 

forming 
~ 50 

Basement membrane of 

Schwann cells, peripheral 

nervous system 

XXIX [α1(XXIX)]3  Non-fibrillar  

Supra-basal cells in 

epidermis, lung, small 

intestine, colon and testis 
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1.3 Collagen biosynthesis 

 Intracellular events and triple-helix formation 

The pathway of collagen biosynthesis, from gene transcription to secretion and 

aggregation of collagen monomers into functional fibrils, is a complex multi-step 

process, requiring the coordination of numerous temporally and spatially coordinated 

biochemical events (Figure 1.2). Depending on the collagen type and isoform, the 

initial step of the intracellular biosynthesis of collagen involves transcription of 

mRNA molecules encoded by various three-chain combinations of different α chain 

genes. The nascent collagen α chain enters the lumen of the endoplasmic reticulum 

with the N-terminus first as pre-procollagen, which is converted into procollagen by 

the removal of the signal peptide. A remarkable feature of collagen biosynthesis is the 

fact that synthesis starts at the N-terminus, while triple-helix formation starts at the C-

terminus [33]. This requires the pro α chains to remain untangled for the timespan 

taken to complete the α chain translation, upon which three pro α chains align precisely 

at the C-terminus before triple-helix formation begins. Several chaperone proteins 

protect α chains from getting tangled, including prolyl 4-hydroxylase (P4-H), protein 

disulphide isomerase (PDI), a homologue of heat shock protein 70 of the endoplasmic 

reticulum (BiP/Grp78), various peptidyl-prolyl cis-trans isomerases (PPIases), and 

heat shock protein 47 (hsp47) [34]. 

For collagen type I, the most abundant collagen type, the alignment of the three pro α 

chains is called registration and is driven by the C-telo-peptides. The C-propeptides 

contain cysteines, which form disulphide bonds (the only covalent bonds in the 

procollagen trimer) that will disappear with the removal of the propeptides upon 

secretion. Intracellularly, this allows for a firm alignment, preventing any slippage of 

α chains against each other. The triple helical formation then propagates in a zipper-

like manner from the C- to the N- terminus [35]. It takes an average of 14 minutes for 

a procollagen type I triple helix to fold, a considerable time span for a single molecule. 

hsp47 has been shown preferentially bind to procollagen after triple helical folding has 

taken place, attaching to Gly-X-Y repeats with Arg in the Y position and thereby 

lending stability to the triple helix and preventing the premature aggregation of 

procollagen [34, 36]. However, hsp47 detaches after procollagen transfers to the Golgi 

apparatus from the endoplasmic reticulum, probably due to pH change. Interestingly, 

for collagen type I, trimers consisting of [pro α1(I)]3 and [(pro α1(I))2, pro α2(I)] can 
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be formed, but [pro α2(I)]3 trimers have never been retrieved from cell culture or intact 

tissues. 
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Figure 1.2: Biosynthesis and processing of collagen. Procollagen is synthesized 

intracellularly with intact pro-peptide extensions. Following or during secretion in the 

extracellular space, specific cleavage of the N- and C- propeptide extensions, by the 

N- and C- proteinases respectively, takes place. This triggers the spontaneous quarter 

staggered assembly of collagen into fibrils, which are stabilized through various cross-

linking pathways. 
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 Post-translational modification of collagens 

Two major post-translational modifications (PTMs) of collagen, hydroxylation and 

glycosylation, occur in the endoplasmic reticulum, which contribute to the thermal and 

mechanical stability of collagen in triple helical and assembled form, respectively. 

Pathological conditions that interfere with these PTMs, either by genetic alteration 

(e.g. Alport Syndrome) or by nutritional deficiencies, have also been reported. 

 

1.3.2.1 Prolyl hydroxylation 

The signature amino acid of collagen, hydroxyproline (Hyp), is derived from Pro by 

catalytic activity of prolyl 4-hydroxylase (procollagen-proline dioxygenase; E.C. 

1.14.11.2), an enzyme resident in the lumen of the endoplasmic reticulum of 

fibrogenic cells. Hyp represents ~ 10 % of the amino acid composition of collagen and 

is usually present at the Y position in the Gly-X-Y repeat domains. It therefore can be 

regarded as a molecular fingerprint of collagen. The content of Hyp is critical for the 

formation of intra-molecular H-bonds within the triple helix, which in turn confer 

thermal stability (at body temperature) to the trimer. In mammals with a body 

temperature of around 37 °C, a minimum of 100 Pro residues per pro α chain must be 

converted to Hyp to achieve thermal stability, whilst in cold blooded species (e.g. 

arctic cod) much less hydroxylation is evident [37]. Although this correlation between 

increased body temperature and Hyp content in multicellular organisms is non-linear 

[38], it points to a remarkable enzymatic flexibility of collagen’s thermal stability, 

which allowed collagens to accommodate different body temperatures across the 

evolution of fish, amphibians, reptiles and mammals [39]. The role of 3-prolyl 

hydroxylase has been less clear, but it seems to be associated with modifications of 

the C-termini of the α chains of collagen type I and type III. These regions contain 

stretches of [GPP]5 and [GPP]7, respectively, that are rich in Hyp and appear to 

particularly increase local thermal stability [40]. These [GPP]n regions seem to be 

preferentially modified by 3-prolyl hydroxylase. While the significance of this PTM 

remains unclear, it is a particular feature of tendon and appears to have contributed to 

the structural evolution of this connective tissue [41]. 

The role of Hyp in stabilizing the triple helix via hydrogen bonds was contested in the 

late 1990s by studies using synthetic halogen-substituted peptides, like [ProFlpGly]10, 

where Flp was a 4(R)-fluoroproline residue, with Flp being the most electronegative 

element and incapable of forming H-bonds [42, 43]. The resulting hyper-stability in 
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the absence of H-bonds and water networks was attributed to exopyrrolidine ring 

pucker and trans/cis preferences mediated by its electronegative inductive effect; this 

has led to further investigations of the puckering states of the proline pyrrolidine ring 

[44]. It is currently debated whether Flp and Hyp stabilise the collagen triple helix in 

the same way. As an additional explanation for the formation of hyper-stable triple 

helices with halogen-substituted Pro, inter-strand dipole-dipole interaction have been 

proposed to take effect, as compensating forces between electronegative substituents 

of Pro derivatives in the X and Y positions [45]. Therefore, inductive effects and H-

bonding of Hyp through hydration networks are now both accepted mechanism of 

triple helix stabilization [46]. 

Interestingly, there are alternatives to prolyl hydroxylation to stabilize collagenous 

polyproline coils in invertebrates and bacteria. The cuticle collagen of the deep-sea 

hydrothermal vent worm Riftia pachyptila has thermal stability at 37 °C, despite a very 

low Pro content (5%) and therefore a low Hyp content. Thr occupies the Y position of 

Hyp in the Y position, representing 18% of total amino acid content and showing O-

glycosylation. This PTM is required for the triple helix stability in this species [47]. 

The cell surface protein Scl2 of Streptococcus pyogenes contains a sizeable 

collagenous domain of 79 Gly-X-Y triplets, resulting in melting temperatures of 36 

°C at neutral pH, thus matching human body temperature. The reason for this stability 

seems to be the relative abundance of Gly-Lys-Asp triplets, contributing to 

considerable electrical charge; thus allowing for electrostatic interactions between α 

chain equivalents, including a hydration network in the absence of Hyp [48]. The new 

understanding of Hyp-free stability of collagenous domains in bacterial species, which 

act as a pathogens to mammals, points to a co-evolution of stabilizing strategies for 

polyproline triple helices at mammalian body temperatures and underlines the 

feasibility of producing and applying bacterial collagens for biomaterial purposes [49]. 

 

1.3.2.2 Enzymatic glycosylation and lysyl hydroxylation 

As a glycoprotein, collagen type I has a relatively low carbohydrate content (< 1 %). 

The sugar components in collagen are either a single galactose unit or a disaccharide 

of galactose and glucose, O-glycosidically attached via hydroxylysine residues. 

Collagen also contains hydroxylysine (Hyl), a PTM compound of lysine that is 

produced via lysyl hydroxylase (E.C. 1.14.11.4) activity. The formation of Hyl 

residues and subsequent attachment of sugar components appears to be an important 



Chapter 1 

23 

 

modulator of fibrillogenesis and is associated with covalent cross-linking and fibril 

stabilization. O-linked glycosylation of Hyl residues has long been known to be a 

unique PTM for collagens and proteins with collagenous sequences. It is interesting 

that human lysyl hydroxylase isoform 3 (LH3) possesses both lysyl hydroxylase and 

glucosyl transferase (GGT) activities [50]. Transfections studies with LH3 in 

osteoblast cultures revealed five glycosylation sites in type I collagen, one of them 

including a major helical cross-linking site. Manipulation of LH3-mediated 

glycosylation resulted in different collagen cross-linking, fibrillogenesis and 

mineralization [51]. N-linked glycosylation has been shown to be restricted to 

propeptide regions of some mammalian collagens [52] and adjoined regions of 

collagenous domains of some invertebrates [53]. In mammals, potentially N-

glycosylated regions are lost after the proteolytic conversion of procollagen to 

collagen. 

 

 Proteolytic cleavage of procollagen 

The procollagen trimer is released and secreted to the extracellular space, but only if 

the triple helix is completely folded. The quality-control mechanism measuring triple 

helicity, along with the sorting mechanism that allocates appropriate α chains to the 

respective nascent triple helices in precise stoichiometric relationships, is only 

partially understood. Heat shock protein 47 is a collagen binding chaperone that assists 

in stabilizing correctly folded procollagen [54]. Protein disulphide isomerase, a 

subunit of the prolyl hydroxylation complex, also serves as a chaperone during the 

assembly of procollagen α chains [55] and assists in preventing non-assembled 

procollagen leaving the endoplasmic reticulum [56]. Upon or during secretion into the 

extracellular space, procollagen is proteolytically processed. Initially, the N- and C- 

propeptides are removed enzymatically in the presence of Ca2+ by procollagen N-

proteinase and procollagen C-proteinase, respectively. In procollagen type I, 

procollagen N-proteinase cleaves N-terminal propeptides between Pro and Gln 

residues, while procollagen C-proteinase cleaves between Ala and Asp. The N-

proteinases belong to the ADAMTS (a disintegrin and a metalloproteinase with 

thrombospondin repeats) family, whilst procollagen C-proteinases are now classified 

as bone morphogenetic protein-1 / Tolloid-like proteinases (BTPs) [57] and 

simultaneously trigger matrix assembly and boost the synthesis of matrix proteins via 

a direct effect on growth factors, such as TGF-β and IGFs [58]. 
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Another group of metalloproteinases, meprins, are capable of removing both N- and 

C- terminal collagen propeptides [59]. In line with this are studies showing that 

removed propeptides can re-enter the cell to regulate the amount of collagen 

biosynthesis taking place on the basis of a negative feedback loop [60, 61]. The 

propeptides of intact procollagen prevent premature intracellular supramolecular 

assembly and formation of water-insoluble aggregates, but need to be removed in the 

extracellular space to allow collagen assembly. Thus, procollagen proteinase activity 

is a rate-limiting step for fibrillogenesis [62]. 

 

 Extracellular supramolecular assembly 

After the enzymatic removal of the propeptides, the resulting collagen triple helices 

(also described as tropocollagen) are able to form supramolecular aggregates. The 

debate as to where exactly the procollagen / collagen conversion occurs is not yet 

settled and two potential models seem plausible with respect to the release of 

procollagen [63]. The first model proposes that fibril formation begins inside the 

Golgi-to-plasma membrane carriers (GPCs), where cleavage of procollagen 

propeptides already occurs, after which GPCs containing newly formed fibrils fuse 

and form finger-like structures at the cell surface, probably with cytoskeletal 

contribution. The second model describes collagen fibrillogenesis as a mostly 

extracellular process, whereby collagen fibril formation occurs at the surface of 

fibroblasts in deep invaginations of the plasma membranes, where narrow elongated 

‘hangars’ formed through the merging of collagen-containing GPCs. Although 

enveloped partially by the plasma membrane, the interior of these ‘hangars’ is part of 

the extracellular space. It is here that propeptide removal occurs and after procollagen 

cleavage of the C- and N-propeptides, the collagen molecules aggregate to form 

collagen fibril intermediates that grow out of their ‘hangars’. This theory takes into 

consideration spatial constraints for secreting bulky procollagen molecules, essentially 

linear rods, via the Golgi apparatus in GPCs. 

Fibrillogenesis cannot occur in vivo without the mediation of cells that engage nascent 

and mature fibrils via cell surface receptors (e.g. integrins). The peptide sequence Arg-

Gly-Asp is a significant feature of the glycoprotein fibronectin, representing an 

integrin-binding site, along with a collagen- and gelatin- binding site. Accordingly, 

integrins and fibronectin have been described as ‘fibril organizers’, whereby 

fibronectin forms a fibril network which is then engaged by integrins, thus serving as 



Chapter 1 

25 

 

a template for further collagen fibril assembly [64, 65]. Notably, collagen fibrils 

assembled in vivo and ex vivo (in cell culture) are heterotypic [66]. The admixture of 

minor collagens (e.g. collagen V and XI) forms the side of dermal collagen type I and 

cartilage collagen type II fibres, respectively, with N-terminal domains at the fibril 

surface. This suggests a similar nucleating function with a diameter-limiting effect 

[65]. As such, collagen fibrillogenesis is affected by cell-fibre contact, by the 

reshuffling fibres resulting from cell movement, by ligands that control the growth of 

fibres and by proteolytic enzymes that remodel the deposited matrix. For example, 

studies of the corneal stroma of the developing chick eye have revealed the intricate 

assembly of the stromal ECM, which is finely controlled to build the correct shape and 

transparency. The corneal stroma is characterized by homogeneous collagen fibrils of 

small diameter, the size of which is controlled by accessory molecules, such as FACIT 

collagens and small leucine-rich proteoglycans [67], and shows a highly ordered 

hierarchical organization [68]. 

Molecular packing of collagen molecules then takes place, with certain structural 

features applying to almost all collagenous fibrillar structures [69]. The fibril-forming 

collagens are subdivided into type I rich fibrils (containing predominantly collagens 

II and V) and type II rich fibrils (more typically containing collagen types IX and XI) 

[69]. Collagen triple helices form longitudinal structures by lateral alignment and with 

a stagger of roughly one fourth of the molecular length. The pairing occurs between a 

stretch of 234 amino acids of either helix, a region that ensures maximal electrostatic 

interaction and hydrophobic interactions. The molecular stagger leads in projection to 

regions of high and low electron density, namely the overlap (two adjacent triple-

helices) and gap (triple-helices lined up head-to-tail, but with some space between 

them) regions. The key to further axial growth seems to be the interaction of telo-

peptide regions of a triple helix with an adjacent trimer. Current models suggest a 

hook-like back-folding of C-telo-peptides, bringing Tyr residues within the telo-

peptide trimer into axial vicinity, while bringing a Lys residue in a position to register 

with a Hyl residue in a triple helical domain of an adjacent triple helix [69]. Three-

dimensional packing of collagen trimers of collagen type I includes five trimers in a 

pentagonal arrangement forming a micro-fibril [70]. This popular model has been 

recently revised to a compressed five-stranded micro-fibril that forms a trapezoid and 

accounts for the degree of crystallinity seen in collagen fibres. This model 

accommodates both crystallinity and liquid-like disorder, suggesting a concentric and 
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appositional packing of these structures, where the gap regions represent disordered 

areas [69]. The packing of molecules deviates by roughly 5 degrees from the 

longitudinal axis (molecular tilt) in tendons and by up to 18 degrees in dermis. 

Subsequent modelling and ultrastructural investigation showed that collagen fibrils 

pack and grow in a helical fashion, reminiscent of winding techniques used in rope-

making [71]. The 67 nm axial repeat is the most frequently observed in collagen-

containing tissues in animals, although shorter (e.g. 9 nm and 23 nm) and larger [e.g. 

150 to 250 nm, named fibrous long spacing (FLS)] periods have been reported. The 

range of diameters of collagen fibres found in mammalian tissues spans two orders of 

magnitude. Thus, the enigma of which factors assign particular diameters to specific 

tissues and keep them in homogenous distribution over a lifespan remains unanswered. 

Replenishing of molecules, remodelling of structures and age-related changes has 

been shown to be critical in this process [72]. 

 

 Natural cross-linking 

The hierarchical assembly / packing of collagen molecules provides structural 

stability, mechanical integrity and enzymatic resilience to collagen-based tissues. This 

is further enhanced by weak interactions and strong intermolecular cross-links. 

Collagen type I is stabilized through the action of four cross-links: two in the helical 

region and one more in each telo-peptide, where the action of lysyl oxidase catalyses 

the formation of aldehydes from lysine and hydroxylysine residues [73, 74]. The 

resulting aldehydes react spontaneously with other lysine and hydroxylysine 

molecules from adjacent chains of the same molecule or from other adjacent 

molecules. These cross-links between two different molecules result in head-to-tail 

bonding along fibrils, known as aldimide bridges [75]. During in vivo biosynthesis, 

three main cross-linking pathways take place: the lysyl oxidase cross-linking, the 

sugar-mediated cross-linking and the transglutaminase cross-linking. 

 

1.3.5.1 Lysyl oxidase cross-linking 

Beyond the triple helical structure of individual collagen molecules, collagen 

assemblies receive additional mechanical and chemical stability from cross-links both 

between and within component molecules. Intra-molecular cross-links are generated 

by the action of lysyl oxidase (LO; gene name LOX, EC 1.4.3.13), which engages in 

PTM of secreted triple helices during fibril formation. While deamidation by LO is 
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prerequisite for the formation of such cross-links, it merely sets the molecular stage 

for the spontaneous cross-linking that occurs later. The telo-peptides present at either 

end of the collagen triple helix are an easy substrate for the enzymes to target, as 

opposed to the compact triple helix itself. It is here (telo-peptide regions) that LO takes 

effect, converting selected Lys and Hyl residues to the aldehydes allysine and 

hydroxyl-allysine, respectively, which can then spontaneously react via aldol 

condensation during fibrillogenesis (Figure 1.3). Thus, α chain dimers are produced 

from intra-molecular cross-links between the telo-peptide sections of two α chains. 

These dimers can be observed in SDS-PAGE as β bands. 

In contrast, intermolecular cross-links occur between the telo-peptides of one collagen 

trimer and the helical region of a quarter-staggered adjacent trimer. One potential 

trimer bond is the formation of aldimine from an aldehyde residue on one trimer and 

an ε-amino group of either Lys or Hyl on the other, which yields a bivalent inter-chain 

cross-link that is still reactive. Subsequently, multiple condensations with His, Lys or 

Hyl residues yield further multivalent cross-links, which are reducible by sodium 

borohydride (NaBH4). In most tissues, the number of borohydride-reducible cross-

links decreases with age, most probably because they mature into stable, non-reducible 

cross-links [76, 77]. In the case of the Hyl aldehyde pathway, the more mature cross-

links appear to be based on trivalent 3-hydroxypyridinium residues – Hyl-pyridinoline 

(3Hyl) and Lys-pyridinoline (2Hyl and 1Lys). The pyridinoline cross-links withstand 

proteolytic attack and are released after collagen tissue remodeling. Eventually, they 

reach the bloodstream and are excreted in the urine, where HPLC or ELISA can be 

used to quantify this cross-link and consequently assess collagen turnover in the body 

[78, 79]. 

Mature cross-links are formed later in life and their local concentration depends on the 

tissue in which they are formed, age, gender, activity, physical state [80]. In addition 

to trivalent pyridinolines, another cross-link has been identified in adult cartilage that 

is formed spontaneously from the initial divalent ketoimines [81]. This arginoline 

cross-link represents a 3, 4-dihydroxy imidazolidine that is formed by condensation 

of a free arginine with the oxidised ketoimine cross-link. Arginoline content increases 

with age and is not reducible with sodium borohydride. These findings not only 

revealed that cartilage collagen II fibrils are more cross-linked than hitherto assumed, 

but also highlight the importance of cross-linking for load-bearing tissues.
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Figure 1.3: (1) Lysyl oxidase-mediated cross-linking. Lysyl oxidase desamidates lysine to allysine and hydroxylysine to hydroxyallysine (not 

shown). The lysine aldehyde (allysyine) pathway leads to aldol condensation and intra-molecular cross-links within a given triple helix, which are 

evident in SDS-PAGE gels (here shown after silver staining). (2) The hydroxylysine pathways leads to ketoimine and aldimine cross-links, 

respectively, which bridge two separate collagen triple helices. With a third partner these cross-links mature to non-reducible hydroxyl 

pyridinolines. (3) Transglutaminase-mediated isopeptide cross-links affix mainly non-collagen ligands to collagen, but also form 

intra/intermolecular collagen cross-links, too. (4) Non-enzymatic glycation. Glucose plays role in the formation of intermolecular cross-links by 

forming a Schiff base with Lys, then an Amadori product. Finally, a ring structure with Arg is formed, resulting in glucosepane; a comparable 

structure, pentosidine, is formed with ribose.
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1.3.5.2 Sugar-mediated cross-linking 

The discovery of non-enzymatic glycation of haemoglobin molecules in patients with 

diabetes mellitus triggered investigations into the role of sugars in modifying 

connective. Specific to collagen, its prolonged exposure to reducing sugars (e.g. ribose 

and glucose) produces advanced glycation end products (AGEs) that are implicated in 

aging and diabetic complications [82]. The non-enzymatic glycosylation reaction, 

which is accelerated in diabetes, is the first step of the Maillard or non-enzymatic 

browning reaction that occurs in stored food. The glucose-protein adduct rearranges 

and dehydrates to form brown and fluorescent pigments, which act as cross-links, 

resulting in decreased protein solubility and altered mechanical properties. Early 

studies not only confirmed, but also demonstrated that browning is increased in human 

collagen over age in a linear fashion and that diabetic patients show accelerated 

browning, suggesting a correlation between arterial stiffening, decreased joint 

mobility and severity of microvascular complications in type I diabetes [83]. One 

should consider that glycation is the major cause of dysfunction of collagenous tissues 

in old age and the process is significantly accelerated in diabetic patients largely 

attributed to the higher levels of glucose. Glycation modulates numerous collagen 

properties, including its biomechanical behaviour and supramolecular aggregate 

assembly. The most damaging effects are due to glucose-mediated intermolecular 

cross-links between the triple helices, which decrease flexibility, permeability and 

turnover. Almost all ECM proteins can react non-enzymatically with a sugar group 

(frequently glucose) via a free ε-amino group of a Lys or Hyl. This form of glycation 

is described as Maillard reaction and involves the chemical reaction of a sugar 

aldehyde or ketone with a free amino group to form Schiff base, which then undergoes 

rearrangement to form a fairly stable keto-imine (Amadori product). These structures 

are still reactive and can go on to form AGEs or to degrade into reactive α-dicarbonyl 

groups, which in turn react with other free amino groups to form cross-linked adducts. 

These additional (non-LO-facilitated) cross-links influence the resistance of collagen 

to degradation and remodelling [84-87]. This appears particularly relevant for 

collagen-rich tissues, such as dermis, cornea, tendons, ligaments and endomysial 

sheets of muscles. However, the basement membrane function of macro- and micro- 

vasculature (including the blood-filtering glomeruli of the kidney) largely provided by 

collagen IV is an obvious target for AGE formation and explains the complications of 
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diabetes. Certain molecules, including urea, have been described as AGE-breakers and 

are potential therapeutic targets. 

 

1.3.5.3 Transglutaminase cross-linking 

Transglutaminase (TGase) mediated collagen to collagen cross-links were first 

demonstrated for the highly homologous α1 chains of collagens type V and type XI in 

cell culture, with an indication that cross-linking occurs in the non-triple helical 

propeptide domains. TGase activity has also been shown on collagen VIII anchoring 

fibrils, presumably on cross-linking sites in the NC1 domain of collagen II [88] and 

on collagen type VII was recently confirmed [89]. In contrast to lysyl oxidase, which 

facilitates collagen cross-links, TGases (EC 2.3.2.13) can create them directly. TGases 

are widely distributed and have been found in microorganisms [90, 91], across the 

animal kingdom [92, 93] and recently also in plants [94]. TGases catalyse the 

formation of an isopeptide bond between the ε amino group of a Lys and the γ 

carboxamide group of a glutamine. The reaction (transamidation) also produces an 

ammonia molecule. Depending on the isoenzyme and species the TGase is derived 

from, the reaction is Ca+2 dependent; microbial TGase (mTGase) does not require 

Ca+2. The resulting isopeptides [ε-(glutamyl)-lysine dipeptides] are very stable and can 

be isolated from tissue homogenates only after aggressive proteolytic tissue digest. 

They can also be detected as separate peaks in HPLC, serving as fingerprints of 

transamidation [95]. Antibodies are also available against the ε-(glutamyl)-lysine 

cross-link and used as tools to discover transamidated tissue structures. It should be 

noted that the primary structure of a given protein does not allow prediction of which 

Lys or Gln might serve as an amine donor or acceptor, respectively. Determination of 

actual TGase cross-linking sites still requires a good deal of empirical work and direct 

biochemical analysis. Also, and in contrast to pyridinolines, the identification of an 

isopeptide bond is not specific for a collagen-to-collagen cross-link; it could also 

indicate a non-collagen ligand cross-linked with collagen. 

There are currently nine TGases known in humans with distinct functions [96]. 

Knowledge about the exact biochemical activity of TGases was derived from early 

studies of coagulation protein factor XIII [97-99]. As stabilizer of fibrin/fibronectin 

blood clots, FXIIIα has been converted into an industrial product known as fibrin glue 

(Tisseel™). FXIIIα can cross-link fibronectin to collagen, but evidence for the cross-

linking of fibrillar collagens is sparse. FXIIIα has been implicated in the cross-linking 
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of the non-collagenous domain of collagen type XVI. The activity of different TGase 

isoforms can be monitored in tissue cryosections, where the enzyme(s) are still active. 

Biotinylated peptides, serving as either amine donors/acyl acceptors (containing Lys) 

or amine acceptors/acyl donors (containing Gln), have been successfully employed to 

localize sites of TGase activity. Conveniently, the offered peptides are irreversibly 

cross-linked into target structures of the tissue sections or cell cultures and can then 

be detected with avidin-conjugated probes (enzymes, fluorophores). Thus, TGase 

activity has been visualized in the cornified envelope of the epidermis [100] and 

dermis [101], as well as in connective tissue structures of other organs [102]. As these 

peptides were designed to be fragments of other ECM molecules, such as fibrillin-1 

and osteonectin, these localization studies suggest that TGase 2 may be a modifier of 

collagen assemblies. 

 

1.4 Sources of collagen 

To-date, numerous collagen preparations are commercially and clinically available; 

they have been extracted from animal tissues, including human and fish, or from 

human or land animal cells grown in vitro or have been produced by recombinant 

expression or direct peptide synthesis. Each of these collagen preparations come with 

distinct advantages and disadvantages (Table 1.2).
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Table 1.2: Indicative advantages and disadvantages of collagen preparations from various sources. 

Source Advantages Disadvantages 

Tissue Extracted Collagen 

High yield 

Acid / pepsin extraction removes 

antigenic p-determinant 

Potential of interspecies transmission of 

disease 

Cell Synthesised Collagen Can be autologous Low yield 

Recombinantly Produced Collagen Low immune response 
Low yield 

Stability issues 

Peptide Synthesis Produced Collagen 
Would rule out allogeneic / xenogeneic 

issues 

Low yield 

Assembly / registration issues 

 



Chapter 1 

33 

 

 Extracted collagen 

For biomedical applications, mammalian skin and tendon tissues (porcine, bovine and 

ovine in origin) are the primary source of collagen type I, whilst collagen type II is 

primarily extracted from bovine, porcine and chicken cartilaginous tissues (Figure 

1.4). Type IV collagen is an important component of Episkin™ (L’Oréal), a 

reconstituted human epidermis, actively used for the evaluation of the potential 

toxicity and irritancy of topically applied compounds and as an OECD validated and 

adopted skin corrosion test [103-106]. It is worth pointing out that the vast majority of 

the early work in collagen was carried out using rat-tail tendon collagen due to its high 

purity and relatively easy extraction process. Waste materials of the fish processing 

industry (fins, scales and bones) have also been used to extract collagen for the 

fabrication of biomaterials [107-112], but to a smaller extend. Although sponges are 

the simplest-known multicellular organisms containing collagen, the extraction of 

collagen from this source is not widely used, though in principle it would be a 

sustainable source. Pioneering work on the predominantly Mediterranean Sea sponge 

Chondrosia reniformis has shown that collagen from this species is, in contrast to other 

sources, not soluble in weak acids, but in weak alkaline conditions [113, 114]. The use 

of sea sponge collagen preparations in tissue engineering is sparse [115]. 

Despite the species / tissue origin, collagen is particularly notorious for its large, 

coherent, covalently cross-linked fibrillar meshwork. To this end, different methods 

(dilute acidic solutions with or without enzymes, neutral salts and alkali treatments) 

are used to isolate and purify different types and amounts of collagen from various 

tissues, whilst harsher methods employing heat and acid or alkaline agents (liming) 

tend to denature collagen to gelatin A or B, respectively, which contain single broken-

down triple helices. Dilute acidic solutions effectively disassociate intermolecular 

aldimine cross-links (between triple helices), however, they are ineffective against 

more stable and mature cross-links (e.g. ketoimine bonds). In this case, proteolytic 

enzymes (primarily pepsin) are employed, which also increase the yield by up to 10 

times [116-124]. Notably, an even partially or locally unfolded triple helix is 

vulnerable to proteolytic attack, but a tightly folded and intact triple helix is not [125]. 

The efficacy of enzymatic treatment therefore arises from selective cleavage in the 

non-helical N- and C- telo-peptide regions that allows the excision of intact triple 

helices out of cross-linked fibrillar assemblies [126, 127]. The resulting mono triple 

helical collagen is named atelocollagen and has been shown to provoke a markedly 
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lower immune response due the removal of the antigenic sequence P-determinant, 

located at the telo-peptide regions [128-136]. 

All advances in extraction and purification procedures aside, collagen is an animal 

extracted material and therefore raises issues about immunogenicity and interspecies 

transmission of disease [137-142]. The triple helical domains of bovine and porcine 

collagens are highly homologous to human collagen, but immunologically relevant 

differences lay in the telo-peptide regions may provoke an immune response [124, 

143]. Although peptic digestion cleaves off the non-helical ends, the immunogenic 

potential is not completely eliminated. A much greater concern with xenogeneic 

biological materials is the transfer of infectious pathogens (e.g. prion disease). These 

concerns, combined with cultural issues stimulated the investigation into cell-

produced collagen, human recombinant collagens and collagen-like synthetic 

peptides.
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Figure 1.4: Collagen type I and collagen type II extraction and purification protocol. 

  

Tendons dissected out from surrounding fascia Cartilage dissected out from femur bone

Tendons washed in neutral salt (3.7 mM Na2HPO4, 0.35 

mM KH2PO4, 51 mM NaCl) solutions for 1 h at 4 °C 

Tendons minced in the presence of ice and suspended 

(1 g per 50 ml) in 0.5 M acetic acid for 72 h at 4 °C

Cartilage washed in 0.2 M NaOH for 1 h at 4 °C 

Cartilage minced in the presence of ice and suspended 

(1 g per 100 ml) in 0.5 M acetic acid for 72 h at 4 °C

Pepsin addition (1 g per 100 g wet tissue) for 72 h at 4 °C (pepsin activity: 3,200 – 4,500 units per mg protein) 

Filtration (250 µm mesh) to remove insoluble matter and purification by repeated salt precipitation (0.9 M 

NaCl), centrifugation (8,000 rpm for 20 min at 4 °C) and dissolution in 1.0 M acetic acid

High purity pepsin-extracted type I collagen from tendon and type II collagen from cartilage
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 Cell-produced collagen 

As collagens are synthesized by specialized cells, it is plausible to let cells in culture 

produce these essential ECM molecules and subsequently harvest them either from 

the media or from the deposited cell-layer. This, however, requires fast- and well-

growing cells, with strong biosynthetic activity. Numerous primary and immortalized 

cells have been used over the years for the production of various collagen types 

(primarily collagen type I from fibroblasts and collagen type II from chondrocytes) 

from various species. To enhance collagen synthesis, L-ascorbic acid supplementation 

is required, given that ascorbate is an essential cofactor in the hydroxylation of 

collagenous proline and lysine and humans, guinea pigs, primates and other species 

cannot synthesize ascorbate, due to deficiency in one of the essential enzymes in the 

liver (gulonolactone oxidase) [144-147]. Low oxygen tension has also been used to 

increase collagen synthesis up to 5-fold in permanently differentiated cells [148, 149], 

as hypoxia inducible factor 1 α (HIF 1α) is activated at low oxygen tension cultures 

and is central regulator of collagen hydroxylation and secretion [150-152]. Further, 

low oxygen tension has been shown to upregulate the synthesis of TGF-β1, which is 

a collagen inducer [153, 154]. It is worth pointing out that this increased collagen 

synthesis at low oxygen tension (2 %) was not mirrored in stem cell cultures, 

suggesting that activation of HIF-1α alone does not necessarily translate into increased 

ECM synthesis [155]. Biological factors, in the form of growth factors [156-163] or 

gene transfection [164, 165], have also been recruited as means to increase collagen 

synthesis. Insect cells [166] and sarcoma cell lines, as is [167] or in combination with 

recombinant technologies [168-172], have also been used as means to produce various 

collagen types. However, the non-mammalian origin of the former and the cancerous 

origin of the latter restrict or even prohibit their clinical translation. The yield of 

collagen from human cells is also very low [173, 174], limiting further their clinical 

potential. 

 

 Recombinant collagen 

The use of genetically engineered microorganisms, animals and plants appears to be 

an alternative option for the production of recombinant human collagens that avoids 

problems related to batch-to-batch variability, interspecies transmission of disease and 

xenogeneic immune responses, all of which can be induced by animal extracted 
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collagens [175-177]. The rational of using microorganisms as means to produce 

recombinant collagen lays on the fact that evolutionary collagens and collagen-like 

proteins existed in bacteria before they were present in multicellular organisms [178]. 

S. cerevisiae [179-181] and P. pastoris [182, 183] yeasts were the first to be 

investigated, given that as eukaryotes, they are capable of glycosylation. Considering 

that certain viruses harbour genes encoding prolyl 4-hydroxylase [184] and lysyl 

hydroxylase [185], the co-expression of a human collagen type III with mimivirus 

prolyl and lysyl hydroxylases in E. coli has recently been reported [186]. However, 

the yield of such systems is very low (e.g. 15 mg/l for yeast [187], 60 mg/l for 

baculovirus [166], 90 mg/l in E. coli [186]), thus limiting broad commercialization 

potential. The extraction yield of collagen-like Scl2 protein from S. pyogenes was 

recently improved considerably up to 19 g/l by combining a stirred bank bioreactor, 

high cell density and adjusting culture time [188]. Although helical conformation of 

this collagen-like protein was validated, the enzymatic resistance was not studied. 

Moreover, this collagen-like Scl2 protein was decorated with heparin, integrin binding 

or discoidin domain receptors to increase cell adhesion, as Scl2 protein lacks cell 

binding sites [189, 190]. Another disadvantage of bacterial recombinant collagens is 

the absence of hydroxyproline. Therefore, bacterial recombinant collagen-like 

proteins show relatively low denaturation temperature (~26 ºC) and when they are 

stabilised by electrostatic interaction via multiple interpeptide lysine-aspartate and 

lysine-glutamate salt-bridges [191, 192], they reach denaturation temperature of 35 ºC 

to 39 ºC [193]. Tyrosine and cysteine residues have been introduced to induce cross-

links through oxidation [194]. Further, incorporation of Gly-Pro-Ala or Gly-Pro-Hyp 

peptides has been shown to reduce bacterial invasion of root dentine [195]. This 

customisation was also used to modulate chondrogenesis of human mesenchymal stem 

cells by incorporating heparin-binding, integrin-binding and hyaluronic acid-binding 

peptide sequences into the collagen-like Scl2 protein [196]. Recombinant collagen-

like proteins also demonstrated affinity with fibronectin, when it was incorporated into 

the protein sequence a minimum of 6 triplets of human collagen type II sequence from 

residue Gly775-Arg792 [197]. 

While recombinant collagens have been expressed in a thermally stable triple helical 

form, they may still differ with respect to proteolytic susceptibility in comparison to 

native fibrillar collagens [198, 199]. These issues (e.g. low yield, low thermal 

properties, susceptibility to enzymatic degradation) were tackled with a more complex 
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approach using transgenic animals that secreted procollagen type I trimers into their 

milk in the mammary glands [200, 201]. Silkworms have also been induced to express 

a fusion protein of fibroin and collagen [202]. Plants have developed an ECM based 

on carbohydrate polymers and a variety of them possess PTM machinery that includes 

membrane-bound protein disulphide isomerase/prolyl 4-hydroxylase [203]. To this 

end, transgenic corn [204, 205] and tobacco [206-208] plants have successfully been 

employed to produce human recombinant pro-collagens. Despite the strides that have 

been made to-date, unicellular organisms do not produce ECM and therefore lack the 

enzymatic toolbox to post-translationally modify collagen. Thus, in most cases the 

produced collagens are not stable at peptic digest, suggesting incomplete triple helix 

formation or thermal instability. Further, the yield is very low for industrial 

applications, suggesting that a niche area should be identified that would offer 

opportunities for recombinant technologies to thrive [209, 210]. 

 

 Synthetic collagens 

Trimeric structures of synthetic Gly-X-Y repeats, referred to as collagen-mimicking 

sequences, collagen-like peptides or collagen-related peptides, are at the forefront of 

scientific research to address issues associated with animal extracted collagens, cell-

produced collagen and recombinantly synthesized collagens [211-217]. Although 

advances in synthetic strategies and technologies allow synthesis of long chains, all 

current synthetic triple helices are below 10 nm in length, thereby falling far short of 

the classical collagen type I α helix length of 300 nm. Thus, such collagen mimicking 

synthetic analogues have been used as nano-spheres [218], nano-sheets [219] and 

other micro-structures [220]. The problem of registration of alpha chains to form a 

triple helical domain has been overcome with a sticky-end approach that is related to 

the strand invasion feature; three short collagen strands [two [Gly-Pro-Pro]5-[Gly-Pro-

Pro]3-Cys-Gly and one [Gly-Hyp-Pro]3-Gly-Cys-Gly-[Gly-Hyp-Pro]5] are held in a 

staggered array by disulphide bonds. The [Gly-Y-Pro]3 segment forms an intra-

molecular triple helix with a single strand overhang represented by the [Gly-Hyp-Pro]5 

stretch (sticky end), allowing annealing of further overhangs of identical trimers to a 

length of nearly 1 µm in length and 1 nm in diameter. Such systems have the ability 

to produce collagen-like structures from nano- [221] to micro- [222] scale. The 

electrostatic interaction of these oppositely charged amino acids stabilizes the sticky-

ended triple helix by forming salt bridges, which have been calculated to increase 
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significantly triple helical stability [223]. The limitation of these materials sets with 

their production costs. We foresee here a very interesting avenue towards building 

collagenous, yet synthetic, biomaterials, should their safety and efficacy be 

demonstrated. 

Regardless the source, if collagen is to be part of an implantable medical device, the 

manufacturing process should include a microbiological safety assessment in 

conformity with regulatory requirements [224-226]. For viral inactivation, WHO 

recommends low pH, solvent and detergent treatments [227]. Sodium hydroxide 

treatment (1 M, for 1 hour at 20 °C) has also shown promise [228]; it should be noted 

that sodium hydroxide affects collagen stability [229]. Chemical and biochemical 

contaminants should also be identified and quantified and potentially safety hazards 

should be documented [230]. With no exception, the final product should entirely 

comply with ISO 10993 [231], with the in force standard [232], directives and 

regulations related to medical devices [233]. 

 

1.5 Exogenous collagen cross-linking 

The natural lysyl oxidase-mediated cross-linking of collagen does not occur in vitro 

and therefore reconstituted collagen assemblies lack sufficient strength and may 

disintegrate upon handling or collapse under the pressure from surrounding tissues in 

vivo. Furthermore, the rate of biodegradation has to be customized for the specific 

application / clinical indication. Thus, it is often necessary to introduce chemical, 

physical or biological in nature exogenous cross-links into the molecular structure to 

tune mechanical properties, to prevent denaturation at 37 °C and to control the 

degradation rate [234, 235]. The fundamental principle of exogenous collagen cross-

linking is the formation of covalent bonds between collagen molecules using chemical 

or natural reagents, which generally link either to the free amine or carboxyl groups 

of collagen. Although each method (chemical, physical or biological) provides unique 

advantages [e.g. tailored to the clinical indication thermal (Table 1.3) and mechanical 

properties], disadvantages [e.g. cytotoxicity at the effective concentration, foreign 

body response (Table 1.4) have also been reported, imposing the question ‘to cross-

link or not to cross-link’ [235].
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Table 1.3: Denaturation temperature of collagen-based devices as a function of species, tissue, scaffold conformation and cross-linking 

method employed. 

Species Tissue Scaffold Conformation Cross-linking Method 
Denaturation 

Temperature (°C) 
References 

Human Dermis Tissue graft 

Non-cross-linked 64-67 

[236, 237] Glutaraldehyde 87-88 

Genipin 81 

Bovine Tendon 

Sponge 

Non-cross-linked 79 
[238] 

Carbodiimide 80-86 

Non-cross-linked 62-82 

[239, 240] Dehydrothermal 54-58 

Carbodiimide 78-91 

Extruded fibre 

Non-cross-linked 45-47 

[234, 241, 242] 

Dehydrothermal 42-44 

Ultra-violet irradiation 51 

Glutaraldehyde 74-76 

Carbodiimide 56-63 

Diphenylphosphoryl 

azide 
65 

Hexamethylene 66-67 
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diisocyanate 

Genipin 67-68 

Poly(ethylene glycol) 

ether tetrasuccinimidyl 

glutarate 

54 

Transglutaminase 48 

Myrica rubra 82 

Film 

Non-cross-linked 48 

[243] Glutaraldehyde 73 

Genipin 73 

Dermis 

Sponge 
Non-cross-linked 49-52 [244, 245] 

Glutaraldehyde 48-87 [246] 

Gel 
Glutaraldehyde 115-130 [247] 

Carbodiimide 56 [248] 

Electro-spun fibre 
Non-cross-linked 36-40 [244] 

Carbodiimide 45-60 [249, 250] 

Porcine Tendon 

Sponge 
Non-cross-linked 53-69 

[244, 245, 251] 
Carbodiimide 86 

Gel 
Non-cross-linked 36-37 

[252] 
Carbodiimide 47-49 

Electro-spun fibre Non-cross-linked 37 [244] 
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Dermis 
Gel Non-cross-linked 58 [253] 

Film Non-cross-linked 36-47 [254] 

Fish 

Asian sea bass Sponge Non-cross-linked 125 [255] 

Asian sea bass Film Gamma Irradiation 110-113 [256] 

Jumbo squid Film Non-cross-linked 91-108 [257] 

Blue shark Gel Non-cross-linked 41 [258] 

Salmon Film Ultraviolet irradiation 102 [259] 
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Table 1.4: Advantages and disadvantages of the most widely used exogenous chemical, physical and biological collagen cross-linking 

methods. 

Cross-linking Method Advantages Disadvantages 

Chemical 

Glutaraldehyde 
Very good mechanical properties 

and resistance to biodegradation 

Difficult to control due to self-

polymerization capacity 

Toxicity / Inflammation / Foreign 

body response issues 

Hexamethylene diisocyanate 
Very good mechanical properties 

and resistance to biodegradation 

Toxicity / Inflammation / Foreign 

body response issues 
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Carbodiimide 
Water soluble system 

In general, low toxicity 

Low inflammation / foreign body 

response issues 

Branched polyethylene glycol 

Tailored molecular weight and 

number of functional groups 

Low toxicity 

Good mechanical properties and 

resistance to biodegradation 

Very good in vivo response 

Genipin 

Good mechanical properties and 

resistance to biodegradation 

In general, low toxicity 

Low inflammation / foreign body 

response issues 
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Physical 

Dehydrothermal Non-toxic Denaturation issues 

Ultraviolet Non-toxic Denaturation issues 

Biological 

Mammalian transglutaminase Non-toxic 
Expensive 

Low stability 

Microbial transglutaminase Non-toxic 
Expensive 

Low stability 
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 Chemical methods 

The most widely used chemical cross-linking agents are aldehydes (e.g. 

glutaraldehyde, GTA) [13, 260], isocyanates (e.g. hexamethylene diisocyanate, 

HMDI) [14, 261], and carbodiimides [e.g. 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide, EDC] [262], with variable degree of efficiency 

[24]. GTA has been shown to extensively stabilize collagen materials because of its 

self-polymerization capacity that can even cross-link free amines that are relatively far 

apart [263, 264]. However, degradation products and unreacted GTA, which may 

remain non-specifically bound to the matrix, even after exhaustive rinsing with glycine 

solutions, result in high cytotoxicity [265, 266]. Isocyanates also react with amine 

groups, forming urea linkages and resulting in superior cytocompatibility to GTA, as 

no potentially toxic side products are formed [267, 268]. In addition, the short half-

life of the isocyanates in physiological solutions further enhances their potential in 

biomedicine [269, 270]. Nonetheless, such potent cross-linking methods are 

associated with cytotoxicity [271, 272], calcification [273-275] and foreign body 

response [235, 276], even at low concentration, imposing the need for alternative 

strategies. 

Carbohydrates (e.g. ribose [277], glucose [85]) and plant extracts (e.g. genipin [278, 

279], oleuropein [280], myrica rubra [242]) have also been assessed, but to a smaller 

extent as the former are associated with pathophysiologies (e.g. diabetes), whilst the 

latter may have to face a complex regulatory framework to reach commercialization 

or clinical translation. The carboxyl groups of aspartic and glutamic acid residues can 

be used to cross-link collagen through acyl azide (one step reaction) [70, 281-287] and 

carbodiimide (two step reaction) [288-290]. EDC/NHS cross-linking involves 

activation of carboxyl groups, which then spontaneously bond to amine groups of 

lysine and hydroxylysine residues of collagen. After extensive washing foreign cross-

linking molecules are removed, resulting in collagen devices of good 

cytocompatibility, reduced susceptibility to calcification, but with reduced mechanical 

properties and resistance to proteolytic attack [291, 292]. 

Recent data advocate the use of branched polyethylene glycol (PEG) polymers [25, 

58, 266, 293-296] but more studies are needed to clearly demonstrate their superiority 

over conventional chemical approaches. 
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 Physical methods 

To avoid cytotoxic effects associated with the chemical cross-linkers, physical 

methods, such as dehydrothermal (DHT) [297-302] and UV irradiation [302-306] and 

to a lesser extend photo-reactive agents (e.g. rose Bengal [307], riboflavin [308]) have 

been assessed. DHT treatment uses high vacuum and temperatures over 100 °C for 

several hours to promote severe collagen dehydration [309, 310]. Consequently, 

formation of inter-chain cross-links is induced as a result of condensation reactions 

either by amide formation or esterification between carboxyl and free amino and 

hydroxyl groups, respectively [302]. UV cross-linking promotes bonds by free radical 

formation on tyrosine and phenylalanine residues. The cross-linking mechanism is 

based on the formation of a hydroxyl radical (OH•) from water. The OH• radical 

attacks the peptide backbone to produce peptide radicals (-NH-C•-CO-), which can 

interact to form a cross-link [303, 304]. The efficiency of the reaction depends mainly 

on the sample preparation, the irradiation dose and time of exposure [311]. It has been 

reported that UV irradiation of wet collagen fibres causes rapid insolubility [312] and 

increases their tensile strength [313]. Nonetheless, all physical methods are a lot 

weaker than the milder chemical method and are often associated with collagen 

denaturation (especially the DHT treatment), imposing the need for introduction of 

chemical cross-links (usually carbodiimide). 

 

 Biological methods 

Tissue-type and microbial TGase have been utilized to stabilize collagen- and gelatin- 

based materials mimicking the enzymatic in vivo collagen cross-linking pathway. Data 

to-date demonstrate moderate increase in denaturation temperature, mechanical 

integrity and biological stability, independently of the TGase origin (mammalian or 

microbial) and the collagen source (mammalian, fish, type I collagen, type II collagen) 

[102, 314-327]. 

It is worth pointing out that both physical and biological methods, despite their 

superior cytocompatibility to chemical approaches, are very weak, often weaker than 

the mildest chemical approach. Further, the physical methods are associated with 

collagen denaturation. As such, the quest for the optimal collagen cross-linker 

continues. 
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 Collagen properties assessment 

Over the years, an array of structural, thermal, mechanical, biochemical and biological 

assays has been developed to analyse / characterize collagen in tissues, cell culture 

setting, solutions and three-dimensional scaffold conformations, with variable degree 

of efficiency, accuracy and capital infrastructure requirement. 

 

1.5.4.1 Structural properties 

Collagen molecules self-assemble at nano-scale level to form supramolecular 

structures (fibrils and then fibres) in the micron range that are visible with various 

microscopic techniques (Figure 1.5). X-ray diffraction studies have been used in 

conjugation with TEM analysis to assess the crystalline order of collagenous tissues 

[328, 329]. Advances in TEM and image processing have allowed the reconstruction 

of 3D images from serial ultrathin sections to determine collagen assemblies in tissue 

and their spatial relationship to the cells synthesizing them [330]. Scanning electron 

microscopy is used to study collagen assemblies in tissue context [331] and for 

imaging collagen-based scaffolds used in the biomaterials field [332]. Time-lapse 

studies of nano-structures formed by collagen assemblies were conducted [333], 

culminating in the real-time monitoring of the kinetics of collagen type I 

fibrillogenesis on atomically flat mica substrates [334]. Further, time-lapse AFM 

studies have suggested that collagen fibrils assemble in a two-step process. In a first 

step, collagen molecules assemble with each other, whilst during the second step, these 

molecules rearrange themselves into micro-fibrils, which are the building blocks of 

collagen fibres [335]. The in vitro self-assembly process of collagen has also been 

assessed turbidimetrically and with confocal fluorescence microscopy and is 

characterized by a lag phase, in which nucleation points form, a growth phase, in 

which lateral and particularly longitudinal extension of these nuclei into fibres occurs, 

and a plateau phase, during which no further assembly occurs [336-340]. Raman 

spectroscopy has also been used for surface imaging of Tyr and Phe rings on 

assembled collagen fibres [341]. 

The observation of cross-striation is a strong indicator for a regular self-assembly, 

native state, and minimal denaturation. It should be noted, however, that the absence 

of cross-striation does not signify the absence of collagens, merely the absence of 

fibrillar collagens. In crystallographic terms, a collagen triple-helix can be described 

as a non-centrosymmetric structure, which after self-assembly into higher-order fibres 
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provides ‘an ordered nonlinear medium with a cross-sectional path length 

comparable to near infrared wavelengths’ [342]. This particular physical feature of 

collagen fibres allows the observation of optical second-harmonics in multi-photon 

microscopy [343]. Second harmonic generation (SHG) signals have been shown to 

depend on the order of the structure under observation. For example, skin, tendon, 

cornea (highly order tissues rich in collagen types I, III and V) give strong SHG 

signals, whereas the dermo-epidermal junction (collagen types IV, VII and XVII) does 

not. Further, tissues give stronger SHG signals that collagen-based biomaterials [244]. 

Various histological stains have been used over the years to assess collagen structures, 

primarily post implantation. Picrosirius Red staining, for example, of collagenous 

tissues has been used in conjunction with polarized light microscope to detect fibre 

quantity and hue [344]. Picrosirius Red consists of elongated dye molecules that 

readily react with amino acid-rich collagen molecules [345]. Thus, the dye enhances 

the natural birefringence of collagen by aligning itself in parallel with each collagen 

molecule [346]. Differences in the birefringence of constituent molecules can be used 

to identify collagen in a non-collagenous environment and to differentiate individual 

collagen types, albeit to a certain degree [347].
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Figure 1.5: TEM analyses of rat-tail tendon (a) and self-assembled collagen scaffolds 

(b) clearly demonstrate the D periodicity / quarter staggered assembly of collagen 

molecules. SHG signals of rat-tail tendon (c) are stronger than those of self-assembled 

collagen hydrogels (d). 
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1.5.4.2 Thermal properties 

The C-propeptide is the only area of the procollagen I molecule that can form covalent 

disulphide bonds to stabilize the procollagen trimer. These bonds lock the C-telo-

peptide-mediated registration adjacent to the triple-helical region, where the folding 

and insertion process of the Gly-X-Y stretches occurs. In addition, chaperones like 

hsp47 hold the triple helix in shape. In the extracellular space, the removal of the 

propeptides from procollagen will deprive the triple-helix of any covalent bonds that 

would assist in securing the triple helical conformation of the three α chains. The 

tightly coiled triple-helix is now held together only by hydrogen bonds and inductive 

forces created via Hyp residues when facing thermal impact. 

The melting temperature 50 (Tm50), at which 50 % of a given population of triple-

helices is molten, can be determined by probing with proteolytic enzymes [348]. 

Typically, a solution of triple-helices is gradually heated and periodically probed at 20 

°C with trypsin (targeting the triple-helical domain) and other enzymes that remove 

propeptides (chymotrypsin, pepsin). Each α chain contains over seventy consensus 

sites (www.uniprot.org), which are positioned at the C-terminally of a Lys or an Arg, 

except when either is bound to a C-terminal Pro [349]. However, these sites are 

sterically inaccessible, so trypsin can only attack melting regions of the triple helix. 

During the thermal ramp, α chains will not loosen progressively, but will melt in 

cooperative blocks as single structural units. This mode of melting first received 

attention in micro-calorimetric work [37] and was confirmed via studies of the 

destabilizing effects of single point mutations [350-352]. 

The unfolding of the triple helix shows a steep transition upon heating, whereas 

refolding occurs in more gradual manner [353]. This is exploited for proteolytic 

probing at 20 °C after heating. The Tm50 for tryptic measurement has been shown to 

be 41.5 °C for human collagen I and 39.5 °C for human collagen III [33], which was 

validated with circular dichroism spectroscopy [354]. However, it has emerged that 

the heating rate has major impact on determining Tm50 values; a very slow heating 

rate (0.004 °C/min), applied through differential scanning calorimetry (DSC), gave a 

Tm50 for lung collagen below 36 °C [355]. However, it is worth pointing out that the 

experiments were carried out in the presence of glycerol, which has been reported not 

only to inhibit fibril formation of acid and pepsin soluble collagen type I, but also to 

disassemble already formed fibrils [356, 357]. 
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In general, DSC is traditionally used to assess the denaturation temperature of medical 

devices. The high-temperature peak corresponds to the melting of the supra-molecular 

aggregates [358]. Although early studies have assessed the denaturation temperature 

of various materials in dry state, it has become clear that implants should be incubated 

overnight in physiological solutions [245]. Given the simplicity of the methods, DSC 

is extensively used to assess the thermal stability of collagen devices. Data to-date 

clearly illustrate that denaturation temperature is dependent on species, tissues, 

scaffold conformation / packing density and the extent of cross-linking [359-362]. 

 

1.5.4.3 Mechanical properties 

Collagen fibres are responsible for the elastic and viscoelastic properties of the tissues 

[363, 364]. The primary mechanical strength of collagen results from the self-

assembly of collagen molecules into triple helices and collagen fibril which are 

additionally stabilized by intra- and inter- molecular cross-links [365]. The non-

collagenous components are believed to play important roles either through their 

unique viscoelastic properties (e.g. elastin) or via their interaction with collagen fibres 

(e.g. glycosaminoglycans and proteoglycans) and allow the tissue to withstand 

compressive and tensile forces [366-369]. The length and diameter of the collagen 

fibres, their spatial distribution, the collagen types present, the content of non-

collagenous molecules and the cross-linking content determine the functionality of 

tissues such as skin, tendon, cornea, blood vessel, cartilage, bone and their mechanical 

properties [370-376]. 

The deformation mechanism of collagenous structures is similar to those of crystalline 

polymers that yield and undergo plastic flow and can be divided into four regions: toe 

or low strain region, heel region, elastic or linear region and failure (Figure 1.6) [377-

382]. In general, the slope of the stress-strain curve is increased with strain and this is 

characteristic of connective tissue [301, 383, 384]. The region of low strain 

corresponds to the gradual removal of a macroscopic crimp in the collagen fibrils and 

this is visible in the light microscope. The crimp has been shown to act as a buffer or 

a shock absorber within the tendon, permitting small longitudinal elongation of 

individual fibrils without damage to the tissue [365], resulting in its low stiffness 

[385]. The second stage starts at strains typically beyond 2% strain, after which the 

effective elastic modulus increases progressively. X-ray studies have demonstrated 

increase in D-period distance and lateral molecular packing of collagen molecules 
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within fibrils, as a result of the straightening of the collagen kinks. The straightening 

of the kinks allows fibril elongation and reduction in entropic disorder. The entropic 

forces increase as the number of kinks decreases, leading to the typical curving 

upwards stress-strain curve [386-388]. The elastic region starts when collagen is 

stretched beyond the heel region. Most kinks are now straightened and no further 

extension is possible by the entropic mechanism [381]. For larger strains, the exact 

mechanism by which mechanical energy is translated into molecular and fibrillar 

deformation is still unclear; most probably, large strain rates indicate stretching of the 

triple helixes and fibre slippage, resulting in lengthening of the gap region with respect 

to the length of the overlap region, implying a side-by-side gliding of collagen fibrils 

[381, 389]. During loading at large strains, collagen hierarchical structure is 

extensively deformed and fibrils can split into individual micro-fibrils. The collagen 

network ruptures when several micro-fibrils break up, a process termed defibrillation 

[387, 390-393]. 
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Figure 1.6: Typical stress-strain curve / deformation mechanism of collagen-based 

devices depicting the four distinct regions: the toe region, the heel region, the elastic 

region and the failure region. 
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1.5.4.4 Biochemical and biological properties 

Various assays are available to assess the purity, concentration and cross-linking 

density of collagen-based materials [394]. Collagen extracted from different tissue 

sources and cell layers (Figure 1.7) can be characterized using sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE), which separates proteins 

according to their molecular weight, charge, size and shape [395-399]. Protein bands 

are subsequently visualized using Coomassie Brilliant Blue or silver staining (over 40-

fold more sensitive than Coomassie Brilliant Blue) and quantified by densitometry 

[117, 400]. Delayed and reduced electrophoresis can be used to separate α1(III) chains 

from α1(I) chains [401]. To determine collagen content, hydroxyproline assay is 

customarily used [402, 403], although metabolic labelling with radioactive amino 

acids [404-408], high-performance liquid chromatography [409, 410] and colorimetric 

assays have been proposed [411-419]. A rather simplified colorimetric assay has also 

been introduced (Sircol Collagen Assay, Biocolor Ltd., Northern Ireland) for the 

quantification of collagen in cell and tissue culture [420-427]. However, the binding 

capacity of Sirius Red with the side-chain of basic amino acids overestimates collagen 

content. To this end, a pepsin digestion step followed by column ultrafiltration 

purification step has been recommended to increase the accuracy of the assay [428, 

429]. Ninhydrin assay is utilized to quantify the amount of free amino acids. Ninhydrin 

reacts with the primary free amino groups of the protein and a colour change, from 

yellow to purple (Ruhemann’s purple), occurs [430, 431]. 2,4,6-trinitrobenzene 

sulfonic acid (TNBSA) assay is also used as means to quantify free amino groups. The 

concentration of N-trinitrophenyl protein derivatives is measured by molecular 

absorption spectroscopy at 345 nm [432, 433]. In vitro enzymatic degradation of 

collagen-based devices by matrix metalloproteinases, usually MMP-1 [236, 434-436], 

allows investigation of the stability of the devices [437-444]. However, MMP-1 

preferentially cleaves collagen type III, as opposed to MMP-8, which is the 

predominant collagenase present in normal wound healing and degrades collagen type 

I more efficiently than MMP-1 [445]. MMP- 1, 2, 8, 13 and 14 are capable of 

hydrolysing collagen types I, II and III, whilst MMP- 3 and 9 are unable to degrade 

tropocollagen [446-455]. 
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Figure 1.7: SDS-PAGE of collagen preparations from different tissues and cell layers. 

A: Porcine Achilles tendon collagen. B: Porcine articular cartilage collagen. C: Bovine 

Achilles tendon collagen. D: Porcine skin collagen. E: Dermal fibroblast deposited 

collagen. F: Mesenchymal stem cell deposited collagen. 
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1.6 Collagen scaffolds 

Collagen-based devices, in various physical forms, are extensively used in 

biomedicine (Figure 1.8). Current and emerging scaffold fabrication technologies 

aspire to recapitulate the complex native tissue structural hierarchy and mechanical 

integrity [456, 457]. Obviously, decellularised tissues achieve maximum structural 

biomimicry, but suffer from limited availability (autografts) and potential immune 

response (allografts and xenografts) [458]. Mechanical loading has been used as a 

means to develop aligned and densified collagen gels, but further optimisation is 

needed to mimic the complexity of native tissues [458-461]. Electro-spinning has 

enabled the development of three-dimensional tissue equivalents, however, 

controlling spatially fibre distribution is still challenging, dense constructs limit cell 

infiltration and the solvents used induce collagen denaturation [244, 462]. This section 

provides a short overview on recent advancements in tissue grafts, hydrogels, sponges, 

fibres, films, hollow spheres and tissue-engineered living substitutes. 
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Figure 1.8: Indicative examples of collagen-based devices utilised in biomedicine. (a) 

Acellular porcine dermal tissue graft. (b) Freeze dried collagen type I sponge. (c) 

Collagen type II hydrogel loaded with cells. (d) Transparent collagen type I film. (e) 

A bundle of extruded collagen type I fibres. (f) Multichannel collagen type I neural 

conduit. (g) ECM-rich living tissue substitutes produced in vitro using primary human 

skin fibroblasts under macromolecular crowding conditions. 
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 Tissue grafts 

Autologous, allogeneic or xenogeneic tissue grafts are well established implantable 

devices due to their similarity with the tissue to be replaced and their complex 

molecular and biological content that allows cell attachment and promotes spatial cell 

organization [463-465]. Given the limited availability of autografts, allogeneic and 

xenogeneic skin [236], small intestine submucosa [466], bladder [467, 468], 

pericardium [260], skeletal muscle [469], heart valve [470], tendon [471] and ligament 

[472] grafts are extensively used in clinic and are often considered as the gold 

standard. 

A typical manufacturing process of tissue grafts consists of depilation (for skin), 

physical isolation of surrounding tissues, decellularization, cross-linking, disinfection, 

freeze-drying and sterilization. All processing steps should maintain as much as 

possible of the original composition, structure, mechanical integrity and bioactivity of 

the tissue [473]. Decellularization is an inherent part of the process aiming to remove 

cells, DNA, cellular debris and any other molecules that can act as an immunogen or 

incite an inflammatory response when implanted [474, 475]. Several decellularization 

methods are available combining chemical, biological and physical treatments with 

variable degree of efficiency with respect to ECM disruption [476-479]. 

Although chemical cross-linking methods are extensively used to control mechanical 

stability and degradation rate, an optimal method has still to be identified [235]. Data 

to-date demonstrate that chemical cross-linking methods at low concentration alter 

wound healing, whilst at high concentration are associated with cytotoxicity, pro-

inflammatory macrophage response, inhibition of macrophage polarization, reduced 

cell infiltration and delayed wound healing, often resulting in peri-implantation 

fibrosis [235, 480, 481]. Lyophilization is frequently used to increase product 

longevity and to avoid matrix disruption during sterilization [473]. With respect to 

sterilization, chemical approaches (e.g. ethylene oxide [482]) are associated with 

cytotoxicity, whilst physical methods (e.g. gamma irradiation [483], e-beam 

irradiation [484]) are associated with decreased mechanical properties, subject to the 

device’s physical characteristics, suggesting that the sterilization method to be used is 

device-dependent [485]. 

Each clinical application requires different material properties and this has encouraged 

companies to produce several different ECM materials (Table 1.5). For example, 

small intestine submucosa and bladder have been used for applications that require 
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rapid cell infiltration, matrix degradation and remodelling that lack high mechanical 

performance, including certain types of hernia [276], rotator cuff tendon repair [486], 

bladder surgery [487], pelvic organ prolapse repair [488], cardiovascular surgery [489] 

or general wound healing (ulcer, burns and skin substitute) [467, 490]. On the other 

hand, skin-derived materials are used for applications that require higher mechanical 

performance and enzymatic resistance, such as ventral and abdominal hernia repair 

[276, 491] and infected wounds [492-494]. Recent efforts are directed towards 

functionalization of tissue grafts to enhance further their biological activity [495-497]. 

Despite the significant strides that have been achieved in the field, immune response 

and delayed remodelling [498-500] have stimulated research into scaffold-based 

approaches.
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Table 1.5: Indicative examples of clinically available tissues grafts, for various clinical indications, provided along with their properties. 

Product & Company Name Product Details Clinical Indication Properties 

AlloDerm™, LifeCell 

Acellular non-cross-linked 

human dermis 

Sterilization: Electron beam 

irradiation 

Soft tissue repair (e.g. hernia 

and breast reconstruction) 

Degradation temp: 64-67 °C 

Max tensile strength: 19-21 

MPa 

Ball burst strength: 800-1200 

N/cm 

Degradation profile: > 12 

months 

Allomax™, Bard-Davol 

Acellular non-cross-linked 

human dermis 

Sterilization: Gamma 

irradiation 

Soft tissue repair (e.g. hernia, 

thoracic wall and breast 

reconstruction) 

Degradation temp: 53-55 °C 

Max tensile strength: 13-15 

MPa 

Ball burst strength: 230-350 

N/cm 

Degradation profile: > 6 

months 

Collamend™, Bard-Davol 

Acellular porcine dermis cross-

linked with EDC 

Sterilization: Ethylene Oxide 

Soft tissue repair (e.g. hernia) 

Degradation temp: 62-67 °C 

Max tensile strength: 8-14 MPa 

Ball burst strength: 64-120 

N/cm 
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Degradation profile: > 12 

months 

FlexHD®, Ethicon 

Acellular non-cross-linked 

human dermis 

Sterilization: Ethanol 

Soft tissue repair (e.g. hernia) 

Degradation temp: 62-64 °C 

Max tensile strength: 12-17 

MPa 

Ball burst strength: 730-1130 

N/cm 

Degradation profile: > 12 

months 

Permacol™, Medtronic 

Acellular porcine dermis cross-

linked with HMDI 

Sterilization: Gamma 

irradiation 

Soft tissue repair (e.g. hernia) 

Degradation temp: 60-61 °C 

Max tensile strength: 7-10 MPa 

Ball burst strength: 55-75 

N/cm 

Degradation profile: > 24 

months 

PeriGuard™, Synovis Surgical 

Acellular bovine pericardium 

cross-linked with GTA 

Sterilization: Ethanol and 

propylene oxide 

Soft tissue repair (e.g. thoracic 

wall, hernia) 

Degradation temp: 83-85 °C 

Max tensile strength: 20-23 

MPa 

Ball burst strength: 85-115 

N/cm 

Degradation profile: > 24 



Chapter 1 

63 

 

months 

Strattice™, LifeCell 

Acellular non-cross-linked 

porcine dermis 

Sterilization: Electron beam 

irradiation 

Soft tissue repair (e.g. hernia) 

Degradation temp: 60-62 °C 

Max tensile strength: 9-11 MPa 

Ball burst strength: 230-320 

N/cm 

Degradation profile: > 6 

months 

SurgiMend™, TEI Biosciences 

Acellular non-cross-linked 

bovine dermis 

Sterilization: Ethylene Oxide 

Soft tissue repair (e.g. general 

and plastic reconstruction) 

Degradation temp: 57-58 °C 

Max tensile strength: 26-30 

MPa 

Ball burst strength: 415-445 

N/cm 

Degradation profile: > 6 

months 

Surgisis™, Cook Medical 

Acellular non-cross-linked 

porcine small intestine 

submucosa 

Sterilization: Ethylene Oxide 

Soft tissue repair (e.g. pelvic 

organ prolapse, hernia) 

Degradation temp: 61-62 °C 

Max tensile strength: 2-3 MPa 

Ball burst strength: 195-205 

N/cm 

Degradation profile: < 6 

months 
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Veritas™, Synovis Surgical 

Acellular non-cross-linked 

bovine pericardium 

Sterilization: Irradiation 

Soft tissue repair (e.g. hernia) 

Degradation temp: 44-46 °C 

Max tensile strength: 7-11 MPa 

Ball burst strength: 120-130 

N/cm 

Degradation profile: > 6 

months 

XenMatrix™, Bard-Davol 

Acellular non-cross-linked 

porcine dermis 

Sterilization: Electron beam 

irradiation 

Soft tissue repair (e.g. hernia) 

Degradation temp: 53-55 °C 

Max tensile strength: 11-12 

MPa 

Ball burst strength: 330-410 

N/cm 

Degradation profile: < 6 

months 
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 Self-assembled hydrogels 

Hydrogels are water-swollen structures that resemble the properties of soft tissues 

more closely than any other type of polymeric biomaterial [501-503]. Collagen has 

the ability to polymerize in vitro into a fibrillar hydrogel at physiological pH, ionic 

strength and temperature, following an entropy-driven process [504-511]. The 

intertwined fibrillar substructure is held together by electrostatic and hydrophobic 

bonds [512] and entraps huge amounts of fluids, permitting that way the exchange of 

ions and metabolites with surrounding tissues [513]. The flowable nature of collagen 

hydrogels is primarily attributed to this high liquid phase and along with their fast 

assembly time (< 10 min) at physiological pH and temperature allow them act as 

injectable systems and ideal carriers for cells and therapeutic / bioactive molecules 

[514]. Cross-linking offers control over the liquid content and influences the 

mechanical properties and the degradation profile of the resultant hydrogels [515, 

516]. An alternative strategy to improve the mechanical properties of the hydrogels is 

based on confined and unconfined plastic compression [517-521]. Advances in 

engineering have also enabled the development of spherical collagen type I [522] and 

collagen type II [522] micro-gels (Figure 1.9). 

These unique properties of collagen hydrogels have made them the scaffold of choice 

for numerous clinical indications. In soft tissue repair, for example, collagen type I 

hydrogels seeded with fibroblasts exhibited a compact structure similar to that of 

dermis [523, 524]. Skeletal muscle derived stem cells loaded into a collagen type I 

hydrogel increased the expression of cardiac genes and similar contractile forces and 

intracellular calcium ion transients were observed as that of native cardiac cells [525]. 

When collagen type I hydrogels were subjected to mechanical tension, embryonic 

stem cells were differentiated to cardiomyocytes [526], whilst cardiomyocytes loaded 

collagen type I hydrogels resulted in formation of cardiac muscle bundles, resembling 

adult cardiac tissue [527]. In the neural space, collagen type I hydrogels, alone or in 

combination with growth factors and polypeptides, have been shown to promote 

polarity of neurons [528, 529] and to align and improve neural cell adhesion, survival 

and growth [530, 531]. Glyco-mimetic functionalized collagen type I hydrogels have 

been shown to encourage sensory and motor neuron outgrowth and enhance Schwann 

cell proliferation and extension [532]. Growth factor loaded collagen type I hydrogels 

have also shown potential in central nervous system applications [533]. In the eye 

space, collagen type I hydrogels (non-compressed and compressed) have been used as 
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substrates to grow various ocular-specific cell populations [534-538]. In tendon repair 

and regeneration, collagen type I hydrogels have been used either as a means to expand 

tenocytes in vitro [539, 540] or to improve cell retention of another device with 

adequate mechanical properties [541, 542]. Collagen type I [543, 544] and collagen 

type II [545, 546] hydrogels have been used extensively for osteochondral and 

cartilage defect repair, respectively. Collagen II is a typical cartilage collagen. It 

therefore makes sense that collagen type II hydrogels, as opposed to collagen type I 

hydrogels, maintain chondrocyte phenotype [547, 548] and drive mesenchymal stem 

cell differentiation towards chondrogenic lineage [549-551]. 

Numerous preclinical data are also available advocating the use of collagen hydrogels 

for numerous clinical targets. In skin, for example, collagen type I hydrogels have 

displayed good integration and they were colonized by host cells within 15 days [552, 

553]. In the neural field, collagen hydrogels loaded with growth factors have shown 

promise in rat spinal cord injury models [533, 554] and in rat sciatic nerve models 

[555, 556]. In a rabbit corneal keratitis model, a collagen type I hydrogel loaded with 

a drug inhibited bacterial growth and maintained corneal clarity [557]. In a rabbit 

Achilles tendon gap model (collagen hydrogels are not suitable for large defects due 

to low mechanical integrity) collagen type I hydrogels were used as carriers of 

mesenchymal stem cells, resulting in improved structural and functional outcomes 

[558]. In a cartilage sheep model, collagen type I hydrogels containing autologous 

mesenchymal stem cells that had been differentiated into chondrocytes resulted in 

cartilage regeneration, although it us worth pointing out that areas of incomplete 

integration and cyst formation were observed [543]. 

Significant have also been the strides with collagen hydrogels in clinical setting. 

Apligraf® is a living bioengineered system made out of a collagen type I hydrogel and 

allogeneic fibroblasts and keratinocytes. This system has been used successfully in 

clinic for skin replacement, burn wounds and diabetic foot ulcers [523, 524, 559, 560]. 

However, drawbacks such as extensive shrinkage, poor porosity and poor persistence 

of fibroblasts within the hydrogel have been reported [561]. A collagen type I hydrogel 

loaded with bone marrow mesenchymal stem cells has also been used successfully in 

myocardium [562]. Numerous studies have also demonstrated the potential of collagen 

type I hydrogels loaded with chondrocytes or mesenchymal stem cells for cartilage 

repair [563-566]. The potential of human recombinant type III collagen has also been 

demonstrated in clinical setting for corneal repair [567]. 
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Figure 1.9: (a) Collagen type I microgel fabrication process. (b) Bright-field micrograph of collagen type I microgels loaded with human 

mesenchymal stem cells after 48 hours in culture (c). 

 



Chapter 1 

68 

 

 Freeze-dried sponges 

Freeze-drying (also known as ice crystal templating or lyophilization or ice-

segregation-induced self-assembly) is a dehydration process that can be used for the 

construction of highly porous implantable devices (Figure 1.10) for a diverse range 

of clinical indications (Table 1.6). Upon freezing, collagen is entrapped within the 

developing ice crystals, which have formed into hexagonal structures. The porosity of 

the collagen sponge can be controlled by the freeze-drying rate and after sublimation 

of the ice crystals in the course of the drying phase [568-570]. For optimal bioactivity, 

the pores should be large enough to permit the migration of cells and diffusion of 

nutrients and small enough to promote cell attachment [571, 572]. However, too small 

pores should be avoided, as they restrict cell attachment and differentiation potential 

[573-575]. 

Numerous molecules and cell populations have been used to-date to enhance further 

the bioactivity of collagen sponges with promising results in both in vitro and in vivo 

settings. A collagen-glycosaminoglycan scaffold has been shown to enhance in vitro 

osteogenesis in human osteoblast culture [576] and to induce osteogenic and 

chondrogenic differentiation of adult rat mesenchymal stem cells [577]. Fibrin 

networks incorporated into a collagen sponge improved osteoblast attachment, 

proliferation and differentiation [578]. A collagen / hydroxyapatite / chondroitin 

sulphate sponge has been shown to differentiate stem cells towards chondrogenic 

lineage and to simulate cartilage-like ECM synthesis [579]. In preclinical models, 

collagen-glycosaminoglycan and collagen-calcium phosphate scaffolds have been 

shown to repair rat calvarial defects as effectively as autologous bone materials and 

more effectively than scaffolds loaded with mesenchymal stem cells [580, 581]. 

Collagen / recombinant human bone morphogenetic protein 2 scaffolds enhanced 

osteoclastogenesis, osteoblastogenesis and osteoclast activation and increased bone 

volume and the expression of bone resorption and formation markers, without adverse 

healing events (e.g. swelling, excessive bone formation, seroma formation) in a rat 

calvarial defect model [582, 583]. A collagen-hydroxyapatite sponge loaded with 

recombinant human bone morphogenetic protein 2 has been shown to increase healing 

in critical size rat calvarial defect within 8 weeks post-implantation, without provoking 

bone anomalies or adjacent bone resorption [584]. A collagen / rosuvastatin sponge 

has been shown to enhance bone formation in critical size proximal tibial cortical bone 

of New Zealand White rabbits, as evidenced by increased in BMP-2 mRNA levels, 
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higher bone volume, increased bone mineral density and new bone formation [585]. 

Collagen sponges, alone [586] or in combination with hyaluronic acid / hydroxyapatite 

/ beta-tricalcium phosphate [587, 588] or with osteogenic protein [589], have been 

shown regenerative capacity in osteochondral defects of rabbits and mini-pigs, as 

evidenced by increased gene expression of cartilage molecules (e.g. collagen type II, 

aggrecan, SOX9) and improved biomechanics. When skin-derived precursors loaded 

on a collagen sponge and implanted to the wound areas of diabetic mice, accelerated 

wound healing and enhanced local capillary regeneration was observed by day 14 

[590], whilst collagen sponges loaded with adult bone marrow mesenchymal stem 

cells showed a high density of vascularization in immuno-deficient mice [591]. 

Collagen / gelatin sponges loaded with basic fibroblast growth factor [592-594] or 

concentrated platelet lysate [595] have been shown to regenerate full-thickness defects 

on the backs of normal mice, on the palatal mucosa of dogs and on pressure-induced 

decubitus ulcer of genetically diabetic mice, as evidenced by neo-epithelium length 

and total area of newly formed capillaries assessment and accelerated wound healing. 

Collagen sponges containing latent TGF-β binding protein 4 stimulated elastic fibre 

growth, when implanted between the dermis and cutaneous muscle on the backs of 

athymic nude mice [596]. 

Numerous data have also advocated the use of collagen sponges, with or without 

functional molecules and / or cells, in clinical (human) setting. Collagen sponges have 

been shown to induce a substantial increase in the connective tissue thickness of 

palatal [597]. Collagen sponges have been shown to be more effective than autologous 

tissues in cranial neurosurgery [598]. Collagen sponges loaded with recombinant 

human bone morphogenetic protein 12 have been used successfully in rotator cuff 

surgery [599]. Gentamicin, Cefaclor or Ranalexin loaded collagen sponges have been 

used successfully in diabetic foot [600], cochlear [601], sternal [602], abdominal 

[603], thoracic [604] and cardiac [605] infections. A collagen / gelatin / basic 

fibroblast growth factor has shown promise in chronic skin ulcers treatment [606]. 

Recombinant human bone morphogenetic protein-2 combined with a collagen sponge 

resulted in a relatively shorter fusion time, but increased risk of posterior cervical 

wound complications may rise in posterolateral lumbar spine fusion [607]. A collagen 

sponge with autologous chondrocytes has shown good short-term clinical and 

radiological results in large focal chondral and osteochondral defects [608]. A collagen 

sponge loaded with autologous mesenchymal stem cells has also been used 
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successfully in intervertebral disc regeneration, as evidenced by radiograph, computed 

tomography and magnetic resonance imaging analysis [609]. CD34+ cell delivered 

with a collagen sponge containing recombinant human bone morphogenetic protein 2 

achieved mature bone regeneration and increased bone density and mean trabecular 

bone area [610]. 

Given that traditional freeze-drying processes produce scaffolds with random 

architecture, advances in freeze-drying technologies offer control over the ice crystal 

formation and segregation, enabling the development of highly ordered collagen 

sponges that closely imitate native supramolecular assemblies [611-617]. Such 

scaffolds have induced in vitro tenocyte [618] and neurite [619] elongation and 

formation of homogenous cartilage-like tissue [620]. Preliminary in vivo data are also 

promising [575, 590]. 

Mechanical properties of porous scaffolds have been attributed to a variety of factors 

which include pore size and porosity, cross-linking density and functionalisation of 

collagen with molecules or drugs. The balance between pore size, porosity and 

mechanical properties have been shown to play an important role in the long term 

success of the implanted scaffold.  Pore size can be controlled by adjusting the freezing 

method and time, as well as increasing the level of cross-linking. As cross-linking 

density increases, the pore size decreases while making the scaffold denser. Studies 

showed an increase in mechanical properties following the expression of ECM 

molecules by cells, given the appropriate pore size. Mechanical properties of sponges 

have also been shown to be dependent on the source of collagen, including animal age, 

sex, animal and tissue type. The level of cross-links following the extraction 

determines mechanical properties of the collagen. Given that collagen does not possess 

the mechanical properties of a native tissue, a variety of cross-linkers have been used. 

The type of cross-linker and concentration will depend on the properties of tissue of 

interest. However, it is important to note that elasticity will differ between tissues and 

therefore, the cross-linker should reflect this with appropriate young’s modulus. This 

is similar to functionalisation of the collagen sponges with a molecule or a drug of 

choice. The addition of such molecules will cause modification to the structure of the 

collagen sponge, and hence the mechanical properties. Many factors influence the 

mechanical properties of porous scaffolds, therefore, it is important to consider the 

properties of the native tissues of interest to fabricated scaffold with appropriate 

properties. 
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Figure 1.10: Porous collagen scaffolds are fabricated using freeze-drying. By 

adjusting the freezing rate, the size and the porosity of the sponge can be effectively 

controlled. Specifically, primary freezing at high temperature increases pore size 

through the formation of large ice crystals, whereas freezing at low temperature 

decreases pore size through the formation of small ice-crystals.
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Table 1.6: Indicative examples of FDA approved collagen sponges for various clinical indications. 

Product & Company Name Characteristics Clinical Indication 

Avitene™ UltraFoam™, Bard-Davol 
Purified bovine corium collagen sponge 

Sterilization: Dry heat 
Haemostasis 

CollaGraft®, Zimmer 

Bovine collagen sponge containing 

hydroxyapatite / tricalcium phosphate 

granules 

Sterilization: N/A 

Bone 

COLLARX®, Innocoll 

Bovine or equine collagen sponge 

COLLARX with gentamicin (INL-002) or 

bupivacaine (INL-001) 

Sterilization: N/A 

Wound healing 

CopiOs®, Zimmer Biomet 

Bovine collagen sponge containing dibasic 

calcium phosphate 

Sterilization: N/A 

Bone 

GENTA-COLL® resorb, Resorba 

Equine collagen sponge containing 

gentamicin 

Sterilization: N/A 

Soft tissue wounds; Abscess caverns; Joint 

empyema; Spongioplasty; Osteitis, 

osteomyelitis; Implant associated 

infections; Diabetic foot; Extirpation of 
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the rectum; Pilonidal sinus; Ano-rectal 

injuries; Sternotomy; Heart pacemaker 

replacement 

INFUSE®, Medtronic 

Collagen sponge containing recombinant 

human bone morphogenic protein 2 

Species: N/A 

Sterilization: Nano-filtration 

Bone 

Integra Mozaik®, Integra 

Bovine collagen (20 %) and tricalcium 

phosphate (80 %) sponge 

Sterilization: Irradiation 

Bone 

KOLLAGEN resorb™ 
Equine collagen sponge 

Sterilization: N/A 

General surgery; Gynaecology; Thoracic 

and cardiovascular surgery; Orthopaedic 

and trauma surgery; Maxillary surgery and 

ENT, Haemostasis 

Ologen®, Aeon Astron 

Porcine collagen (~ 90 %) and 

glycosaminoglycans (~ 10 %) sponge 

Sterilization: N/A 

Glaucoma surgeries; Glaucoma Drainage; 

Strabismus; Pterygium; Revision surgeries 

OssiMend™, Collagen Matrix 

Bovine collagen sponge containing 55 % 

bone mineral 

Sterilization: N/A 

Bone 



Chapter 1 

74 

 

Zimmer® Collagen Plug, Tape, Patch, 

Zimmer Biomet 

Bovine collagen sponge 

Sterilization: Gamma irradiation 

Denture sores; Oral ulcers (non-infected 

nor viral); Periodontal surgical wounds; 

Suture sites; Burns; Extraction sites; 

Surgical wounds; Traumatic wounds 
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 Self-assembled fibres 

Although the benefits of electro-spinning are well known by now [621], unfortunately, 

electro-spinning of collagen still remains a challenge, as the current process leads to 

irreversible denaturation [244, 462]. For this reason, extruded collagen fibres and 

isoelectric focusing produced fibres are discussed here. Collagen fibres, with structural 

and mechanical properties similar to native tissues, have been produced through the 

extrusion of a collagen solution in a series of phosphate buffers maintained at 37 °C 

[301, 389, 391, 392, 622-624]. Collagen extraction method, collagen concentration, 

extrusion tube diameter, composition of the phosphate buffers and cross-linking 

method offer opportunities to tailor the mechanical properties of the fibres to the 

clinical target of interest [117, 625-630]. Undulation and crevices running parallel to 

the longitudinal fibre axis (Figure 1.11) have been shown to enhance cell attachment 

and to promote bidirectional cell growth [241, 631] and neotissue formation [632-

634]. To enhance further the biological and biophysical properties of these fibres, 

functionalization strategies with decorin [389] and resilin [635] have been proposed. 

Such materials have also shown great in vivo outcomes in various preclinical models. 

For example, minor inflammatory reaction and biological degradation within six-

weeks post implantation have been reported in a mouse subcutaneous model [636]. In 

an ovine tendon model, although the collagen fibres were nicely integrated and the 

tissue was regenerated, the rate of resorption was quite low due to high levels of cross-

linking [634]. In rabbit models, carbodiimide and dehydrothermal / carbodiimide 

cross-linked fibres induced neotendon tissue with mechanical properties and structural 

characteristics similar to normal tendon tissue within 10 to 52 weeks post 

implantation, whilst glutaraldehyde cross-linked fibres formed capsule and 

inflammation [632, 637]. In anterior cruciate ligament rabbit [638] and dog [633] 

models, these fibres achieved complete regeneration within 12 weeks post-

implantation. 

An alternative strategy to prepare anisotropic collagen fibres is based on the principles 

of isoelectric focusing, which induces the collagen monomers to migrate towards and 

focusing at their isoelectric focusing point, where the overall charge is neutral [639]. 

The produced fibres have structural and mechanical properties similar to native tissues 

[640-645]. These aligned collagen fibres have been shown to provide topographical 

cues for in vitro bidirectional axonal guidance (Figure 1.11), even in the presence of 

myelin-associated glycoprotein that is known to inhibit neurite guidance [640]. These 
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anisotropic substrates have also been shown to induce bidirectional growth of tendon-

derived fibroblasts and bone marrow stromal cells [646] and to stimulate tenogenic 

differentiation of bone marrow stem cells [647, 648]. In a rabbit patellar tendon model, 

these fibres were gradually degraded over 8 months period [649]. Further, aligned 

collagen fibres have been demonstrated to improve bone [650] and vascular [651] 

differentiation. 
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Figure 1.11: (a) TEM analyses of extruded collagen fibres (a) and isoelectric focusing 

produced fibres (d) illustrate bidirectional sub-fibrillar architecture and the 

characteristic D-periodicity of collagen. SEM analyses of extruded collagen fibres (b) 

and isoelectric focusing produced fibres (e) illustrate that the bidirectional sub-fibrillar 

architecture induces a bidirectional surface topography. This bidirectional surface 

topography induces bidirectional human tenocyte growth on extruded collagen fibres 

(c) and bidirectional rat embryonic dorsal root ganglion explants growth on isoelectric 

collagen fibres (f). 
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 Collagen films and tubes 

Isotropic collagen films, produced through evaporation, have been used extensively in 

biomedicine for cornea repair due to their transparent nature and the low mechanical 

requirement of the tissue [652]. Indicative in vitro data have demonstrated that 

collagen films with thickness of 2 μm, comparative to Bruch’s membrane, supported 

growth of ARPE-19 cells (a retinal pigment epithelia cell line), maintained 

physiological cell morphology and the cells developed epithelium characteristics 

[653]. Collagen films, alone or in combination with gelatin or hyaluronic acid and 

cross-linked with carbodiimide, exhibited similar diffusion and mechanical properties 

to human cornea and supported growth of human corneal epithelial cells [654, 655]. 

Collagen films functionalized with tobramycin and cross-linked with carbodiimide, 

exhibited prolonged antibiotic release and human corneal epithelial cell adherence and 

growth [656]. Collagen films, having lamellae-like sub-structure, have been shown to 

support growth of stromal fibroblasts [657]. In the wound healing area, collagen films, 

alone [658] or functionalized with Indian Lilac tree extract [659], have been shown to 

maintain growth of rat epidermal cells, to withheld collagenase degradation and to 

reduce nitric oxide synthesis in RAW 264.7 culture. In the lung space, collagen films 

supported pulmonary stem cell attachment and growth [660], whilst collagen films 

functionalized with Ficoll™ and cross-linked with genipin supported attachment and 

growth of WI38 fibroblasts [243]. Given that collagen films wrapped in a single 

channel tubular conformation have resulted in axonal dispersion, multi-channel 

EDC/NHS cross-linked conduits have been used with in vitro data demonstrating high 

denaturation temperature, resistance to enzymatic degradation, maintenance of 

structural conformity for up to 30 days in saline solution, superior to single-channel 

conduits mechanical properties and unaffected neurite outgrowth of dorsal root 

ganglia explants [661]. 

In a rabbit model, collagen films functionalized with tobramycin and cross-linked with 

carbodiimide facilitated wound healing completion within 15 days post implantation 

and by month 3 neovascularization was observed [656]. Again in a rabbit model, 

collagen membranes functionalized with citric acid and cross-linked with 

carbodiimide displayed suitable tensile properties and 6 months post implantation, the 

implant had degraded and smooth corneal epithelial layer had been created [662]. 

Collagen films loaded with human growth hormone promoted wound healing in a 

mouse model [663], whilst when loaded with etoposide, an anticancer drug, they were 
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used in a liver model [664]. Tubular films, alone [661, 665] or loaded with a 

neurotrophin-3-encoding gene [666], have demonstrated increased axonal alignment, 

enhanced neovascularization, axonal regeneration and myelination in rat sciatic 

models. When these tubes were loaded with collagen fibres, guided Schwann cell 

migration, decreased axonal dispersion and reduced axonal mismatch in a rat sciatic 

nerve model were observed [667]. In a rabbit model, the dura was replaced with 

cyanamide cross-linked collagen films, which displayed very low inflammatory 

response and increased synthesis of new collagen by connective tissue cells that 

infiltrated the film by day 56 post-implantation [300]. 

Collagen films wrapped in form of tube have been extensively used in clinic as nerve 

guidance conduits (e.g. NeuraWrap™, NeuroMend™, NeuroMatrix™, NeuraGen™) 

[668], demonstrating limited myofibroblast infiltration, guided Schwann cell 

migration and axonal regrowth towards their distal targets [669, 670]. Nonetheless, 

such materials are limited to nerve gaps smaller than 4 cm in length [671]. 

Tetracycline-immobilized cross-linked collagen films have been used clinically for 

treatment of periodontitis and have been shown to be successful in reducing the density 

of microorganisms [672-674]. Collagen calcium-alginate films have been used as 

wound dressing to treat burn patients, demonstrating significant increase in 

epithelialization, while patients experienced reduced pain levels [675]. Collagen type 

IV films have been implanted into patients suffering from tympanic pocket retraction 

and demonstrated complete healing 6 months post-implantation, a potential alternative 

to autologous tissue [676]. Collagen films have been implanted and assessed after 

transvesical prostatectomy, exhibiting no adverse reactions [677]. Despite the overall 

promising results in multiple clinical indications, the produced films are comprised of 

isotropic collagen fibrils that fail to imitate the hierarchical architecture of native 

tissues. To this end, various technologies have been utilized to produce biomimetic 

anisotropic collagen films. 

Subjecting collagen solutions to a magnetic field during fibrillogenesis allows 

development of films with aligned sub-fibrillar structure [574]. Collagen fibrils align 

perpendicularly to the magnetic field due to their negative diamagnetic anisotropy of 

the α chains [678, 679]. In general, magnetic fields of 1.9 to 12 T are applied for 30 to 

90 minutes [680-684]. Multilayer magnetically aligned collagen-proteoglycans based 

scaffolds have been used to align human keratocytes in culture [680], whilst 

magnetically aligned collagen-hyaluronic acid scaffolds have been used to maintain 
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primary chondrocytes in culture, albeit the addition of hyaluronic acid decreased the 

effectiveness of magnetic alignment [681]. In the neural space, magnetically aligned 

collagen has been shown to orientate Schwann cells and neurons in vitro [682, 683] 

and to promote new nerve fascicle formation in a mouse sciatic nerve model [683]. It 

is worth pointing out that ribose-cross-linked magnetically aligned collagen scaffolds 

proved detrimental for regeneration [683]. Plastic compression has been incorporated 

into the fabrication process to increase mechanical properties and to reduce 

degradability, resulting in primary murine tenocyte alignment for up to 18 days in 

culture [684]. Given the high-cost of the superconducting magnets required to induce 

alignment, the use of iron oxide particles has been proposed, as this method requires 

magnets of low strength (0.001 T) [685, 686]. 

Given the complexity of the magnetic field induced alignment, micro-fabrication 

technologies have been adopted, which have facilitated the generation of structured 

collagen substrates with precise and reproducible topographical features with nano- 

and micro- scale resolution. Soft lithography refers to the replication of micro-features 

on collagen materials using a patterned elastomeric stamp (Figure 1.12). Soft 

lithography has been used for replicating grooves, holes and pillars [687, 688] and for 

the encapsulation of cells in single forms or multi-arrays [689]. Collagen films, casted 

on poly(dimethyl siloxane) templates, induced bidirectional elongation of human 

vascular smooth muscle cells [690-692]. Collagen injection using microfluidics into 

sacrificial stamps or moulds that precisely contain the structure to be reproduced has 

also been used as means to produce structures with features of a few microns capable 

of aligning cells [693, 694]. Aligned collagen films have also been produced via 

molecular imprinting, through the generation of high and constant shear forces during 

the collagen deposition on glass substrates [695-697]. Shear force is applied by lateral 

displacement of the injection needle and orbital spin of the collector. The set of 

parameters depend on the method; lateral displacement requires thin syringe needles 

of about 18 to 27 gauge, lateral speed of 100 mm/s and collagen flow of 0.3 ml/min 

approximately for orienting collagen [696, 698]. The orbital spin method requires high 

spinning rates of 500 to 3,000 rpm and collagen flow of 0.3 to 1.0 ml/min [697, 699]. 

Both molecular imprinting methods require fast collagen desiccation, less than 15 

minutes, to stabilize the fibril structure and alignment. However, fibril orientation is 

not stable, fibrils often turn and as such, alignment is slightly altered. This difficulty 

can be partially solved using collagen at high concentration and reverse dialysis [696, 
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698]. Given that recent data have questioned the potential of structured substrates for 

in vivo applications, we expect that such structured substrates will be primarily used 

for in vitro applications (maintain cell phenotype and direct stem cell lineage) [700, 

701]. 
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Figure 1.12: (a) SEM analysis reveals the fibrous nature of collagen films. (b) 

Through soft lithography, anisotropic collagen films can be produced (b), which 

induce bidirectional human skin fibroblast growth (c). 
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 Template-produced hollow spheres 

Hollow microspheres offer several advantages over other carrier systems for delivery 

of bioactive and therapeutic molecules including: reproducibility, large surface area, 

large cargo delivery capacity, controllable biodegradability and multi-cargo delivery 

capacity [702, 703]. In recent years, several methods including emulsion, spray-drying 

and micro-phase separation have been investigated for the development of collagen 

reservoir systems for sustained and localized delivery of drugs and biologics [704-

706]. However, these techniques offer little control over reproducibility [707], which 

triggered investigation into the template method [707-710]. With the template method, 

a natural polymer is deposited on the appropriate template, which afterwards is 

removed, leaving behind the hollow polymeric shell [702-711]. Polymer-based 

templates are preferred, as they can be fabricated with controlled size, shape and 

dispersity [702]. Hollow collagen spheres (Figure 1.13) have been produced using 

sulphonated polystyrene beads as templates [707]. As the coating process is based on 

an electrostatic interaction between collagen and the negatively charged polystyrene 

template, polystyrene beads are sulphonated to impart a strong negative charge. The 

coating process is performed under acidic conditions so that the positively charged 

collagen forms a thin coat around the negatively charged polystyrene beads. Following 

sulphonation, the beads are re-suspended in acetic acid and the collagen solution is 

added to the beads. After formation of the collagenous coating around the polystyrene 

bead, the collagen is cross-linked. Finally, the polystyrene core is removed with 

tetrahydrofuran, leaving behind the hollow collagen sphere. To-date, such scaffolds 

have been used for gene [707, 712], growth factor [713] and drug [714] delivery or 

ROS scavenging [715, 716]. 
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Figure 1.13: TEM (a) and SEM (b) analyses clearly illustrate the fibrous nature of 

hollow collagen microspheres. (c) Fluorescent microscopy of primary human cardiac 

fibroblasts up-taking 10 μm FITC-labelled hollow collagen type I microspheres (Red: 

rhodamine phalloidin, Green: FITC-labelled spheres, Blue: DAPI). 

  



Chapter 1 

85 

 

 Tissue engineered structures 

Advancements in tissue engineering technologies have enabled the development of 

scaffold-free tissue engineering therapies [717-719], during which a living substitute 

is formed that is held together with cell-cell and cell-deposited ECM contacts. Such 

approaches are based on the inherent capacity of cells to synthesize matrix [720-723]. 

Given that lysyl oxidase is a copper-dependent enzyme [724, 725], it has been 

suggested to add copper ions into the culture media to increase lysyl oxidase-mediated 

cross-linking (e.g. hydroxy pyridinoline and pyridinolines) for the mechanical 

improvement of tissue engineered arteries [726] and cartilage [727]. Although very 

promising preclinical and clinical data are available for various clinical indications, 

including skin [728-730], blood vessel [731-735] and cornea [736, 737], only a 

handful of products have been commercialized (e.g. Epicel®, Genzyme; LifeLine™, 

Cytograft). The substantial long culture time required to develop an implantable 

device (e.g. 70 days for lung cell-sheet [738], 84 days for corneal stromal [739, 740] 

and 196 days for blood vessel [733]) has been recognized as the major limitation for 

the wide acceptance of this technology. To remedy this, macromolecular crowding has 

been introduced as means to accelerate ECM deposition (Figure 1.14). In vivo cells 

reside in a highly crowded extracellular space, which results in rapid conversion of the 

de novo water soluble procollagen to water insoluble collagen [62]. In the dilute 

culture media, this procollagen / collagen conversion is very slow. The addition of 

inert macromolecules into the culture media, by emulating the naturally crowded in 

vivo milieu, amplifies deposition of cell-secreted ECM [741, 742]. Polydispersed 

macromolecules have been shown to be more effective with respect to ECM 

deposition, due to more efficient volume exclusion effect [743]. To-date, 

macromolecular crowding has been shown to enhance ECM deposition in permanently 

differentiated cell culture [744-748] and in naïve stem cell culture [749-751] and to 

enhance adipogenesis in adipose-induced stem cell culture [752]. Macromolecular 

crowding has also been proposed as means to develop in vitro pathophysiology models 

[753-755]. Further, human fibroblast matrices, developed under macromolecular 

crowding conditions, have been shown to support stable propagation of human 

embryonic stem cells ex vivo [756]. Such system can be used as an alternative to 

Matrigel®, a cell-produced material (murine in origin, derived from the Engelbreth-

Holm-Swarm sarcoma cell line [167]) rich in laminin, collagen IV, heparin sulphate 
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proteoglycans and a number of growth factors that has been used extensively for 

optimal ex vivo cell growth [757-760]. 

  



Chapter 1 

87 

 

 

Figure 1.14: (a) In normal permanently differentiated and stem cell culture, ECM deposition is very slow and as such the production of living 

substitutes can take up to 196 days. The addition of polydispersed macromolecules (macromolecular crowding) in culture media dramatically 

accelerates ECM deposition and living substitutes can be produced within 6 days in culture. (b) SDS-PAGE analysis of human bone marrow 

mesenchymal stem cell layers demonstrates that ECM deposition is dramatically enhanced as a function of carrageenan concentration (1, 5, 10, 

50, 100 and 500 μg/ml) after 2 days in culture. (c) Immunocytochemistry analysis further corroborates the enhanced collagen type I and collagen 

type III deposition after 2 days in culture [Cells: human bone marrow mesenchymal stem cells; Macromolecular Crowder (MMC): 100 μg/ml 

carrageenan]. 
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1.7 Project rationale and hypotheses 

Collagen (and in particular collagen type I) for biomedical applications is extracted 

from a wide range of land and marine animals and tissues. It is interesting to note that 

resultant collagen type I scaffolds (even when extracted from the same species, using 

the same extraction protocol) have substantially different structural, biomechanical, 

biochemical and biological properties. As a direct consequence of this, in clinical 

practice collagen-based devices exhibit inconsistent therapeutic efficiency. Herein, for 

very first time, a systematic approach is employed to assess the influence of species, 

tissue, gender and cross-linking on the properties of collagen type I devices. The work 

is divided in three phases, as briefly described below. 

 

Phase 1: Chapter 2 

Aim: To assess the influence of the extracted collagen type I from different species 

(porcine and bovine), tissues (skin and tendon) and genders (male and female) on the 

structural, biophysical, biochemical and biological properties of collagen type I 

sponges. 

 

Hypothesis: The properties of collagen-based devices are dependent on species / 

tissue / gender from which the collagen was extracted from. 

 

Objectives: 

• To extract, purify and characterise collagen type I from different species, 

tissues and genders. 

• To fabricate collagen type I sponges and to assess structural (scanning electron 

microscopy), biochemical (ninhydrin), thermal (differential scanning 

calorimetry), biophysical (mechanical) and biological (collagenase) properties 

of the produced sponges. 

• To assess biological effect of the produced collagen type I sponges on human 

dermal fibroblasts and human tenocytes. 
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Phase 2: Chapter 3 

Aim: To assess whether collagen retains tissue memory by analysing the influence of 

tendon and skin extracted collagen type I on the structural, biophysical, biochemical 

and biological properties of collagen type I sponges. 

 

Hypothesis: Tenogenic phenotype can be maintained in culture for longer on tendon- 

than skin- derived collagen sponges. 

 

Objectives:  

• To optimise the production of collagen type I sponges from bovine female 

tendon and skin, using different cross-linking densities (4-arm polyethylene 

glycol succinimidyl glutarate). 

• To assess the structural (scanning electron microscopy), biochemical 

(ninhydrin), thermal (differential scanning calorimetry), biophysical 

(mechanical) and biological (collagenase) properties of the produced sponges. 

• To assess the biological effect of the produced collagen type I sponges on 

human dermal fibroblasts and human tenocytes. 

• To assess the deposition of extracellular matrix molecules (collagen type I, II, 

III, IV, V, VI, fibronectin, scleraxis, tenomodulin, aggrecan, osteocalcin and 

osteopontin) by human tenocytes on the produced collagen type I sponges. 

• To assess gene expression of tenogenic, chondrogenic and osteogenic markers 

(qPCR). 

 

Phase 3: Chapter 4 

Aim: To develop optimally cross-linked collagen fibres using 4-arm polyethylene 

glycol succinimidyl glutarate system that will increase the thermal properties, 

mechanical properties and resistance to enzymatic degradation, without compromising 

cellular function. 

 

Hypothesis: Optimal 4-arm polyethylene glycol succinimidyl glutarate concentration 

will provide collagen fibres with increased mechanical, thermal and enzymatic 

resistance properties, whilst maintaining the anisotropic nano-texture surface 

topography and cell function. 



Chapter 1 

90 

 

Objectives: 

• To optimise the production of collagen type I fibres, using different cross-

linkers and cross-linking densities (4-arm polyethylene glycol succinimidyl 

glutarate, glutaraldehyde, ethyl-3-[3-dimethylamino-propyl] carbodiimide). 

• To assess the structural (scanning electron microscopy, polarised microscopy), 

biochemical (ninhydrin), thermal (differential scanning calorimetry), 

biophysical (mechanical) and biological (collagenase) properties of the 

produced fibres. 

• To assess biological effect of the produced collagen type I fibres with human 

dermal fibroblasts and human tenocytes. 
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Chapter 2 - The influence of animal species, gender and tissue on the structural, 

biophysical, biochemical and biological properties of collagen sponges 
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2.1 Introduction 

The term collagen encompasses a large family of proteins with 29 subtypes [1]. 

Among them, collagen type I is the most abundant in mammalian tissues (e.g. 85-90 

% in skin [2], 65-80 % in tendon [3]). This prevalence in tissues coupled with 

numerous inherent properties (e.g. cell recognition signals, physiological 

biodegradability, low antigenicity) makes it the material of choice for biomedical 

applications [4]. Further, advancements in scaffold fabrication and functionalisation 

technologies allow the development of three-dimensional implantable devices with 

clinical indication-specific properties and capacity to deliver a broad range of cells 

and bioactive molecules in a controlled and localised fashion [5, 6]. 

Despite the significant advancements in the field, collagen remains an animal by-

product and, as such, variability is frequently encountered between different collagen 

preparations, as a function of species, tissue and extraction method [7, 8], which 

subsequently influence the properties and performance of the produced scaffolds [9-

11]. For example, the properties of extruded collagen fibres have been shown to be 

species (bovine Achilles tendon versus rat tail tendon) and extraction method (acid 

versus pepsin) dependent [12]. Yet again, no study to-date has assessed whether the 

properties of collagen scaffolds depend on the species, gender and tissue from which 

the collagen is extracted. 

In this study, collagen sponges were fabricated and their properties were correlated to 

the origin of collagen (porcine versus bovine, male versus female and skin versus 

tendon tissues). Porcine and bovine skin and tendon tissues were selected, as the vast 

majority of collagen used in biomedicine is extracted from these species and tissues 

[13]. Pepsin extraction was used, as it results in high yield (cleavage of even mature 

cross-links) and with reduced immunogenicity and antigenicity (removal of antigenic 

p-determinant located at the non-helical ends) collagen preparations [14, 15]. Male 

and female tissues were selected, as recent data have shown gender-dependant disease 

and injury disposition and differences in, for example, mechanical, structural and 

compositional properties of tendon [16-21] and skin [22-26]. 
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2.2 Materials and methods 

2.2.1 Materials 

Porcine and bovine, male and female and skin and tendon tissues were collected from 

a local abattoir and transferred to the laboratory on ice. The following abbreviations 

are used throughout this manuscript: PMS: Porcine male skin, PMT: Porcine male 

tendon, PFS: Porcine female skin, PFT: Porcine female tendon, BMS: Bovine male 

skin, BMT: Bovine male tendon, BFS: Bovine female skin, BFT: Bovine female 

tendon. SilverQuest™ kit was purchased from Thermo Fisher Scientific (UK). Quant-

iT™ PicoGreen® dsDNA Reagent was purchased from Invitrogen (Bio Sciences Ltd., 

Ireland). Human adult dermal fibroblasts (Donor number: PCS-201-012™, UK; 

Gender: Lot specific; Age: Adult). and human derived leukemic monocytes (THP-1) 

(Donor number: TIB-202™; Gender: Male; Age: 1 year) were purchased from ATCC 

All chemicals, cell culture media and reagents were purchased from Sigma-Aldrich 

(Ireland), unless otherwise stated. Collagen extraction protocol has been standardised 

in the group. Each step of the extraction has been followed according to the protocol 

for collagen type I extraction. 

 

2.2.2 Collagen extraction and yield analysis 

Collagen type I was extracted using the acetic acid / pepsin protocol from porcine and 

bovine, male and female and skin and tendon tissues [12, 14]. Briefly, porcine and 

bovine tissues (200 g) were cut into small pieces (1 x 1 x 1 cm3) using a scalpel and 

the weight was recorded. Tissue pieces were washed 3 times for 2 h each in salt 

solutions (3.7 mM Na2HPO4, 0.35 mM KH2PO4, 51 mM NaCl). Tissue pieces were 

then suspended in 0.5 M acetic acid for 48 h under stirring at 4 ºC. During the process, 

swollen tissue pieces were sieved, blended and re-suspended in the acetic acid 

solution. 2 g of pepsin (1 g pepsin per 100 g tissue) was added to the acetic acid 

solution at room temperature for 1 h and then the solution was transferred at 4 ºC for 

48 h under stirring. The collagen solution was then filtered through a sieve with pore 

diameter of 250 µm. 0.9 M NaCl was added to the filtered solution, stirred manually 

every 2 h for 8 h and then left static overnight. The next day, precipitated collagen was 

collected from the top of the solution and re-suspended in 1 M acetic acid overnight 

at 4 ºC. The solution was then centrifuged at 8,000 rpm for 20 min at 4 ºC and the 

supernatant was collected and subjected to a second salt-precipitation and re-
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suspended in minimum required volume of 1 M acetic acid to produce a concentrated 

collagen solution. Once fully suspended, the collagen solution was dialysed four times 

(the first 3 times every 2 h and the last time overnight) against 1 mM acetic acid at 4 

ºC. The final collagen solutions, at concentration of 5mg/ml, were stored at 4 ºC until 

use. Yield was calculated as % of original weight (200 gr). 

 

2.2.3 Collagen purity 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to assess the purity of the extracted collagen [27]. Briefly, collagen samples 

were freeze-dried and then dissolved in 0.5 M acetic acid at concentration of 0.1 

mg/ml. Collagen samples were neutralised by the addition of 1 N NaOH. Collagen 

samples (40 µl) were transferred to Eppendorf tubes and 10 µl of the sample buffer 

(x5) and 34 µl distilled water were added. Bovine (calf hide) collagen type I 

(Symatese, Biomateriaux, France) was used as a standard at a concentration of 0.1 

mg/ml. Samples and standard were heated at 95 ºC for 5 min and then loaded onto 3 

% stacking and 5 % separation gels. Gels were run (50 V for ~ 30 min for the stacking 

gel and 120 V for ~ 60 min for the separation gel) using Mini-Protean 3 system (Bio-

Rad Laboratories, UK). Gels were stained using SilverQuest™ kit (Thermo Fisher 

Scientific, UK) following the manufacturer’s instructions. 

 

2.2.4 Fabrication of collagen sponges 

To fabricate collagen sponges, collagen solutions at 5 mg/ml were pipetted into well 

plates, frozen at -80 ºC overnight and freeze-dried (Freezone 4.5L, Labconco, USA) 

for 24 h. 24 well plates were used to fabricate sponges for stability analysis with 2 ml 

of collagen per well and 48 well plates were used to fabricate sponges for biological 

analysis with 250 µl per well. 

 

2.2.5 Structural characterisation 

The structure of produced collagen type I sponges was visualised using scanning 

electron microscopy (SEM, Hitachi S-4700, Japan). Adhesive carbon tabs were used 

on top of SEM specimen stubs. Collagen sponges were cut horizontally and stuck onto 

carbon tabs. Collagen sponges were gold coated prior to SEM imaging at 25 mA 
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current for 5 min. Pore diameter was measured using ImageJ software (National 

Institutes of Health, USA). 
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2.2.6 Quantification of free amines 

Free amine groups were determined using the ninhydrin assay [28]. Briefly, 3 mg of 

freeze-dried samples were added in 1 ml ninhydrin buffer and incubated at 100 ºC for 

10 min. After the samples were cooled down at room temperature, 50 % of isopropanol 

was added and the absorbance was measured at 570 nm. Free amine groups were 

quantified by interpolating values from a linear standard curve of known 

concentrations of glycine. 

 

2.2.7 Enzymatic stability analysis 

Enzymatic degradation of collagen sponges was assessed using collagenase type I 

assay [29]. Briefly, 5 mg of freeze-dried samples were added in 1 ml of collagenase 

solution. The samples were incubated for 3, 6, 9, 12 and 24 h at 37 ºC. The supernatants 

were then collected, the samples freeze dried overnight and weighed. 

 

2.2.8 Thermal stability and swelling analyses 

Denaturation temperature of the collagen sponges was analysed using differential 

scanning calorimetry (DSC-60, Shimadzu, Japan) [30]. The collagen sponges were 

hydrated over night at room temperature in 0.01 M phosphate buffered saline (PBS). 

The sponges were then removed from the PBS and quickly blotted on a filter paper. 

The sponges were then hermetically sealed in aluminium pans. Heating was carried 

out at a raising temperature rate of 10 ºC/min within temperature range of 20 to 70 ºC. 

An empty aluminium pan was used as reference. The endothermic transition was 

recorded as a typical peak and denaturation temperature was defined as the 

temperature of maximum power absorption during denaturation (peak temperature). 

For swelling determination, collagen sponges were incubated in PBS overnight and 

the next day were quickly blotted using filter paper. Swelling ratio was calculated 

using the following equation: Swelling (%) = [(Ww - Wd) / (Wd)] x 100, where Ww 

and Wd refer to the average wet weight and dry weight of the sponges, respectively. 

 

2.2.9 Mechanical stability analysis 

Compression test was carried out using an electromechanical testing machine (Z2.5, 

Zwick, Germany). The collagen sponges were tested in the dry state, as wet sponges 

were collapsing. Compression stress and modulus values were calculated as follows: 
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compressive stress was defined as the force at 70 % compression divided by the 

original cross-sectional area and modulus was defined as the slope of the stress-strain 

(deformation) curve at the elastic deformation region (Young's modulus). 

 

2.2.10 Dermal fibroblast culture and analysis 

Human adult dermal fibroblasts (hDFs) were used between passages 3 and 5. Collagen 

sponges were sterilised prior to seeding with UV for 2 h. The cells were seeded onto 

collagen sponges at a density of 30,000 cells per cm2 in 48 well plates. The cells were 

cultured for 3, 5 and 7 days in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 1 % penicillin streptomycin and 10 % foetal bovine serum at 37 ºC 

and 5 % CO2. Media were changed every 2 days. Cell proliferation was assessed using 

PicoGreen® dsDNA assay kit after 3, 5 and 7 days in culture, according to 

manufacturer’s protocol. Metabolic activity was assessed using the alamarBlue® 

assay (Thermo Fisher Scientific, UK) after 3, 5 and 7 days in culture, according to 

manufacturer’s protocol. Cell viability was assessed with calcein AM (Thermo Fisher 

Scientific, UK) and ethidium homodimer I (Thermo Fisher Scientific, UK) staining 

after 3, 5 and 7 days in culture, according to the manufacturer’s protocol. The cells 

were visualised under Andor Revolution Spinning Disk Confocal Microscope 

(Olympus IX81, Japan). Nuclei were stained with 4′,6-diamidino-2-phenylindole 

(DAPI), whilst cytoskeleton was stained with rhodamine phalloidin based on 

established protocols. Briefly, media were removed and sponges were washed three 

times with Hank’s Balanced Salt Solution (HBSS) prior to staining. Cells were fixed 

with 2 % paraformaldehyde (PFA), permeabilised with 0.2 % Triton X-100 and then 

stained with DAPI and rhodamine. The sponges were imaged using Andor Revolution 

Spinning Disk Confocal Microscope (Olympus IX81, Japan). Cell morphometric 

analysis was conducted with ImageJ software (National Institutes of Health, USA). 

The total area and aspect ratio (the ratio of the major axis divided by the minor axis of 

each nuclei based on a fitted ellipse) of the nuclei were assessed. For cell viability and 

morphometric analysis, for each experimental group, cells on three sponges were 

analysed by taking five images per sponge (fifteen images in total were analysed per 

experimental group). 
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2.2.11 Monocyte culture and analysis 

Human derived leukemic monocyte cells (THP-1) were seeded onto TCP and collagen 

sponges at a density of 50,000 cells per cm2 in 48 well plates. Collagen sponges were 

sterilised prior to seeding with UV for 2 h. Mature macrophage-like state was induced 

by treating them with phorbol 12-myristate 13-acetate (PMA) at concentration of 100 

ng/ml for 24 h, at 37 ºC and 5 % CO2. The differentiation media was removed and 

replaced by activation media and the cells were incubated for 48 h, at 37 ºC and 5 % 

CO2. Activated control was induced with 100 ng/ml of lipopolysaccharide (LPS). Cell 

metabolic activity, proliferation and viability was assessed at day 1 and day 2, as 

described above (Section 2.10). 

 

2.2.12 Statistical analysis 

Statistical analysis was performed using SPSS (version 20.0, IBM SPSS Statistics, 

IBM Corporation, USA). All values are expressed as mean values ± standard deviation 

(SD). One-way analysis of variance (ANOVA) for multiple comparisons was 

employed, after confirming the following assumptions: (a) the distribution from which 

each of the samples was derived was normal; (b) and the variances of the population 

of the samples were equal to one another. Nonparametric statistics were used when 

either one or both of the above assumptions were violated and consequently Kruskal-

Wallis test for multiple comparisons was carried out. Statistical significance was 

accepted at p < 0.05. 
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2.3 Results 

2.3.1 Collagen purity and yield 

SDS-PAGE revealed that all collagen preparations exhibited typical collagen type I 

electrophoretic mobility and purity (Figure 2.1A). The porcine groups yielded more 

collagen than the bovine groups of the same gender and tissue (Figure 2.1B). 
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Figure 2.1: (A) SDS-PAGE revealed that all collagen preparations were of similar 

purity. STD: 0.1 mg/ml bovine (calf hide) collagen type I (Symatese, Biomateriaux, 

France). (B) More collagen was extracted from the porcine than the bovine groups of 

the same gender and tissue. 
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2.3.2 Structural analysis 

SEM and complementary porosity analysis (Figure 2.2) revealed that the bovine 

groups showed a significantly higher (p < 0.005) pore diameter than the porcine groups 

of the same gender and tissue. No correlation was observed between male and female 

and skin and tendon tissues across the different species with respect to porosity. 
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Figure 2.2: SEM and supplementary porosity analysis revealed that the bovine groups exhibited significantly higher (p < 0.005) pore 

diameter than the porcine groups of the same gender and tissue. N=20. 
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2.3.3 Free amine and resistance to enzymatic degradation analyses 

Ninhydrin assay (Figure 2.3A) revealed no significant differences (p > 0.05) in free 

amine content as a function of species, gender and tissue. After 24 h, bovine MT, FS 

and FT exhibited significantly lower (p < 0.01) resistance to enzymatic degradation 

than their porcine counterparts (Figure 2.3B). 
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Figure 2.3: (A) Species, gender and tissue did not significantly (p > 0.05) affect free 

amine content. N=3. (B) Bovine MT, FS and FT exhibited significantly lower (p < 

0.01) resistance to collagenase degradation than their porcine counterparts after 24 h 

of enzyme incubation. * indicates statistically significant difference. N=3. 
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2.3.4 Thermal stability, swelling and mechanical properties analyses 

DSC analysis (Table 2.1) revealed that sponges produced from porcine collagen 

exhibited significantly higher (p < 0.001) denaturation temperature than the bovine 

collagen sponges of the same gender and tissue, whilst sponges produced from bovine 

collagen had significantly higher (p < 0.001) PBS absorption capacity (Table 2.1) than 

porcine collagen sponges of the same gender and tissue. Compression test (Table 2.1) 

revealed that sponges produced from porcine collagen exhibited significantly lower (p 

< 0.001) compressive stress and modulus than bovine collagen sponges of the same 

gender and tissue. Between both species and genders, tendon derived scaffolds 

exhibited significantly higher (p < 0.001) compressive stress and modulus than the 

skin derived scaffolds.
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Table 2.1: Sponges produced from porcine collagen exhibited significantly higher (p < 0.001) denaturation temperature and significantly 

lower (p < 0.001) swelling ratio, compressive stress and modulus than bovine collagen sponges of the same gender and tissue. Tendon 

derived scaffolds exhibited significantly higher (p < 0.001) compressive stress and modulus than skin derived scaffolds, independently of 

the species and gender. Denaturation temperature: N=5; Swelling: N=6; Mechanical properties: N=10. 

Group 
Peak temperature 

± SD (ºC) 

Swelling 

± SD (%) 

Compressive stress at 70 

% deformation 

± SD (KPa) 

Compressive modulus 

(Young's modulus) 

± SD (KPa) 

PMS 55.43 ± 1.24 1,603 ± 439 0.75 ± 0.24 0.63 ± 0.29 

PMT 54.99 ± 1.08 498 ± 171 1.09 ± 0.13 1.31 ± 0.19 

PFS 53.70 ± 1.36 520 ± 109 0.93 ± 0.62 1.07 ± 0.85 

PFT 53.08 ± 1.28 771 ± 226 1.56 ± 0.18 2.29 ± 0.30 

BMS 51.03 ± 0.46 1,977 ± 463 1.27 ± 0.19 1.78 ± 0.20 

BMT 47.65 ± 1.22 7,546 ± 1,736 2.27 ± 0.49 2.84 ± 0.59 

BFS 50.55 ± 1.14 2,502 ± 529 1.03 ± 0.21 1.29 ± 0.27 

BFT 49.63 ± 1.06 12,031 ± 1,900 3.18 ± 0.66 4.67 ± 1.61 
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2.3.5 Dermal fibroblast biological analysis 

Cytoskeleton and nuclei staining (Figure 2.4) demonstrated that both porcine and 

bovine collagen sponges supported cellular growth, independently of the tissue and 

gender. Quantitative morphometric analysis (Figure 2.5) revealed no apparent 

differences (p > 0.05) in nuclei area and elongation, as a function of species, gender 

and tissue. Cell viability (Figure 2.6) and DNA concentration (Figure 2.7A) were not 

affected as a function of species, gender and tissue, whilst PMS and PFS exhibited the 

lowest (p < 0.001) metabolic (Figure 2.7B) activity at day 7; there were no significant 

differences (p > 0.05) in metabolic activity (Figure 2.7B) between the other groups. 
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Figure 2.4: Cellular staining (red: cytoskeleton and blue: nuclei) of hDFs at day 3, 5 and 7 demonstrated that all sponges supported 

cellular growth independently of species, gender and tissue. Scalebar = 200 µm. N=3. 
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Figure 2.5: Quantitative morphometric analysis of hDFs at day 3, 5 and 7 revealed no 

apparent significant (p > 0.05) differences in (A) nuclei area and (B) nuclei elongation 

as a function of species, gender and tissue. N=3.
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Figure 2.6: Cellular viability of hDFs at day 3, 5 and 7 was affected as a function of species, gender and tissue. Green: live cells, Red: 

dead cells. Scalebar = 200 µm. N=3.
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Figure 2.7: (A) DNA concentration of hDFs at day 3, 5 and 7 was not significantly (p 

> 0.05) affected as a function of species, gender and tissue. (B) By day 7, hDFs grown 

of PMS and PFS exhibited the lowest (p < 0.001) metabolic activity, whilst no 

significant differences (p > 0.05) were observed between the other groups. * indicates 

statistically significant difference from all other groups. N=3. 
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2.3.6 Monocyte biological analysis 

Qualitative cell morphology analysis via cytoskeleton and nuclei staining (Figure 2.8) 

revealed that most of the THP-1 cells adopted a rounded morphology and formed cell 

aggregates (5 or more cells) independently of time point, species, gender and tissue. 

Although some cells grown on TCP and LPS adopted an elongated cell morphology, 

most cells exhibited a rounded morphology and also formed aggregates (5 or more 

cells) at both time points. 

At day 2, the PMS exhibited the lowest cell viability (p < 0.001), whilst no significant 

differences were observed between the other groups (p > 0.05) (Figure 2.9 and Figure 

2.10A). Cells on TCP and cells treated with LPS had the highest DNA concentration 

(p < 0.001) and, at day 2, the PMS, BFS and BFT sponges had significantly higher 

DNA concentration than the other collagen groups (p < 0.001) (Figure 2.10B). No 

significant differences were observed in metabolic activity between all groups (p > 

0.05) (Figure 2.10C).
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Figure 2.8: Cellular staining (red: cytoskeleton and blue: nuclei) of THP-1 cells at 

day 1 and 2 revealed that most cells adopted a rounded morphology and formed 

aggregates on all samples (5 or more cells; yellow arrows), including TCP and LPS 

controls. Some cells on TCP and LPS also exhibited an elongated morphology (white 

arrows). Scalebar = 200 µm. N=3. 
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Figure 2.9: At day 2, among the collagen groups, the PMS sponges exhibited the 

lowest (p < 0.001) THP-1 viability (quantification is provided at Figure 10A). Green: 

live cells, Red: dead cells. Scalebar = 200 µm. N=3. 
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Figure 2.10: (A) At day 2, among the collagen groups, the PMS sponges exhibited 

the lowest (p < 0.001) THP-1 viability. (B) Add both times point, TCP and LPS has 

the highest DNA concentration and at day 2, among the collagen groups, the BFT 

sponges had the highest (p < 0.001) THP-1 DNA concentration. (C) No significant 

differences (p > 0.05) were observed between all groups in THP-1 metabolic activity. 

* indicates statistically significant difference from all groups; # indicates statistically 

significant difference from all groups; ‡ indicates statistically significant difference 

from collagen groups. N=3. 
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2.4 Discussion 

Collagen is the most abundant protein family in vertebrates. Among the 29 collagen 

subtypes, collagens type I, type II and type III are more frequently encountered and 

together comprising around 80-90 % of the total body collagen [4]. This abundance, 

along with various properties (e.g. tissue-specific structure and mechanical properties, 

physiological biodegradability, low antigenicity, cell recognition signals) make 

collagens the materials of choice for various biomedical applications, including skin 

[31], bone [32], tendon [33] and cartilage [34] repair and regeneration. Although 

collagen type I can be extracted from various animals and tissues, type I collagens 

extracted from skin or tendon of close herd porcine or bovine animals represent the 

lion’s share. Considering though that collagen is a biological material, differences in 

amino acid composition as a function of species, age, gender and tissue may affect the 

properties of the resultant scaffolds. Although collagen extracted from different 

species and tissues has been shown to produce scaffolds with different properties [7, 

12, 35], no study has compared the properties of collagen-based scaffolds as a function 

of species, gender and tissue. Thus, herein, we assessed the properties of extracted 

collagen and subsequently produced collagen sponges, as a function of species 

(porcine and bovine), tissue (skin and tendon) and gender (male and female). 

All collagen preparations were produced following a pepsin digestion and a filtration, 

double salt precipitation, centrifugation and dialysis protocol, which has been shown 

to increase yield and purity, respectively [12]. In fact, the produced collagen solutions 

were as pure as the commercially available standard that was used in this study. With 

respect to yield, the porcine tendons yielded more collagen than the bovine tendons, 

which can be attributed to the lower level of activity of the porcine tendons (pigs are 

slaughtered at 100-120 Kg weight, whilst calves are slaughtered at 460-640 Kg) and 

thus lower cross-linking density and higher solubility [36, 37]. With respect to skin 

yield, one would have expected more collagen to be extracted from bovine skin as 

opposed to porcine skin. To substantiate this, we should consider that domesticated 

pigs evolved from the wild boar and adapted a thick and tightly interwoven collagen 

network. Indeed, the collagen fibres within the skin of the pig are arranged in two 

directions, creating an interwoven dense network of small fibres and fibre bundles. 

The fibres and fibre bundles cross each other and merge from one bundle to the next, 

with smaller fibres interweaving in between and in different orientations. This 
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compact, higher-order network is also interwoven with elastic fibres [38, 39]. Bovine 

skin, on the other hand, is thinner in comparison to the porcine skin. The collagen 

fibres in the bovine skin align in a non-uniform order and it is thought that fibres align 

parallel to the cows’ spinal column to allow for the skin movement while grazing and 

walking [40]. However, in our case, the porcine skin groups yielded more collagen 

than the bovine skin groups, possibly attributed to the age of the animals (pigs are 

slaughtered at month 5.0 to 5.5, whilst calves are slaughtered between month 14 and 

24). As the animal ages, more mature cross-links are formed that renders collagen 

solubility [41-44]. 

Various factors (e.g. freeze-drying parameters, concertation of solution, cross-linking 

time / density) have been shown to affect pore size and porosity of freeze-dried 

materials [45-48]. Considering that all freeze-drying parameters and the collagen 

concentration were kept constant for all collagen preparations, the observed 

differences may be attributed to the random nature of the process that results in 

materials with heterogeneous pore structure and with large variations in average pore 

size throughout the material [49], as opposed to the inherent properties of the collagen 

preparations. In any case, the produced collagen sponges were highly porous, which 

is beneficial for cell adhesion, proliferation, migration and differentiation [50-52]. 

Although no significant differences were observed in free amine content, as a function 

of species, gender and tissue, in general, sponges produced from porcine collagen 

exhibited significantly higher resistance to enzymatic degradation and denaturation 

temperature and significantly lower swelling ratio than bovine collagen sponges of the 

same gender and tissue. All these suggest a higher in cross-linking density material, 

which is surprisingly, considering that the porcine tissues yielded the highest amount 

of collagen, which indicates lower cross-linking density. As all these properties were 

assessed with freeze-dried sponges, we believe that these differences may be due to 

freeze-drying-induced intermolecular cross-linking that provided better organisation 

and stabilisation of the helices through maintenance of the distances between 

neighbouring molecules and prevention of incorporation of excess water that disrupts 

hydrogen and electrostatic bond formation between molecules [53-57]. This has been 

more profound with the porcine collagen preparations possibly due to the lower extend 

of cross-linking, as the animals were of younger age. 



  Chapter 2 

187 

 

Mechanical properties wise, porcine collagen sponges exhibited significantly lower 

compression stress and modulus than bovine collagen sponges of the same gender and 

tissue and tendon derived scaffolds exhibited significantly higher compression stress 

and modulus than skin derived scaffolds, independently of the species and gender. 

Both these observations may be attributed to the ‘memory’ of collagen from the tissue 

that has been extracted. Bovine (older animals) extracted collagen sponges had higher 

mechanical properties than porcine (younger animals) extracted collagen sponges and 

tendon extracted collagen sponges had higher mechanical properties than skin 

extracted collagen sponges, as previous studies have shown age-related increases in 

mechanical properties as a function of increased cross-linking density [58] and 

increased mechanical properties as a function of weight-bearing tasks [59], 

respectively. The higher in mechanical properties collagen sponges derived from 

tendon tissues in comparison to collagen sponges derived from skin tissues can also 

be attributed to the architecture of the collagen fibres in the respective tissues, which, 

in turn, is responsible for the tissue-specific biomechanical properties. In skin, 

collagen fibres are more loosely packed and are interwoven with elastin fibres, whilst 

in tendons collagen fibres are more closely packed along the longitudinal axis of the 

tissue, as has been revealed by polarised, transmission electron and second harmonic 

generation microscopy [60-63]. 

With respect to biological analysis, in general, all collagen sponges supported hDFs 

attachment, proliferation and growth. The only deviation was observed in (reduced) 

metabolic activity of hDFs grown on PMS and PFS sponges. It is worth noting though 

that these sponges had the lowest modulus values and it has been well described in the 

literature the influence of substrate rigidity on hDFs growth and function [64-66]. 

THP-1 morphology analysis revealed that most cells adopted a rounded morphology 

and formed aggregates, whilst some cells on TCP and LPS groups exhibited an 

elongated morphology. Rounded cell morphology is associated with M1 pro-

inflammatory response, elongated morphology is indicative of M2 anti-inflammatory 

response phenotype and cell aggregates suggest foreign body response [67-69]. The 

BFT sponges formed the least aggregates and had the highest DNA concentration; this 

may be due to the fact that these scaffolds had also the highest modulus values, which 

may be explained considering that previous studies have associated macrophage 

response to substrate rigidity [70, 71]. Whether though such slight increase in rigidity 
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is capable of inducing macrophage response has yet to be verified and should be 

investigated further. 

With respect to the influence of gender on the properties of the produced scaffolds, 

some differences were observed. For example, collagen sponges from porcine female 

tendon and skin had significantly higher mechanical properties than collagen sponges 

from porcine male tendon and skin. However, collagen sponges from bovine female 

tendon had significantly higher mechanical properties than collagen sponges from 

bovine male tendon and the reverse was the case for skin-derived collagen. Although 

gender-dependant differences have been documented in the literature for mechanical, 

structural and compositional properties of tendon [16-21] and skin [22-26], a more 

detailed investigation (e.g. analysing the properties of the original tissue and the 

derived scaffolds) is required to safely conclude on the influence of the gender on the 

properties of the scaffold. 
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2.5 Conclusions 

Collagen type I is the most abundant extracellular matrix protein in vertebrates. This 

abundance makes collagen the material of choice for scaffold fabrication. Herein we 

illustrated that although purity, free-amine content and biological (hDFs and THP-1 

monocyte cultures) response were not affected as a function of species (porcine versus 

bovine), gender (female versus male) and tissue (skin versus tendon) from which the 

collagen was extracted, yield, denaturation temperature, resistance to enzymatic 

degradation, swelling ratio and biomechanical properties were certainly species and 

tissue dependent. To safely conclude on the influence of gender, more detailed studies 

are required. Collectively, these data suggest that all these parameters should be 

considered in the development of a collagen-based implantable device. 
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Chapter 3 - Maintenance of tenogenic phenotype on tendon and not skin 

collagen derived devices 
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3.1 Introduction 

Collagen is the most abundant extracellular matrix (ECM) protein that provides tissues 

with tensile strength and host cells with a framework that regulates their attachment, 

migration, proliferation and differentiation [1-3]. These properties have made 

extracted collagen the building block of choice in the development of medical devices 

for a diverse range of clinical indications. Over the years, collagen type I and collagen 

type II have been extracted from various tissues of terrestrial [4-8] and aquatic [9-13] 

animals. Porcine and bovine tendon and skin tissues are by far the main source of 

collagen type I used in biomedicine. Acid / pepsin treatment followed by salt-

precipitation is the favoured extraction method for the production of high yield and 

purity and low antigenicity and immunogenicity collagen preparations [14-16]. 

Numerous cross-linking methods have also been assessed to further modulate 

antigenicity and immunogenicity and to provide an effective balance between 

mechanical resilience, enzymatic stability, cytocompatibility and functional tissue 

remodelling [17-22], with data advocating the use of natural (e.g. genipin [22-24]) and 

chemical [e.g. poly(ethylene glycol) derivatives [24, 25] agents. Despite all these 

significant advancements in the field, clinical data have yielded contradictory 

outcomes for collagen-based devices. For example, both tissue grafts [26-31] and 

extracted collagen devices [32-40] have shown both positive and negative clinical 

outcomes, suggesting that other factors than the extraction or cross-linking methods 

are at play. 

In this context, previous studies suggest that collagen retains memory of the tissue that 

derives from, affecting the physicochemical and the biological properties of the final 

product / device. For example, tendon tissues with large diameter collagen fibres (e.g. 

Achilles, quadriceps) are exposed to heavy mechanical loads, whilst tendon tissues 

with small diameter collagen fibres (e.g. biceps brachii, extensor pollicis longus) are 

exposed to low mechanical loads, but carry functions of high specificity [41]. This 

observation is also translated to collagen-based devices; acid-soluble bovine Achilles 

(high load bearing tissue) tendon-derived reconstituted collagen fibres had higher 

diameter than acid-soluble rat tail (high function tissue) tendon-derived reconstituted 

collagen fibres [4]. With respect to biological response, articular cartilage, as opposed 

to tracheal and auricular cartilage, collagen type II scaffolds have been shown to 

stimulate the highest sulphated glycosaminoglycans synthesis and aggrecan and 
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collagen type II mRNA expression in chondrogenically induced human adipose 

derived stem cell cultures [42]. 

Considering the above, herein we ventured to compare the influence of the tissue 

origin (skin and tendon) on the biophysical, biochemical and biological properties of 

pepsin extracted bovine collagen type I scaffolds. Pepsin extraction was chosen as it 

has been shown to increase yield and to reduce immune response [4, 43]. The 4-arm 

polyethylene glycol succinimidyl glutarate (4SG-PEG) was selected to cross-link the 

produced scaffolds, as its stabilisation and cytocompatibility efficiency have been 

repeatedly reported in the literature [44, 45]. The optimal 4SG-PEG concertation was 

identified using human adult dermal fibroblasts (hDFs). Subsequently, detailed in vitro 

biological analysis was conducted using human tenocytes (hTCs), as they are known 

to readily lose their phenotype ex vivo [46-49] and therefore it is imperative to develop 

appropriate culture and carrier systems to maintain their function. 
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3.2 Materials and methods 

3.2.1 Materials 

Bovine tissues were obtained from a slaughterhouse. Quant-iT™ PicoGreen® dsDNA 

Reagent was purchased from Invitrogen (Bio Sciences Ltd., Ireland). 4SG-PEG, 

10,000 kDa molecular weight, was purchased from JenKem Technology (USA). All 

chemical, reagents, laboratory consumables and cell culture media were purchased 

from Sigma-Aldrich (Ireland) unless otherwise stated. Human adult dermal fibroblasts 

were purchased from ATCC (Donor number: PCS-201-012™, UK; Gender: Lot 

specific; Age: Adult).  Human tenocytes were purchased from DV Biologics (USA) 

(Gender: Female; Age: 29). Collagen extraction protocol has been standardised in the 

group. Each step of the extraction has been followed according to the protocol for 

collagen type I extraction. 

 

3.2.2 Collagen extraction and characterisation 

Collagen type I was extracted following established protocols [4, 43]. Briefly, bovine 

female skin and tendon tissues were subjected to acid solubilisation, pepsin digestion 

(3,200-4,500 units per mg protein, cat. no. P6887, Sigma-Aldrich) and collagen type 

I was purified by repeated (twice) salt precipitation (0.9 M NaCl) and acetic acid (1 

M) solubilisation. The final collagen solutions were dialysed against 1 mM acetic acid 

and their concentration was adjusted to 5 mg/ml. The purity of the collagen 

preparations was assessed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) under non-reducing conditions [50]. Briefly, collagen 

samples were freeze dried, suspended in 0.5 M acetic acid in 1 mg/ml concertation, 

neutralised with 1 N NaOH, mixed with 5x sample buffer (bromophenol blue / SDS), 

denatured (95 ºC for 5 min) and run in a Mini-Protean 3 electrophoresis system (Bio-

Rad Laboratories, UK) loaded with a 3 % stacking gel (run for ~ 30 min at 50 V) and 

5 % separation gel (run for ~ 60 min at 120 V). The gels were stained using the 

SilverQuest™ kit (Invitrogen, UK) according to the manufacturer’s protocol (Figure 

3.1). 

 

3.2.3 Fabrication of collagen sponges 

Collagen solutions (5 mg/ml) were dissolved in phosphate buffered saline (PBS) 4SG-

PEG at a final concentration of 0.5 mM, 1 mM, 2.5 mM and 5 mM, pipetted into well 
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plates, frozen at -80 ºC overnight and freeze-dried (Freezone 4.5L, Labconco, USA) 

for 24 h. 24 well plates were used to fabricate sponges for stability analysis with 2 ml 

per well collagen / 4SG-PEG solutions and 48 well plates were used to fabricate 

sponges for biological analysis with 250 µl per well collagen / 4SG-PEG solutions. 

Non-cross-linked collagens were also prepared using PBS only. Note: The values of 

the non-crosslinked samples (i.e. 0 mM 4SG-PEG) have been reported previously in 

this manuscript of the group [51]. 

 

3.2.4 Structural characterisation 

The structure of produced sponges was visualised using scanning electron microscopy 

(SEM, Hitachi S-4700, Japan). Adhesive carbon tabs were used on top of SEM 

specimen stubs. Collagen sponges were cut horizontally and stuck onto carbon tabs. 

Collagen sponges were gold coated (Emitech K-550X Sputter Coater, Emitech, UK) 

prior to SEM imaging at 25 mA current for 5 minutes. Pore diameter was measured 

using ImageJ software (National Institutes of Health, USA). 

 

3.2.5 Quantification of free amines 

Free amine groups were determined using the ninhydrin assay [50]. Briefly, 3 mg of 

freeze-dried samples were added to 1 ml ninhydrin buffer and incubated at 100 ºC for 

10 minutes. After the samples were cooled down at room temperature, 50 % of 

isopropanol was added and the absorbance was measured at 570 nm (Varioskan Flash 

Multimode Reader, Thermo Fisher Scientific, Ireland). Free amine groups were 

quantified by interpolating values from a linear standard curve of known 

concentrations of glycine. 

 

3.2.6 Enzymatic stability analysis 

Enzymatic degradation of collagen sponges was assessed using collagenase type I 

assay [52]. Briefly, 5 mg of freeze-dried samples were added to 1 ml of collagenase 

solution. The samples were incubated for 3, 6, 9, 12 and 24 h at 37 ºC. The supernatants 

were then collected, the samples were freeze dried overnight and weighed. The degree 

of enzymatic degradation was quantified using the weight difference approach [(Wo-

Wt)/ Wo] x 100, where Wo is the original weight and Wt is the remaining weight.  
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3.2.7 Thermal stability and swelling analysis 

The denaturation temperature of the collagen sponges was determined using 

differential scanning calorimetry (DSC-60, Shimadzu, Japan) [53]. The collagen 

sponges were hydrated overnight at room temperature in 0.01 M PBS. The sponges 

were then removed from the PBS and quickly blotted on a filter paper to remove non-

bound PBS. The sponges were then hermetically sealed in aluminium pans. Heating 

was carried out at a rising temperature rate of 10 ºC/min within a temperature range 

of 20 ºC to 70 ºC. An empty aluminium pan was used as reference. The endothermic 

transition was recorded as a typical peak and the peak temperature (the temperature of 

maximum power of absorption during denaturation) was noted. 

For degree of swelling determination, collagen sponges were weighed and then 

incubated in 0.01 M PBS overnight. The next day collagen sponges were quickly 

blotted using filter paper to remove surface PBS and weighed. Swelling ratio was 

calculated using the following equation: Swelling (%) = [(Ww - Wd) / (Wd)] x 100, 

where Ww and Wd refer to the average wet weight and dry weight of the sponges, 

respectively. 

 

3.2.8 Mechanical stability analysis 

Compression test was carried out in dry state using an electromechanical testing 

machine (Z2.5, Zwick, Germany). Compression stress and modulus values were 

calculated as follows: compressive stress was defined as the force at 70 % compression 

divided by the original cross-sectional area and modulus was defined as the slope of 

the stress-strain (deformation) curve at the elastic deformation region (Young's 

modulus). 

 

3.2.9 Dermal fibroblast culture and analysis 

Human adult dermal fibroblasts (hDFs) (PCS-201-012™, ATCC, UK) were used 

between passages 3 and 5. Collagen sponges (0, 0.5, 1, 2.5 and 5 mM 4SG-PEG) were 

sterilised with UV for 2 h prior to seeding. The cells were seeded onto collagen 

sponges at a density of 30,000 cells per cm2 in 48 well plates. The cells were cultured 

for 3, 7 and 14 days in Dulbecco’s Modified Eagle Medium (DMEM), supplemented 

with 1 % penicillin streptomycin and 10 % foetal bovine serum (FBS) at 37 ºC and 5 

% CO2. Media were changed every 2 days. For cell morphology assessment, media 
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were removed after 3, 7 and 14 days in culture and the sponges were washed three 

times with Hank’s Balanced Salt Solution (HBSS). Cells were fixed with 2 % 

paraformaldehyde (PFA), permeabilised with 0.2 % Triton X-100 and then nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI) and cytoskeleton was 

stained with rhodamine phalloidin. The sponges were imaged using Andor Revolution 

Spinning Disk Confocal Microscope (Olympus IX81, Japan). Cell proliferation was 

assessed using PicoGreen® dsDNA assay kit after 3, 7 and 14 days in culture, 

according to manufacturer’s protocol. Metabolic activity was assessed using the 

alamarBlue® assay (Thermo Fisher Scientific, UK) after 3, 7 and 14 days in culture, 

according to manufacturer’s protocol. Cell viability was assessed using the 

Live/Dead® assay (Thermo Fisher Scientific, UK) after 3, 7 and 14 days in culture, 

according to the manufacturer’s protocol.  

 

3.2.10 Tenocytes culture and analysis 

Human tenocytes (hTCs) (Cambridge Bioscience, UK) were used between passages 3 

and 5. Collagen sponges (0 and 1 mM 4SG-PEG) were sterilised with UV for 2 h prior 

to seeding. Cell culture and cell morphology, proliferation, metabolic activity and 

viability analyses were conducted as described above. 

 

3.2.11 Tenocytes immunocytochemistry analysis 

hTCs were fixed with 2 % PFA and blocked with 3 % bovine serum albumin (BSA) 

in PBS for 30 min. Cells were then incubated for 90 min at room temperature with the 

primary antibodies (Abcam, UK) for collagen types I (Ab90395), II (Ab185430), III 

(Ab7778), IV (Ab6586), V (Ab6586) and VI, fibronectin (Ab2413), scleraxis 

(Ab58655), tenomodulin (Ab81328), aggrecan (Ab36861), osteocalcin (Ab13418) 

and osteopontin (Ab69498), washed with PBS and subsequently with secondary 

antibody for 30 min (Alexa Fluor® 488 goat anti-rabbit A11034 and Alexa Fluor® 

488 goat anti-mouse A11001, Thermo Fisher Scientific, UK). Nuclei were 

counterstained with DAPI for 5 min. Fluorescent images were captured using Andor 

Revolution Spinning Disk Confocal Microscope (Olympus IX81). Cells on three 

sponges were analysed by taking five images per sponge (fifteen images in total were 

analysed per experimental group). To determine matrix composition at each time-

point the area of fluorescence per image was quantified and DAPI count was carried 
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out per image using ImageJ. The area of fluorescence was divided by the cell number 

of the same image (National Institutes of Health, USA). 

 

3.2.12 Tenocytes gene expression 

Gene analysis was performed using a RealTime ready Custom Panel (Roche, 

Germany) after 3, 7 and 14 days in culture to assess the expression of tenogenic, 

chondrogenic and osteogenic markers (Appendices Table B.10). Briefly, skin- and 

tendon- derived collagen type I sponges were placed in 2 ml Eppendorf tubes 

containing TRI Reagent® (Sigma Aldrich, Ireland) and were broken down using iron 

oxide beads under shaking conditions at 4 C for 5 min to lyse the cells. Then, the TRI 

Reagent® was collected, chloroform was added and samples were vortexed and then 

incubated at ambient temperature for 5 min. The solution was then centrifuged and the 

upper aqueous phase containing the RNA was collected and mixed with 70 % ethanol. 

The solution was then purified using the High Pure isolation kit (Roche, Germany). 

RNA concentration and quality were analysed using the NanoDrop 1000 

(ThermoFisher Scientific, UK) and the Agilent 2100 Bioanalyser (Agilent 

Technologies, Ireland). RNA was transcribed to cDNA using the Transcriptor First 

Strand cDNA synthesis kit (Roche, Germany) and 1 μg of RNA sample was used in 

all the groups. After cDNA synthesis, 1 μl of cDNA was added to 9 μl of probes master 

into a RealTime ready custom 384 well plate (Roche, Germany). Negative controls of 

empty wells and untranscribed RNA were added in the study and the plate was run in 

the LightCycler® 480 Instrument (Roche, Germany). Genes were normalised to the 

housekeeper β-actin and fold-change was obtained using the 2-ΔΔCΤ. Z-scores of 

fold-change were calculated and relevant up- and down- regulation were accepted 

when the score was at least two standard deviations away from the mean value of fold-

change for each gene. 

 

3.2.13 Statistical analysis 

Statistical analysis was performed using SPSS (version 20.0, IBM SPSS Statistics, 

IBM Corporation, USA). All values are expressed as mean values ± standard deviation 

(SD). One-way analysis of variance (ANOVA) for multiple comparisons was 

employed, after confirming the following assumptions: (a) the distribution from which 

each of the samples was derived was normal; (b) and the variances of the population 
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of the samples were equal to one another. Nonparametric statistics were used when 

either or both of the above assumptions were violated and consequently Kruskal-

Wallis test for multiple comparisons was carried out. Independent t-test was employed 

to evaluate the means of two independent groups for immunocytochemistry ranking 

analysis. Statistical significance was accepted at p < 0.05.  
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3.3 Results 

3.3.1 Structural characterisation 

SEM analysis (Figure 3.2) revealed that all collagen sponges had a porous structure, 

with the skin-derived collagen sponges having circular shaped pores and the tendon-

derived collagen sponges having elliptical shaped pores. Among the skin-derived 

collagen sponges, the 1 mM 4SG-PEG sponges exhibited the highest (p < 0.05) pore 

diameter and among the tendon-derived collagen sponges, the 2.5 mM and 5 mM 4SG-

PEG sponges exhibited significantly (p < 0.05) longer pore diameter than the other 

groups. All 4SG-PEG concentrations significantly (p < 0.05) reduced % porosity of 

both skin- and tendon- derived collagen sponges. 
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Figure 3.1: SDS-PAGE of skin and tendon collagen preparations. 
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Figure 3.2: Scanning electron microscopy (SEM) and complementary pore size (µm) and porosity (%) of non-cross-linked and cross-

linked with 4-arm polyethylene glycol succinimidyl glutarate (4SG-PEG) skin- and tendon- derived collagen sponges.
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3.3.2 Cross-linking characterisation 

Ninhydrin (Figure 3.3) and collagenase digestion (Figure 3.4) analyses revealed for 

both skin- and tendon- derived collagen scaffolds that as the 4SG-PEG cross-linking 

density was increased, the % of free amine groups was significantly (p < 0.05) reduced 

and the resistance to collagenase digestion was significantly (p < 0.05) increased. In 

general, denaturation temperature, mechanical properties and swelling analyses 

(Table 3.1) revealed for both skin- and tendon- derived collagen scaffolds that as the 

4SG-PEG cross-linking density was increased, the denaturation temperature, 

compressive stress and compressive modulus were significantly (p < 0.05) increased 

and the % swelling was significantly (p < 0.05) reduced. It is interesting to note that 

the tendon-derived collagen scaffolds exhibited significantly (p < 0.05) higher 

compressive stress and compressive modulus values at a given 4SG-PEG cross-linking 

density than their skin-derived collagen scaffolds counterparts. 
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Figure 3.3: Quantitative analysis of free amine groups of skin- and tendon-derived 

collagen sponges cross-linked with 0 mM, 1 mM, 2.5 mM and 5 mM 4SG-PEG. * 

indicates statistically significant (p < 0.05) difference in comparison to the 0 mM 4SG-

PEG. N = 6.
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Figure 3.4: Quantitative analysis of resistance to enzymatic degradation of skin- and 

tendon-derived collagen sponges cross-linked with 0 mM, 1 mM, 2.5 mM and 5 mM 

4SG-PEG. * indicates statistically significant (p < 0.05) difference in comparison to 

the 0 mM 4SG-PEG. N = 6.
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Table 3.1: Peak temperature, swelling, compressive stress and modulus analyses of skin- and tendon- derived collagen sponges as a function of 

different 4-arm polyethylene glycol succinimidyl glutarate (4SG-PEG) cross-linking concentrations. * indicates significant (p < 0.05) difference 

to the respective tissue-derived 0 mM 4SG-PEG collagen sponge. Denaturation temperature: N = 5; Swelling: N = 6; Mechanical properties: N = 

7. 

Tissues 4SG-PEG (mM) 
Peak temperature ± 

SD (ºC) 
Swelling ± SD (%) 

Compressive stress 

at 70 % deformation 

± SD (kPa) 

Compressive modulus 

(Young’s modulus) ± SD 

(kPa) 

Skin 

0 50.55 ± 1.14 2,502 ± 529 1.03 ± 0.21 1.29 ± 0.27 

0.5 54.48 ± 0.67 * 2,914 ± 4,219 2.32 ± 0.33 3.78 ± 1.03 * 

1.0 55.51 ± 0.40 * 653 ± 97 * 2.77 ± 1.24 4.31 ± 0.99 * 

2.5 57.96 ± 0.44 * 434 ± 49 * 4.13 ± 1.13 * 6.31 ± 0.66 * 

5.0 61.46 ± 0.48 * 289 ± 47 * 13.19 ± 4.06 * 14.01 ± 0.73 * 

Tendon 

0 49.63 ± 1.06 12,031 ± 1,900 3.18 ± 0.66 4.67 ± 1.61 

0.5 52.89 ± 1.00 * 2,993 ± 760 * 4.22 ± 1.88 6.03 ± 0.82 * 

1.0 52.87 ± 0.53 * 945 ± 90 * 10.92 ± 1.46 * 27.93 ± 0.74 * 

2.5 56.47 ± 0.32 * 473 ± 52 * 19.02 ± 8.01 * 39.08 ± 1.15 * 
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5.0 56.27 ± 0.53 * 301 ± 78 * 38.04 ± 2.36 * 48.36 ± 0.62 * 
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3.3.3 Cross-linking cytotoxicity characterisation using dermal fibroblasts 

Qualitative hDF morphology analysis (Figure 3.5) revealed that the cells attached and 

spread well only on 0 mM, 0.5 mM and 1 mM 4SG-PEG cross-linked skin- and 

tendon- derived collagen sponges. Quantitative hDF DNA concentration (Figure 

3.6A) and metabolic activity (Figure 3.6B) analyses showed that the 2.5 mM and 5 

mM 4SG-PEG cross-linked skin- and tendon- derived collagen sponges consistently 

induced significantly (p < 0.05) lower than the other groups cell DNA concentration 

and metabolic activity at all time points. Qualitative hDF viability analysis (Figure 

3.7) made apparent that the 2.5 mM and 5 mM 4SG-PEG cross-linked skin- and 

tendon- derived collagen sponges reduced cell viability. 
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Figure 3.5: hDF morphology after 3, 7 and 14 days in culture on skin- and tendon-derived collagen 

sponges cross-linked with 0 mM, 1 mM, 2.5 mM and 5 mM 4SG-PEG. Scalebar: 200 µm. N = 3. 

Blue: DAPI. Red: rhodamine phalloidin.
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Figure 3.6: hDF (A) proliferation and (B) metabolic activity after 3, 7 and 14 days in 

culture on skin- and tendon-derived collagen sponges cross-linked with 0 mM, 1 mM, 

2.5 mM and 5 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference 

from the 0 mM, 0.5 mM and 1 mM 4SG-PEG cross-linked groups. N = 3.
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Figure 3.7: hDF viability after 3, 7 and 14 days in culture on skin- and tendon-derived collagen 

sponges cross-linked with 0 mM, 1 mM, 2.5 mM and 5 mM 4SG-PEG. Scalebar: 200 µm. N = 

3. Green: live cells. Red: dead cells.
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3.3.4 Tenocyte basic cellular function analysis 

Qualitative hTC morphology (Figure 3.8) and viability (Figure 3.10) analysis 

revealed that the cells attached, spread and grew well on the 0 mM and 1 mM 4SG-

PEG crosslinked skin- and tendon- derived collagen sponges.  Quantitative hTC DNA 

concentration analysis (Figure 3.9A) made apparent that at all time points, the 0 mM 

and 1 mM 4SG-PEG crosslinked skin-derived collagen sponges induced significantly 

(p < 0.05) lower than the 0 mM and 1 mM 4SG-PEG crosslinked tendon-derived 

collagen sponges, respectively, cell DNA concentration. With respect to hTC 

metabolic activity (Figure 3.9B), only at day 14, the 0 mM and 1 mM 4SG-PEG 

crosslinked skin-derived collagen sponges induced significantly (p < 0.05) lower 

metabolic activity than the 0 mM and 1 mM 4SG-PEG crosslinked tendon-derived 

collagen sponges, respectively [at day 3 and day 7, they induced lower, albeit not 

significant (p > 0.05), metabolic activity]. 
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Figure 3.8: hTCs morphology after 3, 7 and 14 days in culture on skin- and tendon-derived 

collagen sponges cross-linked with 0 mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. 

Blue: DAPI. Red: rhodamine phalloidin.
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Figure 3.9: hTCs (A) proliferation and (B) metabolic activity after 3, 7 and 14 days 

in culture on skin- and tendon-derived collagen sponges cross-linked with 0 mM and 

1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. N = 3.
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Figure 3.10: hTC viability after 3, 7 and 14 days in culture on skin- and tendon-derived 

collagen sponges cross-linked with 0 mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. 

Green: live cells. Red: dead cells.
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3.3.5 Tenocyte immunocytochemistry analysis 

Table 3.2 summarises immunocytochemistry and complementary matrix area 

deposited per cell (µm²) analyses for collagen type I, collagen type III, collagen type 

IV, collagen type V, collagen type VI, fibronectin, scleraxis, tenomodulin, collagen 

type II, aggrecan, osteocalcin and osteopontin (Figure 3.11-3.22) synthesis on 0 and 

1 mM 4SG-PEG concentration skin- and tendon- derived collagen scaffolds at day 3, 

day 7 and day 14. At day 3 and at 0 mM 4SG-PEG concentration, the skin-derived 

collagen scaffolds induced significantly (p < 0.05) higher collagen IV, collagen type 

V, collagen type VI and tenomodulin synthesis and the tendon-derived collagen 

scaffolds induced significantly (p < 0.05) higher fibronectin and scleraxis synthesis. 

At day 3 and at 1 mM 4SG-PEG concentration, the skin-derived collagen scaffolds 

induced significantly (p < 0.05) higher collagen type I, collagen type III, collagen type 

VI and tenomodulin synthesis and the tendon-derived collagen scaffold induced 

significantly (p < 0.05) higher collagen type IV synthesis. At day 7 and at 0 mM 4SG-

PEG concentration, only the tendon-derived collagen scaffolds induced significantly 

(p < 0.05) higher fibronectin, scleraxis and tenomodulin synthesis. At day 7 and at 1 

mM 4SG-PEG concentration, the skin-derived collagen scaffolds induced 

significantly (p < 0.05) higher scleraxis synthesis and the tendon-derived collagen 

scaffolds induced significantly (p < 0.05) higher collagen type V and collagen type VI 

synthesis. At day 14 and at 0 mM 4SG-PEG concentration, the skin-derived collagen 

scaffolds induced significantly (p < 0.05) higher collagen type IV, collagen type V, 

collagen type VI and fibronectin synthesis and the tendon-derived collagen scaffolds 

induced significantly (p < 0.05) higher scleraxis and tenomodulin synthesis. At day 14 

and at 1 mM 4SG-PEG concentration, the skin-derived collagen scaffolds induced 

significantly (p < 0.05) higher collagen type IV synthesis and the tendon-derived 

collagen scaffolds induced significantly (p < 0.05) higher collagen type III synthesis. 

None of the scaffolds induced synthesis of chondrogenic (collagen type II and 

aggrecan) and osteogenic (osteocalcin and osteopontin) molecules (Look at 

Appendices C.1.3 for hDFs immunocytochemistry results).
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Table 3.2: Summary of immunocytochemistry analysis. ND indicates not detected. NS indicates no significance. Sin / Tendon indicates 

which tissue derived collagen preparation induced significantly (p < 0.05) higher matrix area deposited per cell (µm²). 

 Day 3 Day 7 Day 14 

 Skin Vs Tendon Skin Vs Tendon Skin Vs Tendon 

4SG-PEG 0 mM 1 mM 0 mM 1 mM 0 mM 1 mM 

Col I ND Skin NS NS NS NS 

Col III NS Skin NS NS NS Tendon 

Col IV Skin Tendon NS NS Skin Skin 

Col V Skin NS NS Tendon Skin NS 

Col VI Skin Skin NS Tendon Skin NS 

Fibronectin Tendon NS Tendon NS Skin NS 

Scleraxis Tendon NS Tendon Skin Tendon NS 

Tenomodulin Skin Skin Tendon NS Tendon NS 

Col II ND ND ND ND ND ND 

Aggrecan ND ND ND ND ND ND 

Osteocalcin ND ND ND ND ND ND 

Osteopontin ND ND ND ND ND ND 
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Figure 3.11: hTC deposited collagen type I (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.12: hTC deposited collagen type III (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.13: hTC deposited collagen type IV (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.  
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Figure 3.14: hTC deposited collagen type V (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.15: hTC deposited collagen type VI (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.16: hTC deposited fibronectin (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 

0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.17: hTC deposited scleraxis (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 0 

mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.18: hTC deposited tenomodulin (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 

0 mM and 1 mM 4SG-PEG. * indicates statistically significant (p < 0.05) difference. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.19: hTC deposited collagen type II (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked 

with 0 mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.20: hTC deposited aggrecan (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 0 

mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.21: hTC deposited osteocalcin (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 

0 mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. Blue: DAPI.
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Figure 3.22: hTC deposited osteopontin (green) after 3, 7 and 14 days in culture on skin- and tendon-derived collagen sponges cross-linked with 

0 mM and 1 mM 4SG-PEG. Scalebar: 200 µm. N = 3. Blue: DAPI.  
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3.3.6 Tenocyte gene expression analysis 

Gene expression analysis (Figure 3.23) revealed that at day 3, hTCs seeded on 1 mM 

4SG-PEG concentration skin-derived collagen scaffolds upregulated P4HA2 and 

SPP1 and downregulated VCAN and THBS4 and hTCs seeded on 1 mM 4SG-PEG 

concentration tendon-derived collagen scaffolds upregulated P4HA2, PLOD1, ELN 

and ACTA2 and downregulated VCAN and THBS4. At day 7, hTCs seeded on 1 mM 

4SG-PEG concentration skin-derived collagen scaffolds upregulated P4HA2, COL3, 

SCXA, TNMD, MKX, DCN, BGN, THBS4, SPP1, BGLAP, SERPINH1 and 

downregulated COL1 and VCAN and hTCs seeded on 1 mM 4SG-PEG concentration 

tendon-derived collagen scaffolds upregulated PLOD1, SCXA, TNMD, BGN, 

THBS4, BGLAP, SERPINH1 and FABP4 and downregulated DCN, VCAN, ELN and 

SPP1. At day 14, hTCs seeded on 1 mM 4SG-PEG concentration skin-derived 

collagen scaffolds upregulated P4HA1, P4HA2, PLOD1, PLOD2, SCXA, TNC, BGN, 

ELN and SERPINH1 and downregulated VCAN and hTCs seeded on 1 mM 4SG-PEG 

concentration tendon-derived collagen scaffolds upregulated P4HA2, PLOD1, 

PLOD2, SCXA, TNC, BGN, ELN and SERPINH1 and downregulated VCAN and 

ACTA2. It is interesting to note that at day 14, the longest time point assessed, only 

two differences were observed: the 1 mM 4SG-PEG concentration skin-derived 

collagen scaffolds upregulated P4HA1 and the 1 mM 4SG-PEG concentration tendon-

derived collagen scaffolds downregulated ACTA2. 
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Figure 3.23: Gene expression analysis of hTCs seeded on skin- and tendon- derived collagen scaffolds cross-linked with 1 mM 4-arm polyethylene 

glycol succinimidyl glutarate (4SG-PEG).
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3.4 Discussion 

Collagen has many favourable properties as building block for scaffold fabrication, 

including high cytocompatibility, acceptable biodegradability, low immunogenicity, 

low antigenicity and ability to be processed in structural conformations that closely 

match the structural and physical properties of the tissue to be replaced. Despite the 

significant advancement in collagen extraction, purification, cross-linking and 

sterilisation methods, commercially available collagen devices still yield inconsistent 

therapeutic efficiency in clinical setting, suggesting that other factors should also be 

considered in the design of a collagen-based medical device. Herein, we ventured to 

assess whether the tissue from which the collagen is extracted (skin versus tendon) 

could influence cell response, in particular hTCs that readily lose their phenotype and 

function ex vivo. 

Starting with purity assessment, SDS-PAGE analysis revealed a typical collagen type 

I electrophoretic mobility [4, 43]. Further, no particular differences between the skin- 

and tendon- derived collagen preparations were identified, which is expected 

considering that the tissues were obtained from the same animals (therefore similar 

level of age-related cross-linking [54-58]) and processed (pepsin extracted and 

purified via repeated salt precipitation) in the same way. 

We subsequently fabricated collagen sponges and proceeded to identify the optimal 

4SG-PEG cross-linking concentration via structural, biochemical, biomechanical and 

biological analyses. Ultrastructural analysis revealed that both collagen preparations, 

independently of the 4SG-PEG concentration, yielded porous scaffolds (pore diameter 

range 101-186 µm and 103-298 µm for the skin- and tendon- derived scaffolds, 

respectively) and that the % porosity was reduced after 4SG-PEG cross-linking [from 

70 % to 36-44 % (depending on the 4SG-PEG concertation) and from 59 % to 47-53 

% (depending on the 4SG-PEG concertation) porosity for the skin- and tendon- 

derived scaffolds, respectively]. Over the years, collagen scaffolds with a diverse 

range of pore size values have been obtained (e.g. from 20-40 µm [59] to > 800 µm 

[60]), subject to the freeze-drying protocol and cross-linking method employed. In 

general, pore size > 40 µm is required for soft tissue replacement [61] to allow for cell 

and neo-tissue infiltration and nutrient / waste and oxygen diffusion. Cross-linking 

with 4SG-PEG increased denaturation temperature, resistance to enzymatic 

degradation and mechanical properties and reduced free amine content and % 



  Chapter 3 

239 

 

swelling, as has been shown before for various collagen preparations using a diverse 

range of cross-linking approaches [22-25, 62]. All these observations are 

interconnected and are associated with the extent of cross-linking. Indeed, 

intermolecular cross-links are responsible for increased thermal stability and 

resistance to collagenase digestion and reduced % of free amines, due to the increased 

energy of crystallisation derived from the interaction between the closely packed 

molecules [63-67]. Previous studies have also shown that the water holding capacity 

of collagen is cross-linking-dependent [68, 69], as the water binding sites are occupied 

or removed by the formation of cross-links, which explains the reduced swelling ratio 

[70-73]. This reduction in water content as a function of cross-linking is also 

responsible for the increase in mechanical properties, as the higher the cross-linking 

density, the lower the water binding capacity, which promotes intermolecular 

stiffening and prevents slippage between neighbouring molecules [22, 70, 74, 75]. It 

is very interesting to note that a profound difference in mechanical properties between 

skin- and tendon- derived collagen sponges was observed. We believe that tissue 

origin is responsible for the higher mechanical properties of the tendon-derived 

collagen scaffolds, in accordance to previously published works, where bovine 

Achilles tendon-derived collagen scaffolds had higher force at break than rat tail 

tendon-derived collagen scaffolds [4] and porcine and bovine tendon-derived collagen 

scaffolds had higher mechanical properties than porcine and bovine skin-derived 

collagen scaffolds [51]. A 4SG-PEG concentration-dependent cytotoxicity was 

observed in hDF cultures, as has been repeatedly reported in the literature (e.g. genipin 

[76, 77]; carbodiimide [78]) indicating once more the need to find an optimal balance 

between stability and cytocompatibility [17]. As the 1 mM 4SG-PEG concentration 

did not induce any cytotoxic effect and resulted in collagen sponges with significantly 

higher thermal and mechanical properties and significantly lower free amines and % 

swelling than the 0 mM 4SG-PEG collagen sponges, we considered this concentration 

as the minimum effective concentration, which is also in agreement with a previous 

study that have shown the 1 mM 4SG-PEG to induce adequate collagen scaffold 

stability and cytocompatibility [44]. 

Similar to hDF cultures, basic cellular function analysis using hTC morphology, 

proliferation metabolic activity and viability revealed no apparent differences between 

the skin- and tendon- derived collagen scaffolds and, again, the 1 mM 4SG-PEG did 
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not induce any cytotoxicity. This is in accordance to previous publications, where 

4SG-PEG has shown acceptable levels of cytocompatibility (e.g. collagen type I 

hydrogels [79], collagen type I films [24, 62], collagen type I fibres [25, 80], collagen 

type II hydrogels [44], collagen type II sponges [42, 81]). 

Immunocytochemistry analysis (the function of each molecule assessed is provided in 

Supplementary Table S2) made apparent that at day 14 (the longest time point 

assessed), the 0 mM 4SG-PEG skin-derived collagen scaffolds significantly increased 

(over the tendon-derived collagen scaffolds) the synthesis of collagen type IV, 

collagen type V, collagen type VI and fibronectin. Collagen type IV is a basement 

membrane collagen that is primarily found in the lamina densa of the dermal-

epidermal junction of skin [82] and it has also been detected in the basement 

membrane that overlies the keratinised epithelium of tendons [83]. Collagen type V is 

critical at the early stages of fibril nucleation and plays crucial role in fibril diameter 

and mechanical properties of tendons, dermis and cornea [84-87]. Collagen type VI is 

a non-fibrillar collagen expressed in many connective tissues, including skin and 

tendon [88-90]. Fibronectin is primarily associated with physiological skin 

development and healing [91-93], whilst in normal tendons is found primarily in 

epitenon and sheath synovium, as opposed to endotenon and collagen fibres, and in 

injured / ruptured tendons on the tear surface and in the collagen fibres [94-96]. It is 

also interesting to note that our data correlate well with a preclinical work with equine 

tendons, where fibronectin was evidenced only at the first month post-injury, whilst 

collagen type III was detectable for the duration of the study (three months post-injury) 

[97]. At day 14 on the other hand, the 0 mM 4SG-PEG tendon-derived collagen 

scaffolds significantly increased (over the skin-derived collagen scaffolds) the 

synthesis of scleraxis and tenomodulin. Scleraxis [98-101] and tenomodulin [102-105] 

are extensively used and considered as tenogenic markers, as they play crucial role in 

embryonic and foetal cell differentiation towards tenocyte, tenocyte proliferation and 

tendon development, healing, physiological function and maturation. Also at day 14, 

the 1 mM 4SG-PEG skin-derived collagen scaffolds significantly increased (over the 

tendon-derived collagen scaffolds) the synthesis of collagen type IV (found primarily 

in the skin within the basement membrane zone [82, 106]), whilst the 1 mM 4SG-PEG 

tendon-derived collagen scaffolds significantly increased (over the skin-derived 

collagen scaffolds) the synthesis of collagen type III. The increased collagen type III 
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synthesis may be attributed to the site from which the cells were obtained, as increased 

collagen type III is detected at the rupture side of tendons [107], or the donor, as some 

people may produce increased quantities of collagen type III [108] and ageing is 

associated with increased synthesis of collagen type III in tendon [109, 110]. Another 

plausible explanation is that the day 14 is still an early time point in tendon healing 

and the cells are still primed to produce high amounts of collagen type III. Indeed, in 

physiological tendon healing, collagen type III is the major constituent, which is 

replaced later by collagen type I [111, 112]. Neither the skin- nor the tendon- derived 

collagen scaffolds induced synthesis of chondrogenic (collagen type II, aggrecan) and 

osteogenic (osteocalcin, osteopontin) markers, despite the documented influence of 

substrate rigidity in hTC trans-differentiation [113]. This is not surprising, considering 

that the mechanical properties of the produced scaffolds were within the reported 

values of native tendon tissues (ranging from 10 KPa to 2,000 MPa, subject to species, 

tendon, location, age, disease state [114-118]). Although the following markers have 

been previously used and validated in the lab, and are widely used in the literature, 

non-specific staining or autofluorescence is a possibility. For future studies that will 

use the same markers in the lab, should carry out controlled staining for validation of 

marker expression. A positive control is crucial to determine whether the staining has 

been successful. This method involves staining a tissue or a cell where the marker of 

interest is expressed in abundance. Immunofluorescent staining should be observed 

with the positive control, otherwise this indicates that the staining did not work. 

Another method that can be carried out to validate the success of the 

immunofluorescent staining is to incubate the sample without the primary antibody. 

This method will reveal if the staining was due to a non-specific binding of the 

secondary antibody. This can happen due to the formation of aggregates by the 

secondary antibody if the storage conditions were not correct. Therefore, appropriate 

storage conditions of immunofluorescent markers are critical to avoid false positive 

staining. To dismiss the background autofluorescence, incubation of the sample can 

be carried out without the secondary antibody. A tissue sample or a cell type that is 

high in fluorescence such as lungs, brain or colon cells can be used for this method. 

Using a negative control, which involves staining a tissue or a cell that does not 

express the marker of interest to determine the specificity of the chosen antibody. 
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These control methods can be used in the future studies to further validate the chosen 

markers 

Gene expression analysis (the function of each molecule assessed is provided in 

Supplementary Table S2) revealed 4 differences (PLOD1, ELN and ACTA2 

upregulation on tendon-derived collagen scaffolds and SPP1 upregulation on skin-

derived collagen scaffolds) at day 3; 9 differences (PLOD1 and FABP4 upregulation 

on tendon-derived collagen scaffolds; P4HA2, COL3 and MKX upregulation on skin-

derived collagen scaffolds; COL1 downregulation on skin-derived collagen scaffolds; 

DCN and SPP1 upregulation on skin-derived collagen scaffolds and downregulation 

on tendon-derived collagen scaffolds; and ELN downregulation on tendon-derived 

collagen scaffolds) at day 7; and 2 differences (P4HA1 upregulation on skin-derived 

collagen scaffolds and ACTA2 downregulation on tendon-derived collagen scaffolds) 

at day 14 in gene expression as a function of the tissue from which the collagen was 

extracted (skin and tendon). If we consider the day 14 as the most critical timepoint 

(longest time point assessed), it appears that only P4HA1 and ACTA2 separate the 

skin- from the tendon- derived collagen scaffolds (both scaffolds upregulated P4HA2, 

PLOD1, PLOD2, SXCA, TNC, BGN, ELN and SERPINH1 and downregulated 

VCAN). This upregulation of P4HA1 on skin-derived collagen scaffolds and this 

downregulation of ACTA2 on tendon-derived collagen scaffolds may indicate that the 

tendon-derived collagen scaffolds did not drive the cells towards fibrotic lineage. To 

substantiate this one should consider that although prolyl 4 hydroxylase plays an 

important role in collagen biosynthesis [119], it also constitutes a main target for 

antifibrotic compounds [120, 121]. Suppression of smooth muscle  actin expression, 

which is associated with myofibroblast differentiation [122, 123], also supports the 

notion the tendon-derived collagen scaffolds inhibited fibrotic trans-differentiation. 
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Table 3.3: List of assessed via immunocytochemistry and gene expression molecules 

and their function. 

Molecule Function 

Collagen I 

Collagen I is a major component of tendon ECM [124, 125]. 

Collagen I is produced by tenocytes and plays a role in 

stebalising the tendon, by providing structural and mechanical 

support [126, 127]. 

Collagen II 

Important component of articular cartilage ECM and is 

synthesised by chondrocytes. Collagen II is used as a marker 

of chondrogenic phenotype [124, 128-130]. 

Collagen III 

Collagen III is found in skin at a high concentration, while in 

the tendon the concentration is much lower [131, 132]. 

Collagen III has been shown to play a role in early tendon 

healing, as well as provide tissues with support and elasticity 

[133, 134]. Collagen III regulates the size of collagen I fibrils 

in tendon ECM depending on the ratio of collagen type III to 

type I [124, 133]. Elevated collagen III content is associated 

with the wound healing process and inflammation of tendon 

[107, 134, 135]. 

Collagen IV 

Literature indicates the importance of collagen IV in cell 

adhesion, migration, growth and differentiation [136, 137]. 

Collagen IV has been shown to have a role in wound healing 

[82]. It is not found in tendon tissue, however it has been 

shown to be present in the basement membrane at the surface 

of tendon, which prevents adhesion formation [138]. 

Collagen V 

Fibrillar collagen that is present in minor amounts in tissues 

that express collagen I, and is essential for collagen I and III 

fibrillation [139-143]. Collagen V is part of fibrillar-forming 

collagen that co-assembles with collagen I into heterotypic 

fibrils, where the triple-helical domain is buried within the 

fibrils [143, 144]. Collagen V also plays a role in forming a 

bridge between interstitial collagen IV and VI in the skin, 

while creating an interwoven network with collagen VI [141, 
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145]. Collagen V found in the dermis, while creating 

connections with other collagen fibrils and elastin [145]. 

Collagen VI 

Non-fibrillar collagen and it has been shown to colocalise 

with collagen I on cell surface in tendon and influencing fibril 

assembly, while interacting with receptors on the cell 

membrane and ECM components [146, 147]. Collagen VI 

plays a role in early fibrillogenesis and studies indicate its role 

in cellular behaviour and migration [146]. Collagen VI is an 

important component of pericellular matrix in cartilage and 

plays a role in cell function and mechanotransduction [147]. 

Fibronectin 

Glycoprotein that is widely found in the ECM and expressed 

by a large variety of cells [148, 149]. Fibronectin plays a 

major role in cell migration, adhesion, differentiation and 

growth, and is essential for cellular interactions with the ECM 

[148, 150, 151]. It is also important for ECM organisation and 

the maintenance of collagen type I and III [152, 153]. The 

binding of fibronectin to collagens is essential for the 

appropriate collagen deposition and organisation to form 

fibrillar matrix, as fibronectin fibrils act as a template for 

collagen I and III [154, 155]. Fibronectin matrix and its ability 

to interact with collagen is dependent on the contractility of 

cells, which governs cell migration [155]. Fibronectin also 

impacts the deposition of non-collagenous ECM, that can 

bind to collagens [152, 156, 157]. Deposition of collagen I 

and III has been shown to be dependent on fibronectin fibrillar 

matrix [158]. 

Scleraxis 

Specific marker for tendon lineage and is part of early tendon 

development [124, 159, 160]. Expression of collagen I and 

tenomodulin is regulated by scleraxis in tenocytes [160]. 

Tenomodulin 

Expressed in mature tendons and ligaments [124, 161]. Its 

expression is exclusive to tension-specific tissues, indicating 

a role in mechano-regulation [104]. 
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Aggrecan 

Important component of articular cartilage ECM and is 

synthesised by chondrocytes. Aggrecan is used as a marker of 

chondrogenic phenotype [124, 128, 162]. 

Osteocalcin 

Present in the bone matrix and is secreted by osteoblasts and 

osteocytes, and plays a role in bone mineralisation and 

endocrine system. BGLAP is also known as osteocalcin [163-

166]. 

Osteopontin 

Present in the bone matrix and is secreted by osteoblasts and 

plays a role in their differentiation, adhesion and attachment 

[163, 167-171]. Osteopontin occurs in the early development 

stages of bone formation and is involved in remodelling of 

bone [169, 171, 172]. SPP1 is also known as osteopontin and 

is involved in bone remodelling and formation [167]. 

Decorin 

Part of small leucine-rich proteoglycans (SLRPs) family and 

are expressed by tendon tissue and play a role in 

fibrillogenesis by binding to collagen fibrils [173, 174]. 

Decorin is present during tendon development and maintains 

homeostasis of collagen, peaking in expression during lateral 

growth of collagen fibrils and maintaining expressing through 

maturation and aging [174-177]. Decorin has been shown to 

bind collagen I with greater affinity compared to biglycan, 

however both share a binding site for collagen [177, 178]. 

Decorin has been shown to regulate assembly of matrix by 

limiting formation of collagen fibrils and thus playing a role 

in remodelling of tendon [179, 180]. 

Biglycan 

Part of small leucine-rich proteoglycans (SLRPs) family that 

is expressed by tendon tissue, and plays a role in 

fibrillogenesis by binding to collagen fibrils [173]. Studies 

show that fibrillar diameter and architecture varies in the 

absence of biglycan [173, 181]. Biglycan has been shown to 

induce differentiation of tendon-derived stem cells and 

maintain tissue homeostasis [182]. The expression of 
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biglycan peaks during post-natal development, following with 

a rapid decline [175]. 

Tenascin C 

Glycoprotein that is expressed in tendon and found 

abundantly in the ECM [183-186]. Tenascin C is mostly 

expressed during embryogenesis and tissue regeneration, as 

well as aiding ECM organisation and cell migration [185, 187, 

188]. 

Thrombospondin 

4 

Glycoprotein that is expressed in tendon and found 

abundantly in the ECM [183, 184]. THBS4 is necessary for 

ECM deposition and appropriate collagen fibril organisation 

[184, 189]. 

Mohawk 

homeobox 

Transcription factor that is involved in tendon development 

during embryogenesis, tenogenic differentiation, and plays an 

important role in maturation of tendon [190-193]. MKX has 

also been shown to play a role in expression of SCXA, DCN, 

TNM and TNC [190]. Collagen I production and regulation 

of fibril growth is regulated by MKX. Studies demonstrated 

that MKX is efficient at promoting tenogenesis [190, 194, 

195]. 

Prolyl 4-

hydroxylase 

subunit alpha-1 

Isoform of prolyl 4-hydroxylases (P4Hs) that are essential for 

the appropriate collagen biosynthesis. It is responsible for 

newly synthesised procollagen polypeptides to be folded into 

a stable triple helical structure [196, 197]. 

Prolyl 4-

hydroxylase 

subunit alpha-2 

Isoform of prolyl 4-hydroxylases that are essential for the 

appropriate collagen biosynthesis. It is responsible for newly 

synthesised procollagen polypeptides to be folded into a 

stable triple helical structure [196, 197]. 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 

Responsible for lysyl hydroxylation of procollagen, which is 

critical for collagen biosynthesis. Mechanical stability of 

collagen fibrils is dependent on intermolecular crosslinks that 

are initiated by PLODs. Following peptide formation, PLODs 

catalyse lysine hydroxylation and thus inducing formation of 
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crosslinks [194, 197, 198]. PLOD1 carries out hydroxylation 

in the helical domain [199]. 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 2 

Responsible for lysyl hydroxylation of procollagen, which is 

critical for collagen biosynthesis. Mechanical stability of 

collagen fibrils is dependent on intermolecular crosslinks that 

are initiated by PLODs. Following peptide formation, PLODs 

catalyse lysine hydroxylation and thus inducing formation of 

crosslinks [194, 197, 198]. PLOD2 carries out hydroxylation 

in the telopeptide region of procollagen [199]. 

Serpin family E 

member 1 

Known as heat-shock protein, is a chaperone that assists 

collagen folding in the endoplasmic reticulum (ER). It is 

essential for the stabilisation of folded collagen triple helix 

and protects it from unfolding due to temperature and 

proteases. SERPIN1 binds to collagen type I to IV and is 

expressed by collagen-synthesising cells [200, 201]. 

Actin alpha 2 

Gene that encodes α-smooth muscle actin that are expressed 

by vascular smooth muscle cells that is used as a hallmark for 

tendinopathy lesions. ACTA2 expression has also been linked 

to remodelling of collagen matrix [202]. 

Fatty acid 

binding protein 4 

Intracellular lipid chaperone and is expressed by adipose 

cells. It is involved in uptake of fatty acids, metabolism and 

transport [203, 204]. 

Versican 

Chondroitin sulfate proteoglycan that binds to hyaluronan and 

is expressed in a variety of tissues such as dermis. It plays a 

role in cell adhesion, migration and proliferation, as well as 

managing migration of embryonic cells during development. 

Studies have shown its role in wound healing and patellar 

tendinosis, as well as remodelling of ECM [173, 205-207]. 

Elastin 

Found in skin, tendon, lungs and cartilage, and provides the 

tissues with the required elasticity and support. Elastin is 

found in ECM space in the form of fibres. It provides skin and 

tendon with mechanical resilience and the ability to withstand 



  Chapter 3 

248 

 

deformations, as well as regulating intercations between ECM 

and cells [208-213]. 

Runt-related 

transcription 

factor 2 

Transcription factor that plays a role in differentiation of 

osteoblasts and is crucial for skeletal development. RUNX2 

induces osteoblasts and promotes differentiation during early 

stages, while the expression in reduced at later stages of bone 

formation [214, 215]. Studies have also shown the role of 

RUNX2 in chondrocyte maturation [216]. 
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3.5 Conclusions 

Although collagen has a long-standing history in biomedicine, clinical data show 

mixed results with respect to efficacy and efficiency of collagen-based devices. Thus, 

herein we probed whether the tissue from which the collagen is extracted could be 

responsible for the observed deviations in clinical setting. Collagen, extracted from 

bovine skin and tendon tissues, sponges with different cross-linking densities of 4-arm 

polyethylene glycol succinimidyl glutarate were fabricated and their structural, 

chemical, physical and biological properties were assessed. Although broadly 

speaking similar tendencies between the two different collagen preparations were 

observed as a function of cross-linking with respect to structural, biochemical and 

resistance to enzymatic degradation, profound differences in mechanical properties 

and cell response were observed as a function of tissue origin (i.e. tendon-derived 

collagen scaffolds more effectively supported human tenocyte growth than skin-

derived collagen scaffolds). Our data suggest that the tissue from which collagen is 

extracted should be considered in the development of medical devices.
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Chapter 4 - Collagen type I fibres for tendon repair 
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4.1 Introduction 

The use of self-assembled collagen fibres in tissue engineering and regenerative 

medicine has been advocated, as they most closely recapitulate the composition and 

architecture of the intertwined network of the native extracellular matrix. Further, self-

assembled collagen fibres have been shown to induce directional cell growth in vitro 

and to promote directional neotissue formation in vivo [1-3]. 

However, through self-assembly, molecules with chemical complementarity form 

supramolecular structures, which are hold together by weak reversible and non-

covalent bonds. For this reason, exogenous cross-links are often required to produce 

stable constructs. Specifically to collagen stability, numerous chemical, physical and 

biological cross-linking methods have been assessed over the years [4-6]. 

Unfortunately, both biological and physical methods are not suitable for load-bearing 

tissues, due to the weak-induced stability and the chemical stabilisation 

methodologies, on the other hand, are often associated with foreign body response [7]. 

Hence, there is an urgent need to develop suitable stabilisation methods for collagen 

that will not only bring about sufficient mechanical resilience, but will also be 

cytocompatible. 

Multi-functional poly(ethylene glycol systems) have been used extensively in 

regenerative medicine either as medical devices on their own right or to add 

functionality to medical devices [8-11]. Although their potential as stabilisation agents 

for tissue grafts [12] and collagen hydrogels [13] has been shown, it is still unclear 

whether such agents can induce proportional stability to traditional cross-linking 

methods, without associated cytotoxicity. Thus, in this study, we hypothesise that 4-

star poly(ethylene glycol) ether tetrasuccinimidyl glutarate can produce 

cytocompatible collagen fibres with adequate mechanical properties, superior to 

customarily used chemical approaches. 
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4.2 Materials and methods 

 Materials and reagents 

Pepsin soluble bovine Achilles tendon collagen (3 mg/ml) was provided from Vornia 

Biomaterials Ltd (Ireland). 4-arm poly(ethylene glycol) ether 

tetrasuccinimidylglutarate, Mw10,000, was purchased from JenKem Technology 

(USA). Quant-iT™ PicoGreen® dsDNA reagent and alamarBlue™ were purchased 

from Invitrogen (Ireland). Adult human dermal fibroblasts (Cat. Number: C- 013-5C) 

and low serum growth supplement kit (Cat. Number: S-003-K) were purchased from 

Gibco® (Life Technologies, Ireland) and ATCC (Donor number: PCS-201-012™, 

UK; Gender: Lot specific; Age: Adult). Human tenocytes were purchased from DV 

Biologics (USA) (Gender: Female; Age: 29). Calcein AM and ethidium homodimer I 

were purchased from Thermo Fisher Scientific, UK. All chemicals, unless otherwise 

stated, were purchased from Sigma-Aldrich (Ireland). 

 

 Cross-linking of collagen type I fibres with 0.0475 mM 4SG-PEG  

This work has been carried out in Vornia Biomaterials Ltd. Collagen type I fibres were 

cross-linked with 0.0475 mM 4SG-PEG, 0.625% glutaraldehyde (GTA) and 60 mM 

ethyl-3-[3-dimethylamino-propyl] carbodiimide (EDC). 

 

4.2.2.1 Fibre fabrication 

Collagen fibres were produced and cross-linked as has been described previously [4, 

14]. Briefly, a 20mL syringe (BD) containing the collagen solution was loaded on a 

syringe pump (KD-Scientific Inc., USA), which was set to extrude the collagen 

solution through a 1.5 mm internal diameter silicone tube (Samco Silicone Products 

Ltd., UK) at 0.4 ml/min. The fibres were formed upon contact with the fibre formation 

buffer (118 mM phosphate buffer, containing 20% polyethylene glycol Mw 8K; pH 

7.80, 37 °C). After 3 min, the fibres were transferred into the fibre incubation buffer 

(6.0 mM phosphate buffer, containing 75 mM sodium chloride; pH 7.1, 37 °C). After 

3 min, the fibres were either incubated overnight in phosphate buffer saline (PBS; 

CTRL) or were incubated overnight with the various cross-linking solutions. The 

following day, all fibres were washed three times, for 5 min each time, in double 

distilled water and they were then air-dried at room temperature (RT). The following 

cross-linking solutions were used as follows: 0.625 % glutaraldehyde (GTA) in 0.01 
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M PBS; 1.731 g 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC) and 0.415 g 

N-hydroxysulfosuccinimide in 215 ml 0.05 M 2-(N-morpholino) ethanesulfonic acid 

buffer; and 0.0475 mM solution of 4-arm poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate (4SG-PEG) in 0.01M PBS. 

 

4.2.2.2 Structural characterisation 

Gross visual analysis was conducted on dry fibres using an Olympus optical stereo 

microscope (SZX16, Olympus, UK). More detailed structural analysis was carried out 

on dry fibres using a Hitachi scanning electron microscope (S-400, Hitachi-Hisco 

Europe GmbH, Germany), after gold coating (Emitech K550 Sputter Coater, Emitech 

Limited, UK) of the fibres. 

 

4.2.2.3 Thermal stability analysis 

The hydrothermal stability of the fibres was assessed as has been described previously 

[15]. Briefly, a DSC-60 differential scanning calorimeter (Shimadzu Scientific 

Instruments, Japan) was used. Dry collagen fibres were hydrated overnight at RT in 

0.01 M PBS at pH 7.4. The fibres were then removed from the PBS and quickly blotted 

on a filter paper to remove excess PBS. The fibres were then hermetically sealed in 

aluminium pans. Heating was carried out at a constant temperature ramp (5 °C/min) 

in the temperature range of 20 – 120 °C, with an empty aluminium pan as reference 

probe. The endothermic transition was recorded as a typical peak and denaturation 

temperature was defined as the temperature of maximum power absorption during 

denaturation (peak temperature). Five fibres per group were analysed. 

 

4.2.2.4 Mechanical stability analysis 

Dry collagen fibres were hydrated overnight at RT in 0.01 M PBS at pH 7.4. The fibres 

were then removed from the PBS and quickly blotted on a filter paper to remove excess 

PBS. Swelling was calculated as following: Swelling (%) = [(Ww - Wd) / (Wd)] x 100, 

where Ww and Wd refer to the average wet diameter and average dry diameter of the 

fibres respectively. Stress-strain curves were obtained in uniaxial tension (5 mm/min 

extension rate, gauge length 3 cm), using an Instron 3369 Universal testing machine 

(UK). Stress at break was defined as the load at failure divided by the original cross-

sectional area; strain at break was defined as the increase in length at maximum load 
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divided by the original length; and modulus was calculated as the gradient of the linear 

region between the point of origin and 0.02 % strain. Seven fibres per group were 

analysed. 

 

4.2.2.5 Dermal fibroblast culture and analysis 

20 fibers (1cm long each) were aligned parallel to each other along their longitudinal 

axis. The ends of the fibers were held together using a minute amount of adhesive 

(Silastic® Silicone Type A, Dow Corning, MI). After applying the adhesive, the 

scaffolds were left to dry for 24 hours. Subsequently, the fiber bundles were washed 

three times in Hank’s Balanced Salt Solution (HBSS) for 15 minutes, were left 

overnight in 70 % (v/v) ethanol, were washed three times with HBSS for 15 minutes 

and were left under UV light for 1 hour. Human adult dermal fibroblasts (hDFs) were 

expanded and grown, as per manufacturer’s protocols. 15,000 human adult dermal 

fibroblasts (passage 3-4) were seeded per fiber bundle and were maintained at 37 ºC, 

5 % CO2 and 95 % relative humidity. Cells were allowed to grow for 1, 4, and 7 days 

changing the media (low serum growth supplement kit: 2 % v/v foetal bovine serum, 

1 mg/mL hydrocortisone, 10 ng/ml human epidermal growth factor, 3 ng/ml basic 

fibroblast growth factor, and 10 mg/ml heparin; Gibco®, Life Technologies, Ireland) 

every two days. The well plates were coated with sterile 1 % (w/v) agarose before cell 

seeding. 

Metabolic activity of human dermal fibroblasts was assessed using the alamarBlue® 

assay (Invitrogen) after 1, 4 and 7 days of culture according to manufacturer’s 

procedure. Briefly, at the end of each culture time point, cells were washed with HBSS 

and diluted by a factor of 10 with alamarBlue®. After 3 hours of incubation at 37 ºC, 

5 % CO2 and 95 % relative humidity, absorbance was measured at 550 and 595 nm 

using a BioTek™ ELx800™ absorbance microplate reader (BioTek Instruments). Cell 

metabolic activity was expressed in terms of reduction in the percentage of 

alamarBlue®. alamarBlue® assay was carried out in three replicates (33 bundles of 

20 fibers each) per group per time point. DNA quantification was carried out using 

Quant-iT™ PicoGreen® dsDNA assay kit after 1, 4 and 7 days in culture according 

to the manufacturer’s protocol. Briefly, DNA was extracted using three freeze-thaw 

cycles after addition of 200 ml of nucleic acid free water per well. The cell suspension 

was subsequently transferred to cold eppendorf tubes and was centrifuged for 5 min 
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at 12,000 rpm. 25 ml were then transferred into 96 well plate containing 75 ml of 1x 

Tris EDTA buffer. A standard curve was then generated using various DNA 

concentrations. 100 ml of a 1:200 dilution of Quant-iT™ PicoGreen® reagent was 

added to each sample and the plate was read using a BioTek™ ELx800™ absorbance 

microplate reader (BioTek Instruments) with an excitation wavelength of 480 nm and 

an emission wavelength of 525 nm. PicoGreen® assay was carried out in three 

replicates (33 bundles of 20 fibres ers each) per group per time point. Cytoskeleton 

and nuclei were stained with rhodamine phalloidin and ethidium at each time point. 

The bundles were washed twice with HBSS for 5 minutes, were fixed for 1 hour in 2.5 

% (v/v) GTA and washed twice with HBSS for 5 minutes; 1 ml of permeabilizing 

solution [5 % (v/v) Triton-X 100, 0.9 % (w/v) NaCl, 0.02 % (w/v) MgCl2, 5.5 % (w/v) 

sucrose] was then added for 15 minutes at 0 ºC. The bundles were then washed twice 

in HBSS for 10 minutes; 200 ml of both stains was then added to each bundle for 30 

minutes at room temperature. The stains were then removed and the bundles were 

washed further four times with HBSS for 5 minutes. The bundles were then mounted 

onto microscope slides and imaged using an inverted confocal laser scanning 

microscope (LSM510, Zeiss, Germany). Nuclei morphometric analysis was quantified 

using ImageJ software (National Institutes of Health). Only cells that had adhered onto 

the fibers were processed. The total area, aspect ratio (the ratio of the major axis 

divided by the minor axis of each nuclei based on a fitted ellipse), circularity 

(4*π*area/perimeter2, a value of 1 represents a circle) and the specific angle of 

orientation of nuclei to the longitudinal fibre axis were measured. Nuclei were 

considered aligned, when the angle of nuclei to longitudinal fibre axis was within 10 

degrees of being parallel to fibre axis. At least 10 cells per group and per time point 

were used for cell morphometric analysis. 

 

 4SG-PEG optimisation 

Collagen type I fibres were cross-linked with 4SG-PEG of different concentrations: 

0.5 mM, 1 mM, 2.5 mM and 5 mM, and 0.625% glutaraldehyde (GTA). 

 

4.2.3.1 Fibre fabrication 

Bovine collagen type I was used to fabricate the fibres. The collagen was loaded into 

a 5ml syringe with a fitted precision tip and extruded through a 1.5 mm in internal 
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diameter silicone tubing into fibre formation buffer using a syringe pump (New era 

NE-1000). The collagen was extruded at a controlled rate of 0.4 ml/min. Once 

extrusion was started, with air flow guidance, the collagen was self-assembled into a 

fibre in the formation buffer (118 mM phosphate buffer, containing 20% polyethylene 

glycol Mw58 K; pH57.80, 37 ºC). After 5 minutes, the fibre was transferred into 

incubation buffer for 5 minutes (6.0 mM phosphate buffer, containing 75 mM sodium 

chloride; pH 7.1, 37 ºC). The fibres were either incubated in a cross-linker for 2 hours 

for cross-linked fibres, or were washed three times for 5 minutes each time in double 

distilled water and then air-dried at room temperature (RT) for non cross-linked fibres. 

Collagen fibre bundles were fabricated by gathering four fibres being 1cm long and 

suturing them together on both ends with another fibre, hence 4 fibres per bundle. 

  

4.2.3.2 Polarised microscopy 

The alignment of the collagen fibres was assessed with Polarised Microscopy. 

Randomly aligned collagen film was used as a control. At 90º the collagen fibres 

reached instinction phase where the fibre did not light up. The fibres were turned 45º 

angle and all of the regions on the fibre lit up, which indicates alignment.  

 

4.2.3.3 Structural characterisation 

Surface characteristics of the cross-linked and non cross-linked collagen fibres were 

analysed using Scanning Electron Microscopy (Hitachi S-4700 SEM). Adhesive 

carbon tabs were used on top of SEM specimen stubs. The collagen fibres were gold 

coated prior to SEM imaging at 25 milliamps at current of 25 mA for 5 minutes. The 

fibres were visualised at 10 µm and 300 µm. 

 

4.2.3.4 Quantification of free amines  

Residual primary amine groups of type I collagen fibres were determined using a 

ninhydrin assay. Briefly, appropriate amount of samples were weighed out and 1 ml 

of prepared ninhydrin buffer was added to the samples. The samples were incubated 

at 100 ºC for 30 minutes and then cooled down, after which 50 % of isopropanol was 

added. The absorbance was measured at 570 nm and the free amine groups quantified 

by interpolating values from a linear standard curve of known concentrations of 

glycine.  
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4.2.3.5 Enzymatic stability analysis 

Enzymatic degradation of collagen fibre was assessed using collagenase assay. 

Samples were weighed out and 1ml of buffer and collagenase solution was added. The 

samples were incubated for 9 hours, the supernatant was removed and the samples 

were freeze dried overnight. Following freeze drying, the samples were weighed. 

 

4.2.3.6 Thermal stability analysis 

DSC-60 differential scanning calorimeter (Shimadzu Scientific Instruments, Japan) 

was used. Dry collagen fibres were hydrated over night at RT in 0.01 M PBS at pH 

7.4. The fibres were then removed from the PBS and quickly blotted on a filter article 

to remove excess PBS. The fibres were then hermetically sealed in aluminium pans. 

Heating was carried out at a constant temperature ramp (10 ºC/min) in the temperature 

range of 30 ºC to 90 ºC, with an empty aluminium pan as reference probe. The 

endothermic transition was recorded as a typical peak and denaturation temperature 

was defined as the temperature of maximum power absorption during denaturation 

(peak temperature). Five fibres per group were analysed.  

 

4.2.3.7 Mechanical stability analysis 

Uniaxial tensile test using an electromechanical testing machine (Z2.5, Zwick, 

Germany) was carried out to assess mechanical properties. The collagen fibres were 

left in PBS overnight and were tested in wet state. It was assumed that the fibres were 

circular for determination of engineering stress-strain curves from the load-extension 

graphs. The stress at break was defined as the load at failure divided by the original 

cross-sectional area. The strain at break was defined as the increase in length in 

maximum load divided by the original length and modulus will be calculated at 2 %. 

Modulus was calculated as the gradient of the linear region between the point of origin 

and 0.02 % strain. Collagen fibres were incubated in PBS overnight and blotted using 

filter paper to remove excess surface water. Swelling ratio was calculated as following: 

Swelling (%) = [(Ww - Wd)/ (Wd)] x 100, where Ww and Wd refer to the average wet 

diameter and average dry diameter of the fibres respectively. 
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 Cross-linking of collagen type I fibres with different cross-linkers 

Collagen type I fibres were cross-linked with 1 mM 4SG-PEG, 0.625% glutaraldehyde 

(GTA) and 60 mM ethyl-3-[3-dimethylamino-propyl] carbodiimide (EDC). 

 

4.2.4.1 Fibre fabrication 

Bovine collagen type I was used to fabricate the fibres. The collagen was loaded into 

a 5ml syringe with a fitted precision tip and extruded through a 1.5 mm in internal 

diameter silicone tubing into fibre formation buffer using a syringe pump (New era 

NE-1000). The collagen was extruded at a controlled rate of 0.4 ml/min. Once 

extrusion was started, with air flow guidance, the collagen was self-assembled into a 

fibre in the formation buffer (118 mM phosphate buffer, containing 20 % polyethylene 

glycol Mw58 K; pH57.80, 37 ºC). After 5 minutes, the fibre was transferred into 

incubation buffer for 5 minutes (6.0 mM phosphate buffer, containing 75 mM sodium 

chloride; pH 7.1, 37 ºC). The fibres were either incubated in a cross-linker for 2 hours 

for cross-linked fibres, or were washed three times for 5 minutes each time in double 

distilled water and then air-dried at room temperature (RT) for non-crosslinked fibres. 

Collagen fibre bundles were fabricated by gathering four fibres being 1cm long and 

suturing them together on both ends with another fibre, hence 4 fibres per bundle. For 

biological studies with human adult dermal fibroblasts, the following cross-linking 

solutions were used as follows for: 0.625 % glutaraldehyde (GTA) in 0.01 M PBS; 

1.731 g 1-ethyl-3-[3-dimethylamino-propyl] carbodiimide (EDC) and 0.415 g N- 

hydroxysulfosuccinimide in 215 ml 0.05M 2-(N-morpho- lino) ethanesulfonic acid 

buffer; and 0.0475 mM solution of 4-arm poly(- ethylene glycol) ether 

tetrasuccinimidylglutarate (4SG-PEG) in 0.01 M PBS. For biological studies with 

human adult tenocytes, the following cross-linking solutions were used as follows for: 

0.625 % glutaraldehyde (GTA) in 0.01 M PBS; 1.731 g 1-ethyl-3-[3-dimethylamino-

propyl] carbodiimide (EDC) and 0.415 g N- hydroxysulfosuccinimide in 215 ml 

0.05M 2-(N-morpho- lino) ethanesulfonic acid buffer; and 1 mM solution of 4-arm 

poly(- ethylene glycol) ether tetrasuccinimidylglutarate (4SG-PEG). 

 

4.2.4.2 Structural characterisation 

Surface characteristics of the cross-linked and non cross-linked collagen fibres were 

analysed using Scanning Electron Microscopy (Hitachi S-4700 SEM). Adhesive 
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carbon tabs were used on top of SEM specimen stubs. The collagen fibres were gold 

coated prior to SEM imaging at 25 milliamps at current of 25 mA for 5 minutes. The 

fibres were visualised at 10 µm and 300 µm. 

 

4.2.4.3 Quantification of free amines  

Residual primary amine groups of type I collagen fibres were determined using a 

ninhydrin assay. Briefly, appropriate amount of samples were weighed out and 1 ml 

of prepared ninhydrin buffer was added to the samples. The samples were incubated 

at 100 ºC for 30 minutes and then cooled down, after which 50 % of isopropanol was 

added. The absorbance was measured at 570 nm and the free amine groups quantified 

by interpolating values from a linear standard curve of known concentrations of 

glycine.  

 

4.2.4.4 Enzymatic stability analysis 

Enzymatic degradation of collagen fibres was assessed using collagenase assay. 

Samples were weighed out and 1ml of buffer and collagenase solution was added. The 

samples were incubated for 9 hours, the supernatant was removed and the samples 

were freeze dried overnight. Following freeze drying, the samples were weighed. 

 

4.2.4.5 Thermal stability analysis 

DSC-60 differential scanning calorimeter (Shimadzu Scientific Instruments, Japan) 

was used. Dry collagen fibres were hydrated over night at RT in 0.01M PBS at pH 7.4. 

The fibres were then removed from the PBS and quickly blotted on a filter article to 

remove excess PBS. The fibres were then hermetically sealed in aluminium pans. 

Heating was carried out at a constant temperature ramp (10 ºC/min) in the temperature 

range of 30 ºC to 90 ºC, with an empty aluminium pan as reference probe. The 

endothermic transition was recorded as a typical peak and denaturation temperature 

was defined as the temperature of maximum power absorption during denaturation 

(peak temperature). Five fibres per group were analysed.  

 

4.2.4.6 Mechanical stability analysis 

Uniaxial tensile test using an electromechanical testing machine (Z2.5, Zwick, 

Germany) was carried out to assess mechanical properties. The collagen fibres were 
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left in PBS overnight and were tested in wet state. It was assumed that the fibres were 

circular for determination of engineering stress-strain curves from the load-extension 

graphs. The stress at break was defined as the load at failure divided by the original 

cross-sectional area. The strain at break was defined as the increase in length in 

maximum load divided by the original length and modulus will be calculated at 2 %. 

Modulus was calculated as the gradient of the linear region between the point of origin 

and 0.02 % strain. Collagen fibres were incubated in PBS overnight and blotted using 

filter paper to remove excess surface water. Swelling ratio was calculated as following: 

Swelling (%) = [(Ww - Wd)/ (Wd)] x 100, where Ww and Wd refer to the average wet 

diameter and average dry diameter of the fibres respectively. 

 

4.2.4.7 Tenocyte culture and analysis 

Human tenocytes (hTCs) were seeded onto non cross-linked and cross-linked collagen 

fibres at a density of 25,000 cells per bundle. Collagen fibre bundles were sterilised 

prior to seeding in IMS for 1 hour and washed with Hank’s Balanced Salt Solution 

(HBSS) three times. The bundles were then incubated overnight at 37 ºC in the suitable 

media and afterwards, bundles were incubated in 100 % FBS for 1 hour. After 

incubation, the bundles were allowed to air dry but not dry out. 25, 000 cells per bundle 

were seeded with a minimum media and the cells were left to attach for 1 hour at 37 

ºC. Suitable media was added carefully to the bundles and left at 37 ºC until 7, 14 and 

21 day time points. Cell viability of tenocytes was assessed using LIVE/DEAD® assay 

after 7, 14 and 21 days of culture according to manufacturer’s procedure. Briefly, cells 

were washed with Hank’s Balanced Salt Solution (HBSS; Sigma) and the staining 

solution was added. The cells were incubated at 37 ºC for 30minutes. The cells were 

imaged under confocal microscope. Live cells were distinguished by the enzymatic 

conversion of the non-fluorescent calcein AM to fluorescent calcein that stained the 

cells green. Ethidium homodimer-1 can enter cells with damaged membranes and 

binds to nucleic acids producing a red fluorescence. Ethidium homodimer-1 cannot 

enter cells with intact membranes. Nucleus and the cytoskeleton of tenocytes was 

visualised by DAPI and Rhodamine Phalloidin staining at day 21. The media was 

removed, and the bundles were washed three times with HBSS prior to staining. Cells 

were permeabilised with 0.2 % Triton for 5 minutes and then washed with HBSS. 

Rhodamine Phalloidin was added to the bundles for 1 hour, afterwards the stain was 
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removed and DAPI was added for 5 minutes. HBSS was added to the bundles after the 

removal of DAPI stain, to prevent the fibres from drying out. The bundles were imaged 

using a confocal microscope. Nuclei morphometric analysis was quantified using 

ImageJ software (National Institutes of Health). Only cells that had adhered onto the 

fibers were processed. The total area, aspect ratio (the ratio of the major axis divided 

by the minor axis of each nuclei based on a fitted ellipse), circularity 

(4*π*area/perimeter2, a value of 1 represents a circle) and the specific angle of 

orientation of nuclei to the longitudinal fibre axis were measured. Nuclei were 

considered aligned, when the angle of nuclei to longitudinal fibre axis was within 10 

degrees of being parallel to fibre axis. At least 10 cells per group and per time point 

were used for cell morphometric analysis. 

 

 Statistical analysis 

Statistical analysis was performed using SPSS (version 20.0, IBM SPSS Statistics, 

IBM Corporation, USA). All values are expressed as mean values ± standard deviation 

(SD). One-way analysis of variance (ANOVA) for multiple comparisons was 

employed, after confirming the following assumptions: (a) the distribution from which 

each of the samples was derived was normal; (b) and the variances of the population 

of the samples were equal to one another. Nonparametric statistics were used when 

either one or both of the above assumptions were violated and consequently Kruskal-

Wallis test for multiple comparisons was carried out. Statistical significance was 

accepted at p<0.05. 
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4.3 Results 

 Cross-linking of collagen type I fibres with 0.0475 mM 4SG-PEG  

4.3.1.1 Structural analysis 

Optical analysis (Figure 4.1) revealed that GTA fibres became yellow. Scanning 

electron micrographs (Figure 4.1) revealed crevices and ridges running along the 

longitudinal axis of all fibres. CTRL fibres exhibited the smoothest surface 

topography, whilst the GTA exhibited the roughest surface topography; EDC and 

4SG-PEG fibres were of intermedium smoothness / roughness. 
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Figure 4.1: Visual analysis indicated that GTA fibres became yellow. Scanning 

electron micrographs made apparent that crevices and ridges were running parallel to 

the longitudinal axis of all fibres. CTRL fibres exhibited the smoothest surface 

topography, GTA exhibited the roughest surface topography and EDC and 4SG-PEG 

fibres were of intermediate smoothness/ roughness. 
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4.3.1.2 Mechanical properties and thermal stability analysis 

All cross-linked fibres exhibited significantly (p < 0.001) lower swelling than the 

CTRL fibres (Table 4.1). GTA fibres exhibited significantly (p < 0.001) lower 

swelling than the EDC and 4SG-PEG fibres (Table 4.1). Uniaxial tensile testing 

revealed that all cross-linked fibres exhibited significantly (p < 0.001) higher stress at 

break than the CTRL fibres (Table 4.1). GTA fibres exhibited significantly (p < 0.001) 

higher stress at break than the EDC and 4SG-PEG fibres, with 4SG-PEG fibres having 

significantly (p < 0.001) higher stress at break than the EDC fibres (Table 4.1). CTRL 

fibres exhibited significantly (p < 0.001) lower strain at break than the cross-linked 

fibres (Table 4.1) and no significant (p > 0.05) difference was observed among the 

cross-linked fibres (Table 4.1). GTA fibres exhibited significantly higher modulus at 

2 % strain than the CTRL, EDC and 4SG-PEG fibres. All cross-linked fibres exhibited 

significantly (p < 0.001) higher denaturation temperature than the CTRL fibres (Table 

4.1). GTA fibres exhibited significantly (p < 0.001) higher denaturation temperature 

than the EDC and 4SG-PEG fibres (Table 4.1)
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Table 4.1: Physical analysis and denaturation temperature of the produced fibres. * indicates significant (p < 0.05) difference to the 

respective tissue-derived 0 mM 4SG-PEG collagen fibres. Physical properties: N=7; Denaturation temperature: N=5. 

Treatment Swelling % Stress at Break 

± SEM (MPa) 

Strain at Break 

± SEM 

E-modulus at 2 % 

Strain ± SEM (MPa) 

Denaturation 

Temperature 

± SEM (°C) 

CTRL 315 1.4 ± 0.2 0.06 ± 0.01 22.4 ± 2.1 47.7 ± 0.2 

GTA 13 * 58.9 ± 9.6 * 0.12 ± 0.03 * 688.4 ± 26.1 * 74.3 ± 0.4 * 

EDC 204 * 2.8 ± 0.3 * 0.10 ± 0.01 * 18.7 ± 1.7 56 ± 0.3 * 

4SG-PEG 68 * 18.8 ± 1.3 * 0.08 ± 0.01 * 230.4 ± 8.2 * 54.4 ± 0.1 * 
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4.3.1.3 Dermal fibroblast biological analysis 

4SG-PEG fibres exhibited significantly higher cell metabolic activity (Figure 4.2A) 

and DNA concentration (Figure 4.2B) that all other treatments at all time points (p < 

0.001). Cellular (cytoskeleton and nuclei) staining (Figure 4.3) demonstrated than 

only a few cells were attached on GTA fibres, even after 7 days in culture, whilst 

CTRL, EDC and 4SG-PEG fibres supported cell growth (Figure 4.3). Qualitative 

visual analysis (due to cell over-lapping, quantitative analysis was not possible) 

indicates that CTRL and 4SG-PEG fibres promoted consistently cytoskeleton 

elongation along the longitudinal fibre axis, whilst some cells on EDC fibres adopted 

round morphology (Figure 4.3). By day 7, only the 4SG-PEG fibres were completely 

covered by cells (Figure 4.3). Quantitative morphometric analysis demonstrates that 

by day 7, 80% of the cells had aligned parallel to the longitudinal axis of CTRL fibres, 

whilst 100% of the cells had aligned parallel to the longitudinal axis of EDC and 4SG-

PEG fibres (Figure 4.4A). No significant difference in nuclei elongation (Figure 

4.4B) and area (Figure 4.4C) was observed between CTRL, EDC and 4SG-PEG 

treated fibres (GTA fibres were excluded from this analysis, given the low number of 

adherent cells). 
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Figure 4.2: 4SG-PEG fibres exhibited significantly higher cell metabolic activity 

(left) and DNA concentration (right) than all other treatments at all time points 

(number of replicates: x3 bundles of 20 fibres each). * indicates statistically significant 

(p < 0.05) difference in comparison to other treatments. 

  



Chapter 4 

 

289 

 

 

Figure 4.3: CTRL, EDC and 4SG-PEG fibres supported cell growth, whilst only a 

few cells were attached on GTA and GEN fibres. CTRL and 4SG-PEG fibres 

promoted consistently cellular elongation along the longitudinal fibre axis. Scalebar = 

50 µm. N=3. 
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Figure 4.4: Quantitative morphometric analysis demonstrates (A) that by day 7, 80% 

of the cells had aligned parallel to the longitudinal axis of CTRL fibres, whilst 100% 

of the cells had aligned parallel to the longitudinal axis of EDC and 4SG-PEG fibres. 

(B) No significant difference in nuclei elongation and (C) area was observed between 

CTRL, EDC and 4SG-PEG treated fibres (number of replicates: at least 20 cells per 

groups per time point). 
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 4SG-PEG optimisation 

4.3.2.1 Polarised microscopy and structural analysis 

Polarised microscopy revealed that collagen type I fibres were aligned independent of 

the group. Collagen type I fibres reached distinction after polars were rotated on the 

optical axis of the microscope from 45º to 90º, indicating alignment (Figure 4.5B). 

Collagen type I film was used as a control. Collagen type I film did not reach 

distinction and therefore did not show alignment, as polars were rotated on the optical 

axis of the microscope every 45º (Figure 4.5A). Optical analysis revealed that GTA 

fibers became yellow. SEM revealed micro-grooves and crevices on the CTRL fibres 

that run parallel to the fibres longitudinal axis, while GTA has changed the surface 

structure (Figure 4.6). 4SG-PEG has maintained the grooves and crevices on fibre 

surface. (Figure 4.6). EDC fibers exhibited the smoothest surface topography, whilst 

the GTA exhibited the roughest surface topography.  
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Figure 4.5: Polarised microscopy of collagen type I films (control) and collagen type 

I fibres cross-linked with GTA and different concentrations of 4SG-PEG. (A) 

Collagen type I film did not reach distinction and therefore did not show alignment, 

as polars were rotated on the optical axis of the microscope every 45º. (B) Collagen 

type I fibres reached distinction after polars were rotated on the optical axis of the 

microscope from 45º to 90º, indicating alignment. 
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Figure 4.6: Scanning electron microscope (SEM) analysis of cross-linked collagen 

type I fibres with GTA and different concentrations of 4SG-PEG. Micro-grooves are 

evident on the CTRL fibres that run parallel to the fibres longitudinal axis while GTA 

has changed the surface structure. 4SG-PEG has maintained the grooves and crevices 

on fibre surface. 
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4.3.2.2 Free amines and resistance to enzymatic degradation analysis 

Amount of free amine groups was assessed with ninhydrin assay as an indicator for 

cross-linking efficiency. A significant (p < 0.001) reduction in the free amine groups 

was observed by all 4SG-PEG and GTA cross-linked fibres. Lowest concentration of 

4SG-PEG at 0.5 mM reduced the amount of free amine groups by nearly 50 %, whilst 

GTA induced a 93 % reduction of free amine groups (Figure 4.7A). In vitro enzymatic 

degradation analysis revealed that after 9 hours of incubation, 0.5 mM 4SG-PEG and 

GTA significantly (p < 0.001) increased resistance of collagen type I fibres to 

degradation by collagenase type I, whilst CTRL degraded by 80 % (Figure 4.7B).  
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Figure 4.7: (A) Quantification of free amine groups of collagen type I fibres cross-

linked with different concentrations of 4SG-PEG, GTA and non cross-linked collagen 

type I fibres (CTRL) were used as a control. (B) Degradation by collagenase after 9 

hours of incubation of collagen type I fibres cross-linked with different concentrations 

of 4SG-PEG, GTA and non cross-linked collagen type I fibres (CTRL) were used as 

a control. * indicates statistically significant (p < 0.05) difference in comparison to the 

0 mM 4SG-PEG. N=3. 
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4.3.2.3 Mechanical properties and thermal stability analysis 

Uniaxial tensile testing revealed that the mechanical properties were also found to be 

subject to different concentrations and cross-linking treatments and extent of swelling, 

as it has been shown previously that crosslinking density and water content influences 

the tensile properties. CTRL exhibited significantly (p < 0.001) higher force at break. 

Stress at break was significantly (p < 0.001) increased after 4SG-PEG treatment from 

0.5mM to 5mM compared to CTRL and GTA. Also, the strain at break was 

significantly (p < 0.001) increased after 4SG-PEG treatment. CTRL and GTA 

exhibited significantly (p < 0.001) higher E-modules inducing stiffer material, whilst 

4SG-PEG treatment induced more elastic properties. Different concentrations of 4SG-

PEG and GTA exhibited lower swelling ratio than the control fibres. 4SG-PEG at 2.5 

mM and GTA showed the greatest swelling capacity while the lowest concentration 

of 4SG-PEG at 0.5 mM and 1mM reduced water absorbance significantly (p < 0.001) 

compared to CTRL (Table 4.2). DSC analysis revealed that all cross-linked fibers, but 

4SG-PEG 2.5 mM, exhibited significantly (p < 0.001) higher denaturation temperature 

than the CTRL fibers. Different concentrations of 4SG-PEG and GTA brought about 

denaturation temperature higher than the body temperature. 4SG-PEG 0.5 mM 

induced thermal stability of collagen fibres comparative to GTA (Table 4.2).  
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Table 4.2: Physical and thermal analysis of collagen type I fibres cross-linked with GTA and different concentrations of 4SG-PEG. Mechanical 

properties: N=7; Swelling: N=7; Thermal properties: N=5. 

Treatment Force (N) 

± SD 

Stress at 

Break 

(MPa) ± SD 

Strain at 

Break % 

± SD 

E-modulus at 2 % 

± SD 

Dry Diameter 

(µm) ± SD 

Swelling 

% 

Peak Temperature 

± SD (°C) 

CTRL 0.75 ± 0.13 0.61 ± 0.13 9.50 ± 2.33 0.59 ± 0.15 38.93 ± 12.94 245 43.91± 1.05 

4SG-PEG: 0.5 mM 0.45 ± 0.16 10.79 ± 5.29 21.38 ± 9.31 0.03 ± 0.01 39.07 ± 13.19 4 73.79 ± 4.53 

4SG-PEG: 1 mM 0.46 ± 0.11 7.68 ± 2.21 20.59 ± 5.24 0.05 ± 0.01 37. 65 ± 9.62 3 77.79 ± 8.26 

4SG-PEG: 2.5 mM 0.47 ± 0.22 3 ± 1.34 21.64 ± 8.56 0.12 ± 0.05 49.16 ± 16.34 17 60.67 ± 4.90 

4SG-PEG: 5 mM 0.29 ± 0.08 8.87 ± 5.39 13. 08 ± 5.96 0.03 ± 0.01 57.81 ± 11.52 0 73.42 ± 3.15 

GTA 0.33 ± 0.17 1.05 ± 0.54 6.56 ± 3.39 0.24 ± 0.10 84.88 ± 26.57 11 74.53 ± 0.77 
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 Cross-linking of collagen type I fibres with different cross-linkers 

4.3.3.1 Structural analysis 

SEM revealed crevices and ridges running parallel to the fibres longitudinal axis on 

the CTRL fibres. GTA and EDC have changed the fibres surface structure, while 4SG-

PEG has maintained the fibres hierarchical structure (Figure 4.8).  
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Figure 4.8: Scanning electron microscope (SEM) analysis of collagen type I fibres 

cross-linked with GTA, EDC, 4SG-PEG and non cross-linked collagen type I fibres 

(CTRL) were used as control.  
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4.3.3.2 Free amines and resistance to enzymatic degradation analysis 

Amount of free amine groups was assessed with ninhydrin assay as an indicator for 

cross-linking efficiency. GTA and 4SG-PEG significantly (p < 0.01) reduced the 

amount of free amine groups compared to the CTRL and EDC. Among the cross-

linked groups, GTA brought about an approximate 90 % reduction in free amine 

groups and 4SG-PEG brought about an approximate 55 % reduction in free amine 

groups (Figure 4.9A). In vitro enzymatic degradation analysis revealed that after 9 

hours of incubation, GTA and 4SG-PEG have induced significantly (p < 0.001) higher 

resistance to enzymatic degradation, compared to EDC and CTRL (76 % was 

degraded) (Figure 4.9B).  
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Figure 4.9: (A) Quantification of free amine groups of collagen type I fibres cross-

linked with GTA, EDC, 4SG-PEG and non cross-linked collagen type I fibres (CTRL) 

were used as control. (B) Degradation by collagenase after 9 hours of incubation of 

collagen type I fibres cross-linked with GTA, EDC, 4SG-PEG and non cross-linked 

collagen type I fibres (CTRL) were used as control. * indicates statistically significant 

(p < 0.05) difference in comparison to the 0 mM 4SG-PEG. N=3. 
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4.3.3.3 Mechanical properties and thermal stability analysis 

Uniaxial tensile testing revealed that GTA exhibited significantly (p < 0.05) higher 

stress at break compared to CTRL and 4SG-PEG. CTRL exhibited significantly (p < 

0.01) higher force at break, whilst 4SG-PEG exhibited the lowest (p < 0.01) force at 

break. 4SG-PEG exhibited significantly (p>0.001) lower E-modulus, whilst GTA 

exhibited the highest (p > 0.001) E-modulus. No significant (p > 0.05) change was 

revealed for strain at break among the cross-linked groups and CTRL. Cross-linking 

of collagen type I fibres significantly (p < 0.001) reduced the swelling ratio compared 

to the CTRL. Within the cross-linked groups, EDC significantly (p < 0.001) reduced 

the swelling ratio (Table 4.3). DSC analysis revealed that the denaturation 

temperature of the produced collagen type I fibres was significantly (p < 0.001) 

increased among all cross-linking groups, compared to CTRL. 4SG-PEG exhibited 

significantly (p < 0.001) higher denaturation temperature than the GTA and EDC 

fibres (Table 4.3).  
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Table 4.3: GTA exhibited significantly (p < 0.05) higher stress at break. CTRL exhibited significantly (p < 0.01) higher force at break, 

whilst 4SG-PEG exhibited the lowest (p < 0.01) force at break. 4SG-PEG exhibited significantly (p > 0.001) lower E-modulus, whilst 

GTA exhibited the highest (p > 0.001) E-modulus. Cross-linking of collagen type I fibres significantly (p < 0.001) reduced the swelling 

ratio compared to the CTRL. 4SG-PEG exhibited significantly (p < 0.001) higher denaturation temperature than the GTA and EDC fibres. 

Mechanical properties: N=7; Swelling: N=7; Thermal properties: N=5. 

Treatment Force (N) 

± SD 

Stress at 

Break 

(MPa) ± SD 

Strain at 

Break % 

± SD 

E-modulus at 2 

% 

± SD 

Dry Diameter 

(µm) ± SD 

Swelling 

% 

Peak Temperature 

± SD (°C) 

CTRL 0.68 ± 0.34 17.54 ± 11.01 7.10 ± 2.30 403.43 ± 209.01 313.07 ± 53.24 174 43.91 ± 1.04 

GTA 0.51 ± 0.21 20.28 ± 12.04 9.02 ± 4.17 622.65 ± 423.65 391.29 ± 97.90 17 74.52 ± 0.76 

EDC 0.29 ± 0.18 12.56 ± 10.64 7.58 ± 2.96 309.73 ± 272.95 331.45 ± 70.36 9 60.68 ± 4.41 

4SG-PEG 0.14 ± 0.09 3.14 ± 2.11 7.97 ± 5.56 74.93 ± 63.86 432.38 ± 112.04 43 77.78 ± 8.25 
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4.3.3.4 Tenocyte biological analysis 

Cellular staining (cytoskeleton and nuclei) has demonstrated that after 21 days in 

culture, CTRL, EDC and 4SG-PEG fibres supported cell growth (Figure 4.10A). 

Qualitative visual analysis (due to cell over-lapping, quantitative analysis was not 

possible) indicates that CTRL, EDC and 4SG-PEG promoted cytoskeleton elongation 

along the longitudinal fibre axis (Figure 4.10A). GTA was not included due to the red 

fluorescence of the fibre. LIVE/DEAD® assay demonstrated that 4SG-PEG fibres 

maintained cell viability up to day 21 (Figure 4.10B). Quantitative morphometric 

analysis demonstrated that by day 21, 64 % of the cells had aligned parallel to the 

longitudinal axis of EDC fibres, whilst 82 % of cells aligned parallel to the longitudinal 

axis of CTRL fibres and 90 % of cells had aligned parallel to the longitudinal axis of 

4SG-PEG fibres (Figure 4.11A). Cells on EDC fibres exhibited significantly lower (p 

< 0.001) nuclei elongation compared to CTRL and 4SG-PEG (Figure 4.11B). No 

significant difference (p > 0.05) in nuclei area was observed between CTRL, EDC and 

4SG-PEG treated fibres (Figure 4.11C).  
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Figure 4.10: (A) Cellular morphology and (B) viability of human adult tenocytes at 

day 21 on collagen type I fibres cross-linked with GTA, EDC, 4SG-PEG and non 

cross-linked collagen type I fibres (CTRL) were used as control (green cells: live, dead 

cells: red). Scalebar = 200 µm. N=3. 
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Figure 4.11: Alignment of human adult tenocytes, nuclear area and elongation of 

cross-linked collagen type I fibres. (A) 90 % of cells had aligned parallel to the 

longitudinal axis of 4SG-PEG fibres. (B) Cells on EDC fibres exhibited significantly 

lower (p < 0.001) nuclei elongation compared to CTRL and EDC. (C) No significant 

difference (p > 0.05) in nuclei area was observed between the treated fibres and CTRL. 

N=3. 
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4.4 Discussion 

The natural cross-linking pathway of lysyl oxidase, responsible for mechanical and 

proteolytic resilience of tissues, does not occur in vitro. Therefore, cross-linking is 

introduced to enhance the properties of the collagen-based scaffolds, to prevent long 

rod-like collagen molecules from sliding. This involves the formation of bonds 

between collagen molecules [16]. Further, the harsh extraction, purification and 

sterilisation methods [17, 18] necessitate the introduction of exogenous cross-links to 

enhance the mechanical stability and to control the degradation rate of collagen 

devices. However, customarily used chemical cross-linking approaches are associated 

with cytotoxicity [19, 20], calcification [21-23] and foreign body response [24, 25], 

imposing the need for development of new cross-linking approaches. GTA and EDC 

are the most commonly used chemical cross-linkers. Despite not attaching molecules 

that can be harmful, EDC cross-linked biomaterials must be thoroughly washed due 

to the production of a toxic by-product from the cross-linking reaction. GTA has been 

shown to have great potential as a cross-linker for biomaterials but due to the leaching 

out as the scaffold degrades, studies have shown GTA to have cytotoxic affect [16]. 

4SG-PEG has been used as an alternative to the limiting chemical cross-linkers due to 

its low toxicity. 4SG-PEG has been FDA approved for a variety of medical 

applications and has been shown to increase mechanical properties and facilitate 

infiltration of cells [8]. Herein, we ventured to assess the potential of 4-star 

poly(ethylene glycol) ether tetrasuccinimidyl glutarate as collagen cross-linker and to 

assess its structural, thermal, physical and biological consequences on collagen type I 

fibres in comparison to traditional cross-linking methods. 

Starting with visual characterisation, we observed that GTA induced colour changes 

to the collagen fibres. This evidenced colour change is attributed to the reaction of the 

cross-linking agent with the amino acid residues [26-28] and it is in accordance with 

previous data with tissue grafts and collagen-based biomaterials [26-32]. The observed 

crevices and ridges that run parallel to the longitudinal axis in all treatments is due to 

the substructure of the collagen type I fibres [33]. Surface smoothness / roughness was 

also cross-linking method employed dependant, as has been shown previously [34-

36]. Polarised microscopy is a useful tool to assess the anisotropic organisation of 

collagen-based materials and hence, determine the alignment of collagen type I fibres 

due to its sensitivity to orientation of the collagen. Optically anisotropic collagen type 

I materials are birefringent, meaning that they can change the direction of polarised 
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light. Therefore, the regions on collagen materials that are capable of altering the 

polarised light are said to be anisotropic or orientated. As the collagen type I film was 

rotated on the optical axis, the polarised light was evident at every angle. This 

indicated that the collagen film was not anisotropic but had random alignment. 

Produced collagen type I fibres showed alignment, independent of concentration and 

method of cross-linking. Collagen type I fibres reached distinction, as they were 

rotated on the optical axis from 45° to 90° [37-39].  

All 4SG-PEG concentrations and GTA reduced the amount of free amine groups and 

increased the resistance to enzymatic degradation by collagenase. Between different 

cross-linkers, GTA, EDC and 4SG-PEG increased the resistance to degradation. 

However, EDC did not show an improvement in reducing the amine groups. Due to 

the limiting factors of GTA, EDC has been used as an alternative [40-42], however 

the reduction of amine groups and resistance to degradation was significantly lower 

compared to 4SG-PEG. 

Denaturation temperature was also subject to the 4SG-PEG concentration and cross-

linking methods employed, largely attributed to the stabilisation chemistry of the 

cross-linking method employed. For example, GTA is a self-polymerising aldehyde 

that reacts with either hydroxyl groups and then condenses to form heterocyclic 

compounds, which subsequently undergo oxidation to a pyridinium ring or with amine 

groups to form Schiff bases [26, 43, 44]. Further, GTA can cross-link a great number 

of molecules that can even be far apart [45, 46], forming large units with slow kinetics 

and therefore higher denaturation temperature [47, 48]. 4SG-PEG concentration of 1 

mM brought about higher denaturation temperature compared to GTA EDC had lower 

denaturation temperature than GTA, nonetheless, all concentrations and cross-linking 

methods brought about denaturation temperature higher than the body temperature and 

therefore they are all suitable for biomedical applications. 

The water holding capacity of the produced scaffold was also subject to the cross-

linking method used, with all 4SG-PEG concentrations and cross-linking treatments 

exhibiting significantly lower swelling ratio than the CTRL fibres. This is not 

surprising, given that cross-linking reduces the free-water binding sites, affecting the 

equilibrium water content [49-54] and therefore swelling can be used to assess the 

cross-linking efficiency [34, 55]. Significant lower swelling ratio of some cross-

linking methods and concentrations is attributed once more to the chemistries of the 
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cross-linking method [26, 43, 44, 56] and the density of cross-linking, the higher the 

cross-linking density, the less water can be bound [57]. 

The mechanical properties were also found to be subject to the cross-linking method 

extent of swelling, as it has been shown previously that cross-linking density [58] and 

water content [59] influences the tensile properties. The stress at break was increased 

following the cross-linking of collagen type I fibres with different concentrations of 

4SG-PEG, due to the reaction of the cross-linking agents with the free amino acids of 

collagen [49, 60-62]. The strain at break was increased after cross-linking; the fibres 

retained water within their structure, which acted as plasticiser [63, 64]. GTA 

exhibited the highest stiffness values, which again can be attributed to the cross-

linking efficiency of these agents to bind collagen molecules together [50].  

With respect to biological analysis, 4SG-PEG was clearly the more cytocompatible 

cross-linking agent, as judged by cell metabolic activity, DNA content analysis, cell 

attachment and morphology. Cytotoxicity drawbacks of GTA have been repeatedly 

documented in the literature [56, 65-69], as non-reacted GTA or degradation products 

of GTA introduce cytotoxic derivatives [43, 58]. Although EDC supported cell 

growth, rounded cell morphology is of concern. 4SG-PEG fibres, at all instances, 

maintained physiological elongated cell morphology and by day 7 were completely 

covered by human adult dermal fibroblasts. 4SG-PEG treated fibres were also found 

to be the most cytocompatible for human adult tenocytes, as 4SG-PEG maintained cell 

viability up to day 21 and had the highest number of aligned cells along the fibre axis, 

and therefore 4SG-PEG clearly demonstrated the biological superiority of this cross-

linker.  
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4.5 Conclusions 

Herein, we investigated the influence of different concentrations of 4-star 

poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4SG-PEG) and of various 

chemical cross-linking methods such as glutaraldehyde (GTA) and carbodiimide 

(EDC) on structural, thermal, physical, and biological properties of collagen type I 

fibres. All 4SG-PEG concentrations reduced free amine groups. Resistance to 

collagenase, denaturation temperature and mechanical properties were cross-linking 

method and concentration dependent. Among the cross-linking methods assessed, 

only the 4-star poly(ethylene glycol) ether tetrasuccinimidyl glutarate induced 

acceptable thermal and mechanical properties. Further, it was the only cross-linker 

that comprehensively supported growth of human adult dermal fibroblasts and human 

adult tenocytes, clearly demonstrating its superiority as compared with GTA and 

carbodiimide fixation. 
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5.1 Summary 

Collagen type I is the most abundant extracellular matrix protein in vertebrates and 

plays a vital role in providing tissues with tensile strength and the necessary 

framework for the growth of cells by regulating and promoting cell adhesion, 

migration, proliferation and differentiation [1-8]. The ability of tailoring the physical 

properties of collagen to the properties of the target tissue via cross-linking methods 

has been an attractive aspect of this material [9-11]. Although collagen has a long-

standing history in biomedicine, clinical data show mixed results with respect to 

efficacy and efficiency of collagen-based devices, suggesting that other factors than 

cross-linking are at play when assessing the properties of collagen-based devices. The 

aim of this work was to assess the influence of collagen source (e.g. species, tissue, 

gender) as well as cross-linking [e.g. 4-star poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate, glutaraldehyde, carbodiimide] on the properties 

(structural, chemical and physical) of collagen-based devices, and evaluate their effect 

on different cell types (human dermal fibroblasts and human tenocytes). 

Firstly, the properties of the isolated collagen from different species (porcine and 

bovine), tissue (skin and tendon) and genders (male and female) were assessed, and 

whether the source of collagen influences free-amine content, denaturation 

temperature, resistance to enzymatic degradation, mechanical properties and 

biological responses. Collagen type I was successfully isolated and porous sponges 

were fabricated independent of species, tissue or gender. Collagen type I purity and 

free-amine content were not affected as a function of species (porcine versus bovine), 

gender (female versus male) and tissue (skin versus tendon) from which the collagen 

was extracted. However, yield, denaturation temperature, resistance to enzymatic 

degradation, swelling ratio and biomechanical properties were evidently species- and 

tissue- dependent. Independent of species, tissue or gender, sponges did not affect 

biological (human dermal fibroblast and THP-1 monocyte cultures) response. These 

data indicate that the source of collagen should be considered for the development of 

collagen-based implantable devices.  

Continuing with the use of the optimum collagen source, sponges from bovine female 

tendon and skin were fabricated and their structural, chemical, physical and biological 

properties with different cross-linking densities of 4-arm polyethylene glycol 

succinimidyl glutarate were assessed. It was demonstrated that porous collagen 

sponges were produced independent of collagen source. The tendon-derived collagen 
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scaffolds exhibited significantly higher compressive stress and compressive modulus 

values and provided a more suitable environment for human tenocyte growth than the 

skin-derived collagen scaffolds. These data clearly illustrate that when developing 

medical devices, the tissue from which collagen is extracted from should be considered 

in the context of the intended application. 

Finally, collagen type I fibres were developed to assess the influence of different 

concentrations of 4-arm polyethylene glycol succinimidyl glutarate and various 

chemical cross-linking methods, such as glutaraldehyde and carbodiimide on the 

structural, thermal, physical and biological properties of collagen type I fibres. 

Resistance to collagenase, denaturation temperature and mechanical properties were 

cross-linking method and concentration dependent. Treatment of collagen fibres with 

4-arm polyethylene glycol succinimidyl glutarate resulted in maintenance of their 

micro-grooved surface, reduction of free-amine content and increased resistance to 

enzymatic degradation, denaturation temperature and mechanical properties. 4-arm 

polyethylene glycol succinimidyl glutarate collagen fibres also supported cellular 

growth, demonstrating superiority over commonly used glutaraldehyde and 

carbodiimide cross-linkers. 

Overall, we provide evidence that prior to developing collagen-based implantable 

medical devices, collagen source should be taken into consideration. Cross-linker and 

concentration also plays a major role, as their properties and chemical structure can 

compromise cellular responses. This work demonstrates a new perspective on collagen 

source and relatively novel cross-linker for tissue engineering applications. 

 

5.2 Future directions 

Collagen has been a material of choice for decades for a large variety of applications 

such as drug delivery, wound healing, tissue engineering and repair, bone, neural 

regeneration and many more, as collagen is a natural found substance, with high 

distribution within the tissues and plays an important role it tissue and cell function. 

Collagen has been fabricated into many biomedical devices ranging from sponges, 

hydrogels, spheres, films, fibers and conduits. The attractive aspect of collagen is the 

ability to fabricate devices in different shapes and sizes, that will be appropriate for 

the specific clinical target. Other advantages that make collagen a material of choice 

is the ability to modify the collagen properties with cross-linkers to suit the application 

of interest. Addition of such cross-linkers can improve mechanical properties, reduce 
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enzymatic degradation and increase thermal properties. In addition, functionalisation 

of collagen with varies agents to achieve the desired surface properties for cell 

interaction or to stimulate cellular response has also been an area of interest. Collagen 

has been used for controlled drug delivery to promote tissue regeneration and repair, 

as well as administration of antibiotics to the site of infection. Functionalisation of 

collagen allows for the optimum release of therapeutic agents into the site of interest 

without jeopardising cellular function.  

As collagen is used for a large variety of applications and clinical targets, it is 

important to match the properties of the biomaterial as closely as possible to the 

properties of the tissue of interest. Therefore, it is important to understand your clinical 

target, tissue properties and to select suitable agent for collagen functionalisation to 

improve its properties. Prior to this, standardisation of protocols of collagen extraction 

is important to make sure that collagen is of the same quality across different 

laboratories and companies. This will also ensure that collagen quality and its 

properties are reproducible, with very little to none batch to batch variation. Improving 

on the tools and equipment that are used for collagen extraction can also reduce the 

variability among the extractions.  

This work indicates the importance of collagen source due to the difference in its 

properties that can impact the regeneration or failure of the tissue. Commercial 

collagen, although indicates the species where it is sourced from such as bovine, 

porcine or rat, it does not indicate further details such as the sex and age of the animal, 

which can impact the properties of the collagen. As the source impacts the collagen 

properties, data on the mechanical, biochemical and biological properties should be 

provided commercially. 

It has been shown in the literature the affect that collagen source has on the properties 

of collagen.  This work has also indicated the impact collagen source has on the 

physiochemical and biological activity of the collagen sponges. The age of the animal 

plays an important part in determining the physiomechanical proprieties of the 

sponges due to the level of cross-linking in the tissue, where higher levels are found 

in the older animal compared to a younger animal. The higher in mechanical properties 

collagen sponges derived from tendon tissues in comparison to collagen sponges 

derived from skin tissues can also be attributed to the architecture of the collagen fibres 

in the respective tissues, which, in turn, is responsible for the tissue-specific 

physiomechanical properties. From the results it is clear, that the acid from the 
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collagen extraction protocol is able to break down the cross-links in the tissue but yet, 

the stronger covalent bonds are retained in the collagen from the older animal.  

Physiomechanical properties have been shown to affect biological properties of the 

sponges. This work clearly displayed that stiffness and rigidity of the sponges can 

influence the migration and proliferation of cells, as well as their viability. 

Furthermore, cellular morphology has been shown to be affected by sponge stiffness. 

It is well established in the literature that materials with higher mechanical modulus 

and therefore stiffer, promote cellular connection with the extracellular matrix and 

establish focal adhesions that allow the cells to migrate. Equally, this work shows the 

importance of tissue type and the differences in properties between tendon and skin. 

Given that tendon is a load bearing tissue, and some level of native cross-linking is 

retained post extraction, the physiomechanical properties of the sponges will be higher 

compared to skin. Skin is a thermoregulating tissue, and therefore the properties of 

collagen sponges extracted from skin tissue will be higher compared to tendon tissue, 

as seen with the results of this work. Overall, many factors are to be considered when 

choosing a collagen source as it can have an impact on the physiomechanical and 

biological properties of the biomaterial. 

Considering the limitations and other questions that have surfaced throughout the 

course of this work, some research areas of further interest are outlined below. 

 

 Influence of collagen type I fibres in tenogenic phenotype maintenance and 

induction 

Collagen type I fibres have been used in tissue engineering and tendon repair 

applications due to the fibrillary structure that resembles native tendon structure [12, 

13]. The micro-grooves and crevices have been shown to enhance cell adhesion and 

growth, while regenerating tendon tissue in vivo [14-16]. The alignment of collagen 

fibres induces cell elongation, migration and tenogenic phenotype [16-18]. 

Furthermore, cross-linker and cross-linking concentrations affect cellular responses 

and phenotype. Cross-linking affects the stiffness of collagen fibres and therefore 

induces changes in cellular behaviour. The changes to the surface structure of collagen 

fibres by cross-linkers have also been noted [19]. Therefore, detailed cellular response 

(i.e. tenocyte phenotype maintenance and tenogenic induction of stem cells) on 

collagen type I fibres should be assessed. 
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 Influence of sex hormone-loaded scaffolds in human engineering 

Hormones play a major role in the cellular functions and gender differences have been 

shown to affect receptor activation, immune system and disease onset [20-23]. 

Hormones, such as oestrogen, have been shown to affect collagen production and thus 

tendon structure and function. As oestrogen levels decline, collagen production 

declines and collagen fibrils reduce in diameter. Increased oestrogen levels protect 

tendons from rupture and injury, compared to males and menopausal women [24-26]. 

Oestrogen has been shown to directly impact cellular proliferation and synthesis of 

collagen [27-29]. Tendon has been shown to respond to oestrogen level as hormone 

specific receptors are located on tenocytes and tendon tissue [30, 31]. Testosterone 

affects collagen turnover and deposition levels by enhancing stiffness of tendons [32]. 

The effects of sex hormones on tendon mechanical properties and morphological 

structure are known, however, to date, they are not well understood [33, 34]. 

Therefore, sex hormones should be incorporated into collagen scaffolds of appropriate 

gender and their effect in tenocyte and stem cell (of appropriate gender as well) 

cultures should be assessed. 

 

 Influence of mechanical stimulation, sex hormones and collagen type I 

fibres in tenogenic phenotype maintenance and induction 

Tendon is a load bearing tissue that transmits large tensile forces. It is a fibrillar tissue 

that consists of multiple aligned fibres. Tenocytes are mechanosensitive cells and 

therefore response to the mechanical cues [35-37]. Anisotropic structure has been 

shown to promote cell elongation, while mechanical cues have been shown to alter 

stem cell differentiation and tendon specific markers [38]. Furthermore, the 

biophysical cues from mechanical stimulation are known to cause changes in the gene 

regulation of cells [39]. Cyclic strain of 5 % on bone marrow stem cells induces 

expression of tenogenic markers such as collagen I, III, scleraxis and Mohawk that are 

responsible for tissue development. Moreover, micro-grooves play a role in alteration 

of gene expression during mechanical stimulation [40]. Sex hormones, especially 

oestrogen can increase collagen turnover [41]. Therefore, a multifactorial approach 

based on collagen type I fibres loaded with sex hormones and subjected to appropriate 

mechanical loading regimes should be assessed in both tenocyte and stem cell cultures 

(particular attention should be paid in the gender aspect, i.e. gender of the animal from 
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which the collagen was extracted from, gender-specific hormones and gender of the 

cell donors). 
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A. List of reagents 

 

Table A.1: List of reagents and respective suppliers 

Reagent Supplier 

alamarBlue® Life Technologies, Ireland 

4',6-diamidino-2-phenylindole (DAPI) Sigma Aldrich, Ireland 

4arm PEG Succinimidyl Glutarate MW 

10,000 (4S-StarPEG) 

Jenkem Technology, USA 

Agilent RNA 6000 Nano kit Agilent Technologies, Ireland 

Acetic acid glacial Fischer Chemical, Ireland 

Acrylamide/bis-acrylamide 30 % 

solution 

Sigma Aldrich, Ireland 

Bovine serum albumin Sigma Aldrich, Ireland 

Bovine tendons Local abattoirs, Ireland 

Bovine skin Local abattoirs, Ireland 

Calcein AM Life Technologies, Ireland 

Calcium chloride Sigma Aldrich, Ireland 

Collagen type I standard Symatese Biomateriaux, France 

Collagen type I Vornia Biomaterials Ltd, Ireland 

Collagenase type I from Clostridium 

histolyticum 

Sigma Aldrich, Ireland 

DAPI (4’,6-diamidino-2-phenylindole) Sigma Aldrich, Ireland 

Dialysis tubing cellulose membrane Sigma Aldrich, Ireland 

Dimethyl sulfoxide Sigma Aldrich, Ireland 

Dulbecco’s Modified Eagle’s Medium 

high glucose 

Sigma Aldrich, Ireland 

Ethanol absolute Lennox, Ireland 

Ethidium homodimer I Sigma Aldrich, Ireland 

Foetal bovine serum Sigma Aldrich, Ireland 

Glacial acetic acid Fisher Scientific, Ireland 

Glycine Fisher Chemicals, Ireland 

Glutaraldehyde Sigma Aldrich, Ireland 

Hank’s balanced salt solution Sigma Aldrich, Ireland 
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High Pure RNA Isolation kit Roche, Germany 

Human adult dermal fibroblasts  ATCC, LGC Standards, UK 

Human tenocytes DV Biologics, USA 

Human derived leukemic monocyte cells 

(THP1) 

ATCC, LGC Standards, UK 

Hydrochloric acid 37 % Sigma Aldrich, Ireland 

Isopropanol Sigma Aldrich, Ireland 

Lipopolysaccharides Sigma Aldrich, Ireland 

Live/Dead® reagent Invitrogen, Thermo Fisher Scientific, 

Ireland 

N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide (EDC) 

Sigma Aldrich, Ireland 

 

N,N,N\'N\'-Tetramethyl-ethylenediamine 

(TEMED) 

Bio-Rad, UK 

N-hydroxysuccinimide (NHS) Sigma Aldrich, Ireland 

Ninhydrin Sigma Aldrich, Ireland 

Paraformaldehyde Sigma Aldrich, Ireland 

PEG Sigma Aldrich, Ireland 

Penicillin streptomycin Sigma Aldrich, Ireland 

Pepsin from gastric mucosa 3200 – 4500 

units/mg protein 

Sigma Aldrich, Ireland 

Phenol red Sigma Aldrich, Ireland 

Picric acid-saturated solution 0.3 % Sigma Aldrich, Ireland 

Phosphate buffered saline tablets Sigma Aldrich, Ireland 

Porcine tendons Local abattoirs, Ireland 

Porcine skin Local abattoirs, Ireland 

Potassium phosphate monobasic Sigma Aldrich, Ireland 

Quant-iT™ PicoGreen® dsDNA assay Life Technologies, Ireland 

RPMI-1640 medium Sigma Aldrich, Ireland 

Rhodamine Phalloidin Sigma Aldrich, Ireland 

RIPA buffer Sigma Aldrich, Ireland 

SilverQuest™ Silver staining kit Life Technologies, Ireland 

Sodium dodecyl sulphate 20 % solution Sigma Aldrich, Ireland 
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Sodium hydroxide Sigma Aldrich, Ireland 

Sodium phosphate dibasic Sigma Aldrich, Ireland 

Sodium phosphate monobasic Sigma Aldrich, Ireland 

Sodium chloride Sigma Aldrich, Ireland 

Tin(II) chloride Sigma Aldrich, Ireland 

Transcriptor First Strand cDNA 

synthesis kit 

Roche, Germany 

TRI Reagent ® Sigma Aldrich, Ireland 

Tris base Fisher Chemicals, Ireland 

Triton® X-100 Sigma Aldrich, Ireland 

Trypsin / EDTA Sigma Aldrich, Ireland 

 

Table A.2: List of primary antibodies and respective suppliers 

Antibody Supplier 

Fibronectin Sigma Aldrich, Ireland 

Collagen I 

Abcam, United Kingdom 

Collagen III 

Collagen IV 

Collagen V 

Collagen VI 

Scleraxis 

Tenomodulin 

Collagen II 

Aggrecan 

Osteocalcin 

Osteopontin 

 

Table A.3: List of secondary antibodies 

Antibody Supplier 

Alexa Fluor® 488 Goat anti-mouse Life Technologies, Ireland 

Alexa Fluor® 488 Goat anti-rabbit Life Technologies, Ireland 
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B. List of protocols 

 Collagen type I extraction 

B.1.1 Material preparation and equipment 

1. Frozen Bovine/Porcine Tendons. 

2. 3.7 mM Na2HPO4 (Sodium phosphate dibasic). 

3. 0.35 mM KH2PO4 (Potassium phosphate monobasic). 

4. 51 mM NaCl (Sodium chloride). 

5. Sodium Chloride. 

6. Glacial Acetic Acid. 

7. Pepsin (activity 3200-4500 U/mg of protein, stored at -20 ºC). 

8. Filter. 

9. Sieve. 

10. Surgical scalpel. 

11. Blender. 

12. Magnetic stirrer and magnetic stirring bar. 

13. Centrifuge, 500 ml centrifuge bottles 

14. Weighing scales. 

 

B.1.2 Extraction process 

1. Wash skin to remove blood and the hair was removed with a scalpel.  

2. Cut skin and tendon into small pieces using scalpel (1x1x1 cm3). 

3. Weigh out 200 g of each tissue. 

4. Wash cut pieces in salt solutions (3.7 mM Na2HPO4, 0.35 mM KH2PO4, 51 mM 

NaCl) and stir gently at 4 ºC. Wash pieces three times for 2 hours each. 

5. Suspend washed tendon and skin pieces in 0.5 M acetic acid for 48 hours and leave 

stirring at 4 ºC (50 ml acetic acid/g tissue). 

6. Sieve the collagen solution and collect the swollen pieces of skin and tendon. 

7. Blend the swollen pieces with a hand blender and suspend the gel-like solution in 

the original solution of acetic acid.  

8. Allow the collagen solution to reach 20 ºC and add pepsin at a ratio of 1g 

pepsin:100 g tissue. Leave the collagen solution for 1 hour and then put under 

stirring at 4 ºC for 48 hours.  

9. Filter the collagen solution through a sieve and 250 µm mesh to remove the 

insoluble pieces. 
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10. Add 0.9 M NaCl to the filtered solution and stir. Leave the collagen solution to 

precipitate overnight. 

11.  Collect the precipitated collagen at the top of the solution with a sieve and a mesh.  

12. Squeeze the water out of the collagen using a mesh and record the dry weight of 

collagen.  

13.  Re-suspend the dry collagen in 1 M acetic acid and lightly stir at 4 ºC until it 

comes into solution for 24 hours.  

14. Centrifuge the collagen solution at 8,000 rpm for 2 minutes at 4 ºC. Collect only 

the top liquid and discard any precipitate.  

15. Add 0.9 M NaCl to the re-suspended collagen solution and stir. Leave the collagen 

solution to precipitate overnight. 

16. Collect the precipitated collagen at the top of the solution with a sieve and a mesh.  

17. Squeeze the water out of the collagen using a mesh and record the dry weight of 

collagen.  

18. Re-suspend collagen in minimum volume of 1 M acetic acid to produce highly 

concentrated collagen solution. 

19. Once fully suspended, dialyse collagen against 1mM acetic acid 4 times changing 

the acetic acid every 2 hours. Last dialysis is overnight.  

20. Check the purity with SDS-PAGE. 
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 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

B.2.1 Material preparation 

1. 1.875 M Tris-HCl, pH 8.8. Dissolve 22.70 g Tris-base (Bio-Rad, 161-0716) in 80 

ml ddH2O; add 2 ml concentrated HCl (37%), leave it overnight to equilibrate, 

adjust pH to 8.8 with a few drops concentrated HCl, make it up to 100 ml with 

ddH2O. Keep it at 4-8 ºC 

2. 1.25 M Tris-HCl, pH 6.8. Dissolve 15.14 g Tris-base in 70 ml ddH2O; add 7 ml 

concentrated HCl (37 %), leave it overnight to equilibrate, adjust pH to 6.8 with a 

few drops concentrated HCl, make it up to 100 ml with ddH2O. Keep it at 4-8 ºC 

3. 5x sample buffer. Dissolve completely 0.25 g SDS (Bio-Rad 161-0301) in 0.625 

ml 1.25 M Tris-HCl, pH 6.8 and 2 ml ultrapure water. Leave it overnight for the 

foam to settle. Top up with glycerol (Bio-Rad) to 5 ml (approximately 2.3 ml). 

Add 2.5 mg bromophenol blue (Bio-Rad 161-0404) per 10 ml buffer. 

4. 5x running buffer. Dissolve 15.1 g Tris-base (Bio-Rad 161-0716), 72 g glycine 

(Bio-Rad 161-0718) and 5 g SDS (Bio-Rad 161-0301) in 1 l ddH2O. Store at 4 ºC. 

1x running buffer is made to run the gel from 5x running buffer by diluting in 

ddH2O. Alternatively, 10x Tris-Glycine-SDS 5lt tube can be purchased (Bio-Rad 

161-0772). 1x running buffer is made to run the gel from 10x running buffer by 

diluting in ddH2O. 

5. 30 % Acrylamide/Bis (37.5:1) (Bio-Rad, 161-0158) 

6. 10 % SDS (Bio-Rad, 161-0416) 

7. 100 mg/ml Ammonium Persulphate (Bio-Rad, 161-0700) in ddH2O. Dissolve 500 

mg APS in 5 ml ddH2O, aliquot it in Eppendorf tubes and keep it at – 20 ºC. The 

solution is active for a few months. 

8. TEMED (Bio-Rad, 161-0800) 

9. 10 % and 70 % Ethanol in dH2O 

10. Phenol Red Solution: Dissolve 10 mg of phenol red in 40 ml of ddH2O, then dilute 

to 50 ml. 

 

B.2.2 Sample collection 

1. Freeze dry the extracted collagen into a sponge. 

2. Dissolve the sponges in 0.5 M acetic acid to a concentration of 1 mg/ml. 
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B.2.3 Sample preparation 

1. Take the collagen sponge samples and collagen standard in a fresh 1.5 ml 

centrifuge tube (24 µl each). 

2. Add 24 μl of double distilled water in these samples. 

3. Add 12 μl of 5X sample buffers to get 5:1 dilution. 

4. Vortex the samples and centrifuge them briefly. Store them at 4 °C. 

5. Prior to SDS-PAGE, denature the samples and standard by heating at 95 °C for 5 

minutes. 

6. Vortex and then centrifuge the samples briefly. 

7. Load 15 μl per well in Mini gel (for 10-well: 15 μl and for 15-well: 10 μl). 

8. Empty well: 15 μl of 1x sample buffer (diluted from 5x sample buffer with water) 

 

Table B.1: Detailed sample preparation for SDS-PAGE 

Sample Total volume on the 

well 

Collagen standard/ 

sample composition 

Mini gel; 10-well 15 µl (1 µg of sample per 

well) 

4 µl sample 

4 µl NaOH 1N 

34 µl dH2O 

18 µl 5x sample buffer 

 

B.2.4 Gel preparation 

1. Clean glass plates with 70 % ethanol and wipe dry with tissue paper. 

2. Set the gel making apparatus ensuring that the glass plates fit snugly to the 

platform (mini gel: 1mm space using appropriate spacers). 

3. Check for any leaks by pouring water prior to making the gels. 

4. Add the gel ingredients to make the 5 % resolving gel according to Table B.5. 

5. Make sure to add the APS and TEMED last, right before the gels are to be poured. 

6. Using a Pasteur pipette, pour the prepared mixture carefully into the space between 

the 2 glass plates to reach about 1 cm (mini gel) from the bottom of the wells 

etched out by the comb (keep the excess solution to check how quickly the gels 

will be polymerised). 

7. Overlay the gel with 10 % Ethanol to cut off oxygen in contact with the gels. 
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8. Leave it aside for approximately 30 minutes until set (check with the excess 

solution remained). 

9. During the setting period, prepare the 3 % stacking gel according to the Table B.6 

(do not add the APS and TEMED until the gel is ready for pouring). 

10. A line at the ethanol-gel interface that initially had disappeared will reappear when 

polymerization is complete. 

11. Carefully aspirate the ethanol out of the glass plates using a syringe and imbibe 

any traces using filter paper. 

12. Now add the APS and TEMED to the stacking gel and carefully pour it on top of 

the polymerised resolving gel. Immediately insert the comb taking care to avoid 

trapping any air bubbles (keep the excess solution to check how quickly the gels 

will be polymerised). 

13. Allow it to set for 10-15 minutes and, in the meantime, denature samples and 

standards at 95 °C as described above. 

14. After the gels have been set (10 - 15 minutes, check it with the excess solution), 

remove the combs slowly. 

15. Assemble the electrophoresis apparatus, for small gel apparatus, fit the gel plates 

on the electrode bar and fit the set into the inner chamber and clamp them. 

16. Fill the upper/inner chamber with 1x running buffer. 

17. Wash the wells by squirting buffer into the wells with a hypodermal needle syringe 

to remove all air bubbles. 

18. Load the standards, samples and markers using Hamilton syringe. Wash the 

syringe in between using the running buffer in the chamber (at least 5-times). 

19. Put the upper chamber on the main chamber, close the lid and run the gel(s). 

20. For the mini gel: run at constant voltage (50 V) until the front reaches the end of 

the stacking gel (± 30 - 40 min), then increase voltage to 120 V until the front 

reaches the end of the separating gel (± 1 hour). 

21. Remove the glass using the wonder wedge, cut the lower right hand corner and 

release the gel slowly into dH2O. 

 

Table B.2: 5 % Separation Gel (1mm thickness) for collagen for mini gel (Protean II 

Bio-Rad) 

 1 Gel 2 Gels 
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30 % Acrylamide/Bis 

(37.5:1) 

830 µl 1660 µl 

1.875 M Tris-HCl pH 8.8 1000 µl 2000 µl 

10 % SDS 50 µl 100 µl 

ddH2O 3070 µl 6140 µl 

APS (100 mg/ml) 42 µl 84 µl 

TEMED 5 µl 10 µl 

Total 5000 µl 10000 µl 

  

Table B.3: 3 % Stacking Gel (1mm thickness) for collagen for mini gel (Protean II 

Bio-Rad) 

 1 Gel 2 Gels 

30 % Acrylamide/Bis 

(37.5:1) 

200 µl 400 µl 

1.25 M Tris-HCl pH 6.8 200 µl 400 µl 

10 % SDS 33 µl 66 µl 

ddH2O 1550 µl 3100 µl 

APS (100 mg/ml) 17 µl 33 µl 

TEMED 3 µl 6 µl 

Total 2000 µl 4000 µl 

 

B.2.5 Silver staining  

To stain the gels obtained in the previous steps the SilverQuest™ Silver Staining kit 

was used. The procedure for the Basic Protocol is detailed in Table B.7. 

 

Table B.4: Detailed procedure for silver staining 

Step Reagent Total volume Incubation time 

Fix 40 ml ethanol 

10 ml acetic acid 

50 ml water 

100 ml 20 minutes 

Wash 30 ml ethanol 

70 ml water 

100 ml 10 minutes 

Sensitise 30 ml ethanol 100 ml 10 minutes 
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10 ml sensitiser 

60 ml water 

First wash 30 ml ethanol 

70 ml water 

100 ml 10 minutes 

Second wash 100 ml water 100 ml 10 minutes 

Stain 1 ml stainer 

99 ml water 

100 ml 15 minutes 

Develop 10 ml developer 

1 drop developer 

enhancer 

90 ml water 

100 ml 5-8 minutes 

Stop 10 ml Stopper 

(add directly to the 

developing 

solution) 

100 ml 10 minutes 

Wash 100 ml water 100 ml 10 minutes 
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B.3 Lyophilisation: Freeze drying  

Freeze-drying (also known as ice crystal templating or lyophilisation or ice-

segregation-induced self-assembly) was used to fabricate the collagen sponges. 24 

well plates were used to fabricate sponges for stability analysis and 48 well plates 

were used to fabricate sponges for biological analysis. 

 

B.3.1 Material preparation and equipment 

1. Well plate(s). 

2. Collagen 

3. Multipette® plus 

4. Freeze dryer (Labconco) 

 

B.3.2 Freeze drying process 

1. Pipette collagen type I (Multipette® plus) in 24 and 48 well plates. 

2. Freeze collagen at -80 oC overnight.  

3. Place the plates in the freeze dryer (Labconco) for 24 hours. 
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B.4 Extrusion of collagen fibres 

B.4.1 Material preparation and equipment 

1. 5 ml syringe. 

2. Gauge needle/ precision tip. 

3. Silicone tubing. 

4. Weight. 

5. Syringe pump. 

6. Water bath. 

7. Fibre formation buffer (20 % PEG, 94 mM sodium phosphate dibasic, 24 mM 

sodium phosphate monobasic, pH 7.8). 

8. Fibre incubation buffer (5.5 mM sodium phosphate dibasic, 1.5 mM potassium 

phosphate monobasic, 75 mM sodium chloride, pH 7.1). 

 

B.4.2 Fibre formation buffer preparation 

1. Weigh out 94 mM sodium phosphate dibasic and 24 mM sodium phosphate 

monobasic. 

2. Transfer to a large beaker, add 1000ml of water and add a stir bar. 

3. Allow to stir until dissolved. 

4. Weigh out 20 % PEG and add in small amounts to the centre of the solution. 

5. Allow to stir until dissolved. 

6. Bring up the solution to the required volume by adding water. 

7. Adjust the pH by using a pH meter.  

8. Rinse pH meter with water and calibrate the pH meter with pH 7 and pH 9.2. 

9. Place the pH meter into the solution. 

10. Add NaOH 10M drop by drop, to neutralise the solution to pH 7.8. 

11. Transfer to a bottle. 

 

B.4.3 Fibre incubation buffer preparation 

1. Transfer to a large beaker, add 2000 ml of water and add a stir bar. 

2. Allow to stir until dissolved. 

3. Adjust the pH by using a pH meter. 

4. Rinse pH meter with water and calibrate the pH meter with pH 7 and pH 9.2. 

5. Place the pH meter into the solution. 

6. Slowly add HCL 6 M drop by drop, to acidify the solution to pH 7.1 
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7. Transfer to a bottle. 

 

B.4.4 Extrusion method 

1. Heat fibre formation buffer and fibre incubation buffer to 37 °C in incubator. 

2. While water bath is heating fill 5 cc syringe with required amount of collagen 

(5ml of collagen = approximately 12 fibres). 

3. Place the filled syringe onto the syringe pump and secure with the required 

clamp. 

4. Turn on the pump and input the following parameters: 

• Chart 

• BD Plastics syringes (5 cc) 

• Volume = 0 (continuous) 

• Rate = 0.4 ml/min 

5. Connect the silicone tubing to the FFB container, via the silicone tubing, to the 

free end of the syringe. 

6. Confirm tubing is secured to the syringe. 

7. Begin extrusion of collagen solution. 

8. Allow air bubbles to clear. 

9. Start air flow to guide extrusion of collagen fibre. 

10. Stop the pump once the end of the container has been reached. 

11. Leave for 5-10 minutes in fibre formation buffer. 

12. Transfer by securing to free end of stainless steel rod and leave for 5-10 minutes 

in fibre incubation buffer. 

13. Transfer to either to distilled water, cross-linker or PBS and leave for 2 hours 

14. After 2 hours rinse 5 times in distilled water and dry the fibres under the tension 

of their own weight. 
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B.5 Cross-linking methods 

1. 4-StarPEG (4-arm polyethylene glycol succinimidyl glutarate MW 10,000): 

Concentrations of 0.5 mM, 1 mM, 2.5 mM and 5 mM. 

2. EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-Hydroxy-

succinimide): 60 mM (Ratio 5:5:1, RDC: NHS: COOH (MES)). 

3. GTA (Glutaraldehyde): 0.625 %. 

 

B.5.1 Cross-linking method: Collagen I fibres 

1. Make up the cross-linker to the desired concentration. 

2. Transfer the cross-linking solution into a container.  

3. Add the collagen fibres into the container and cross-link for 2 hours. 

4. For non-crosslinked fibres, wash the fibres in double distilled water for 5 minutes. 

5. After washing step, air dry the fibres at room temperature. 

 

B.5.2 Cross-linking method: Collagen I sponges 

1. Add the cross-linking solution to collagen I to the desired final concentration. 

2. Add the desired amount of collagen into 24 or 48 well plate(s) and freeze at -80 

oC overnight. 

3. Place the plates in the freeze dryer (Labconco) for 24 hours. 
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B.6 Scanning electron microscopy (SEM) 

Surface characteristics of the cross-linked collagen fibres were analysed by SEM 

imaging.  

 

1. Gold coat the collagen fibres prior to SEM imaging. 

2. Gold coat at current of 25 milliamps (mA) for 5 minutes.  

3. Visualise the fibres at 10 µm and 300 µm. 
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B.7 Polarised microscopy 

The alignment of the collagen fibres was assessed with Polarised Microscopy. 

Randomly aligned collagen film was used as a control.  

 

1. At 90 º the collagen fibres reached distinction phase where the fibre did not light 

up.  

2. The fibres were turned 45 º angle and all of the regions on the fibre lit up, which 

indicates alignment. 
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B.8 Ninhydrin assay for free amine quantification 

B.8.1 Material preparation  

1. Collagen samples. 

2. 4 % ninhydrin powder.  

3. Glysine (stock solution). 

4. 2 ethoxy ethan  

5. 200 mM citric acid  

6. Trin II chloride 

 

B.8.2 Sample preparation and method 

1. Weight the samples 2.5 to 3 mg. 

2. Place into a labelled Eppendorf tube.  

3. Add 200 μl dH2O to each sample.  

4. Prepare a standard curve of glycine at 0, 0.01, 0.05, 0.1, 0.2 and 0.5 mg/ml.  

5. Prepare one tube of 4 % ninhydrin powder in 2-ethoxyethanol and protect from 

light.  

6. Prepare a second tube of 200 mM citric acid, 0.16 w/v % Tin II Chloride, pH 5.0.  

7. Mix both solutions together.  

8. Add 1 ml Ninhydrin solution to each tube.  

9. Incubate tubes at 95-100 ºC for 30-35 minutes, protecting from light.  

10. Allow tubes to cool to room temperature.  

11. Add 250 μl of 50 % isopropanol and vortex.  

12. Read using plate reader at 570 nm.  
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B.9 Collagenase: Degradation/ enzymatic resistance assay 

The enzymatic degradation is a process that occurs during the remodelling process 

when a collagen scaffold is implanted in the body. Different enzymes (mainly 

proteases and more specifically matrix metalloproteases (MMPs) are responsible for 

the material degradation. 

B.9.1 Material preparation  

1. Tris buffer: 0.1 M TrisHCl + 500 mM CaCl2 

• Dilute 6.207 g of Tris-base in 400 ml of dH2O 

• Adjust the pH to 7.4 with HCl and make up the volume to 500 ml with 

dH2O 

• Add 3.55 g of CaCl2 

2. Collagenase I (MMP-I): Activity 50 U (sponges) (Sigma ref C0130) 

3. Collagen samples (sponges or fibres) 

 

B.9.2 Sample preparation and method 

1. Weigh out 5 mg of sample and place in Eppendorf tubes (sample was weighed 

with Eppendorf tube). 

2. Prepare collagenase type I in tris buffer of 50U/ml. 

x samples * 1 𝑚𝑙
𝑠𝑎𝑚𝑝𝑙𝑒⁄  * 

(𝑥) 𝑈
𝑚𝑙

⁄  * 
1

125 
 mg/U = (x) mg of collagenase 

3. Add 1ml of collagenase and buffer solution to the samples. 

4. Incubate the samples at 37 ºC for the required time-points (3, 6, 9, 12 and 24 

hours). 

5. After the time-points, centrifuge the samples at 1200 rpm for 10 minutes. 

6. Remove the supernatant carefully, make a hole in each of the Eppendorfs and place 

the samples in the freeze dryer overnight.  

7. Weigh out the Eppendorf and calculate the weight loss.  

 

ΔW = 
𝑊𝑜−𝑊𝑇

𝑊𝑜
 x 100 

 

Wo = initial weight, Wt = weight of the sample after degradation 
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B.10 Differential scanning calorimetry (DSC): Thermal stability  

B.10.1 Method 

1. Immerse sample in 1x PBS overnight. 

2. Roughly dry off samples with whatman or blotting paper. 

3. Tare scale with pan on it. 

4. Place sample in the pan and weigh out 15-20 mg. 

5. Record weight of samples. 

6. Place the lid on the pan and seal using a crimper. 

7. Make a reference pan (empty sealed pan). 

8. Place in DSC stage (Equipment: DSC-60 (Shimdzy)). 

9. Close the door of stage. 

10. Set up temperature programme and sampling parameters (20 ºC to 70 ºC at a rate 

of 10 ºC/min. 

11. Run the programme. 

12. Analyse the peaks. 
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B.11 Compression: Mechanical properties of collagen type I sponges 

Compression test was carried out to assess mechanical properties of collagen type I 

sponges. The collagen sponges were tested in dry state as the sponges were collapsing 

in wet state and the testing was not successful. The height of the sponges was recorded 

for determination of engineering stress-strain curves from the load- extension graphs. 

Deformation of the sponges was recorded at 70% deformation. 

 

B.11.1 Method 

1. Set up programme for compression test. 

2. Mark auto tool separation. 

3. Select appropriate specimen shape (round shape). 

4. Set up the test parameters (Maximum deformation: 70 %, Test speed: 10 mm/min, 

Load cell: 10 N). 

5. Select the desired output data and parameters for the report. 

6. Load the sample. 

7. Input the thickness and work out 70 % deformation and input the value. 

8. Zero the force and start the test. 

9. Once the sample breaks in the middle, press stop and save the data. 

10. Use raw data to work out force, stress and modulus. 
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B.12 Uniaxial tensile testing: Mechanical properties of collagen type I fibres 

Uniaxial tensile test was carried out to assess mechanical properties. The collagen 

fibres were left in PBS overnight and were tested in wet state. It was assumed that 

the fibres were circular for determination of engineering stress-strain curves from the 

load- extension graphs. The stress at break was defined as the load at failure divided 

by the original cross-sectional area. The strain at break was defined as the increase in 

length in maximum load divided by the original length and modulus will be 

calculated at 2 %. 

 

B.12.1 Material preparation and equipment 

1. Zwick/Roell (Leominster, Herefordshire, UK) Z005 testing machine (10 N load 

cell). 

2. Digital callipers Scienceware®, Digi-Max™, Sigma-Aldrich, Ireland. 

3. 1 X PBS 

4. Sample. 

5. Blotting paper. 

 

B.12.2 Method 

1. Immerse samples in PBS overnight.  

2. Before testing, blot the excess off. 

3. Measure fibre diameter using callipers. 

4. Place the fibre between the clamps at the top and bottom. 

5. Set the parameters and run the machine.  
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B.13 Swelling 

1. Image fibres dry. 

2. Incubate collagen fibres in PBS overnight. 

3. Blot using filter paper to remove excess surface water.  

4. Image fibres wet. 

5. Measure the width of the fibres. 

6. Calculate swelling ratio as following: Swelling (%) = [(Ww - Wd)/ (Wd)] x 100, 

where Ww and Wd refer to the average wet diameter and average dry diameter of 

the fibres respectively. 
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B.14 Scaffold sterilisation 

B.14.1 UV sterilisation: Collagen type I sponges 

1. Remove the 48 well plate from the freezer dryer. 

2. Place the well plate, with the lid open, into a laminar hood. 

3. Turn on the UV for 2 hours. 

 

B.14.2 Ethanol sterilisation: Collagen type I fibres  

1. Place the fibre bundles into a petri dish. 

2. Spray down the petri dish and place into a laminar hood. 

3. Wash fibres with Hanks Balance Salt Solution (HBSS) three times for 15 minutes 

each. 

4. Prepare 70 % IMS. 

5. Add 1 ml of IMS to each scaffold. 

6. Leave to sterilise for overnight. 

7. Remove IMS and wash the scaffolds with HBSS three time, 15 minutes each. 

8. Leave fibres under UV for 1 hour 
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B.15 Cell culture 

B.15.1 Culture media preparation for human adult dermal fibroblasts and 

tenocytes 

1. Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (45000 mg/l) 

3. 10 % Foetal bovine serum (FBS) 

4. 1 % Penicillin streptomycin 

 

B.15.2 Cell culture and culture media preparation for THP1 cells (macrophages) 

Expansion 

1. RPMI 1640 medium supplemented with 10 % FBS, 1 % P/S and 1 % glutamine. 

2. Seed at 300,000 cells/ml. 

3. Daily observation in the optical microscope for morphology check. 

4. Top up with fresh media every second day or when cell concentration reaches 

800,000 cells/ml (Do not allow the cell concentration to exceed 1,000,000 

cells/ml). 

5. Spin down and use fresh media every 7 days. 

 

Differentiation 

1. Use THP-1 cells when their density reaches 800,000-1,000,000 cells/ml. 

2. Dilute PMA in DMSO at 5 μg/ml. 

3. Add 100 μl PMA at 5 μg/ml for each 50 ml supplemented RPMI 1640 medium (10 

ng/ml). 

4. Spin down the cells and re-suspend them with the medium of differentiation. 

5. Count the THP-1 cells with haematocytometer. 

6. Seed cells at a density of 50,000 cells per sponge in a 48 well plate. 

7. Incubate cells at 37 °C for 24 hours. 

8. Check the differentiation by observation at the microscope. If you see floating cells 

(undifferentiated), incubate for 24 hours more. 

9. Then, remove the media and replace it by normal medium or activation medium 

(1ml/well). Activation medium is supplemented RPMI 1640 medium with 100 

ng/ml LPS (2.5 μl of LPS stock solution at 2 mg/ml for 50 ml medium). 

10. Incubate the cells for 48 hours at 37 °C. 
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B.15.3 Cell thawing and passaging  

1. Remove vial from liquid nitrogen container and thaw in water bath at 37 ºC. 

2. Transfer contents to culture flask of appropriate size and add pre-warmed culture 

medium. 

3. Change medium every 2-3 days and monitor cell proliferation with a phase 

contrast microscope. 

4. When cells cover more than 80 % of the culture flask, remove culture medium, 

wash cell layer with Hank’s Balanced Salt Solution (HBSS) and add 5 ml of 

trypsin / EDTA. Incubate at 37 ºC for 5 minutes until cells start detaching. 

5. Add 5ml of culture medium to neutralise the action of trypsin / EDTA and transfer 

flask contents into a tube and centrifuge at 1200 rpm for 5 minutes. 

6. Discard the supernatant and re-suspend cells in desired amount of medium. 

 

B.15.4 Cell freezing  

1. Aspirate culture medium and wash cell layer with HBSS. 

2. Add trypsin / EDTA and incubate at 37 ºC for 5 minutes. 

3. Add culture medium to neutralise the action of trypsin, collect flask contents into 

a tube and centrifuge at 1200 rpm for 5 minutes. 

4. Re-suspend supernatant in 1 ml of medium and count cells using a Neubauer 

chamber. 

5. Re-suspend cells in necessary amount of freezing medium (90 % growth medium 

with 10 % of DMSO) to have 1 million cells per millilitre of medium. 

6. Add 1 ml of cell suspension per cryogenic vial and place in Mr. Frosty overnight 

at -80 ºC. 

7. Move to liquid nitrogen for long term storage. 

 

B.15.5 Cell seeding 

1. When cells have become ~80 % confluent in tissue culture flask remove from 

incubator. 

2. Remove cell media and discard. 

3. Add 5 ml of pre-warmed Hanks balanced salt solution. 

4. Gently agitate the cell culture flask. 

5. Remove Hanks balanced salt solution and discard. 
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6. Add 3 ml of pre-warmed trypsin EDTA. Note: 3ml is sufficient for T-75 flasks. 

Use 5 ml for T-175 flasks. 

7. Place in incubator for 5 minutes. 

8. Upon removal from incubator view the cells under light microscope. If cells have 

not detached gently tap the base of the flask to dislodge the remaining cells. 

9. Return to laminar flow hood and add 7 ml of cell media. 

10. Gently agitate flask. 

11. Remove contents of flask and deposit in a 15 ml tube. 

12. Centrifuge the tube at 1200 rpm for 5 minutes. 

13. Remove supernatant and discard taking care not to disturb the cell pellet at the 

base of the tube. 

14. Add media (1-5 ml) to resuspend the pellet. Aspirate the media to homogenise the 

cells. 

15. Remove 10 μl for use with the haemocytometer.  

16. Place under the light microscope and count the number of cells in the centre square 

on opposing sides of the haemocytometer. 

17. Calculate the average cell number on opposing sides. 

18. Multiply by 10,000 to calculate the number of cells/ml in 15 ml tube. Depending 

on the number of ml in the tube the total cell number can be calculated. 

19. Dilute the cells as per number required per well. 

20. Place sterile scaffolds at the base of the well.  

21. Add appropriate amount of cell media containing appropriate number of cells. 

22. Place well plate in incubator at 37 °C and 5 % CO2 until the time point. 
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B.16 alamarBlue® assay 

1. Prepare a 10 % alamarBlue® solution in HBSS. 

2. Remove culture medium from the cells and wash with HBSS. 

3. If using a scaffold, move scaffold to new well plate. 

4. Add 1 ml of the diluted alamarBlue® solution to the cells and a negative control 

of alamarBlue® at 10 % alone 

5. To obtain the background absorbance, add HBSS to empty wells. 

6. Incubate for 3 hours at 37 ºC, 5 % CO2. 

7. Transfer 100 μl of the alamarBlue® solution and of the negative control and 

background to a clear 96 well plate. 

8. Measure the absorbance at 550 nm and at 595 nm. 

9. Subtract the values of HBSS to the values of alamarBlue® alone from both 

absorbances to obtain the absorbance of alamarBlue®. For 550 nm this value is 

called 

10. absorbance of the oxidised form at lower wavelength (AOLW) and for 595 nm it 

is called absorbance of the oxidised form at higher wavelength (AOHW). 

11. Calculate the correlation factor: 

Ro=AOLW/AOHW 

12. To calculate the percentage of alamarBlue® reduced (AR) by the cells use the 

13. following: 

AR=ALW-(AHW*Ro)*100 
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B.17 Live / Dead assay 

1. Prepare staining solution by diluting calcein AM to 4 μM and ethidium 

homodimer-1 to 2 μM in HBSS. 

1. To prepare a negative control, sample can be immersed in dimethyl sulfoxide 

(DMSO) to kill all cells before staining. 

2. Remove culture medium from the cells and wash cells with HBSS. 

3. Add staining solution to cells (enough volume to cover completely the sample). 

4. Incubate at 37 ºC, 5 % CO2 for 30 minutes. 

5. Image under inverted fluorescence microscope: 

• Calcein AM: use FITC filter 

• Ethidium homodimer-1: use Texas Red filter 
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B.18 Cytoskeleton and nuclei staining 

1. At each time point remove culture medium and wash cell layer with HBSS. 

2. Fix the cell layer with 2 % paraformaldehyde (PFA) for 15 minutes at room 

temperature. 

3. Remove PFA and wash briefly with HBSS. 

4. Add 0.2 % of Triton-X100 (enough to cover the sample) and incubate for 5 minutes 

at room temperature. 

5. Remove Triton-X100 and wash with phosphate buffered saline (PBS). 

6. Add Rhodamine-phalloidin diluted in PBS (1:500) and incubate at room 

temperature for 1 hour. 

7. Wash samples briefly with PBS. 

8. Incubate with DAPI in 1x PBS for 5 minutes at room temperature. 

9. Image under the inverted fluorescence microscope. 



Appendices 

 

359 

 

B.19 Cell morphometric analysis 

1. Open ImageJ software. 

2. File > Open > Select Image 

3. For merged images: Image > Colour > Split channels 

4. Image > Colour > Channels tools > More > select appropriate colour for each 

channel. 

5. Select freehand tool and trace around the nucleus / cytoskeleton of the cell. 

6. Analyse > Set measurements > Select Area, Shape descriptors, Feret’s diameter. 

7. Analyse > Measure (or Ctr M) to take measurement of selected area. 

8. Measured parameters will appear in a separate screen. 

9. Press Ctr D to mark the outline of measured area. 

10. Repeat for each cell. 
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B.20 PicoGreen® 

B.20.1 Material preparation 

1. 96-well white opaque plates. 

2. Falcon tubes (50 ml). 

3. Micro-pipettes and tips. 

4. Microplate reader. 

5. Vortex. 

6. Ultra-pure water. 

7. Pico Green Kit (Molecular Probes, P-7589) (PicoGreen dsDNA quantification 

reagent, 20X TE and DNA standard). 

 

B.20.2 Sample preparation  

Scaffold 

1. Remove media. 

1. Wash samples with HBSS. 

2. Transfer samples into fresh Eppendorf tubes. 

3. Add 1 ml of ultra-pure water. 

4. Freeze at - 80 °C until use. 

 

TCP 

1. Remove media. 

2. Wash samples with HBSS. 

3. Add ultra-pure water. 

4. Scrape with a tip. 

5. Pipette solution into a fresh Eppendorf tube. 

6. Freeze at - 80 °C until use. 

 

B.20.3 Method 

1. Prepare TE by diluting 20x TE 20-fold in sterile ultra-pure water. 

2. Prepare the DNA standard for the standard curve in ultra-pure water 

(concentrations of 0 µg/ml, 0.2 µg/ml, 0.5 µg/ml, 1 µg/ml and 2 µg/ml). 

3. Dilute 200-fold the PicoGreen dsDNA quantification kit with 1x TE. 

4. Remove samples from the freezer and heat up at 60 °C. 

5. Vortex the samples. 
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6. Remove the required amount of sample (21.7 µl). 

7. In each well of the 96-well white opaque plate add 21.7 µl of sample, 71.3 µl of 

PicoGreen solution and 100 µl of 1x TE (make triplicates of samples or standard). 

8. Incubate the plate in the dark for 10 minutes.  

9. Read fluorescence: Excitation of 485/20 nm and Emission of 528/20 nm. 

10. Read of DNA concentration from standard graph.  
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B.21 Immunocytochemistry 

1. At the end of culture time points, aspirate the medium and was cell layer with 

HBSS. 

2. Fix with 2 % PFA (pre-cooled at 4 °C) for 15 minutes. 

3. To make 2 % PFA (in glass bottle with magnetic stirrer): Weight 0.2 g of PFA and 

add 10 ml of PBS. Put on a magnetic stirrer with heater. Leave it for around 1 hour 

(put the cap on, but loosen it). Cool it and keep it at 4 °C. 

4. Drain away fixative and wash 3x with PBS, 5 minutes each. 

5. Block with 3 % (w/v) BSA in 1x PBS for 30 minutes at room temperature (RT). 

6. To make 3 % BSA: weight 0.3 g of BSA and add 10 ml of PBS. Put on a magnetic 

stirrer and leave it for around 1 hour. Store it at 4 °C. 

7. Incubate with primary antibody in 1x PBS for 90 minutes at room temperature or 

overnight at 4 °C. List of primary antibodies used can be found in Table B.8. 

8. Wash 3x with 1x PBS, 5 minutes each. 

9. Incubate with secondary antibody in 1x PBS for 30 minutes at room temperature. 

10. List of secondary antibodies can be found in Table B.9. 

11. Wash 3x with 1x PBS, 5 minutes each. 

12. Incubate with DAPI in 1x PBS for 5 minutes at room temperature. 

13. Wash 3x with PBS, 5 minutes each. 

14. Image samples under Confocal microscope (Andor Revolution Spinning Disk 

Confocal Microscope (Olympus IX81). 

 

Table B.5: Primary antibody source and dilution 

Antibody Source Dilution 

Fibronectin Mouse monoclonal 
1:200 

Collagen I Mouse monoclonal 
1:200 

Collagen III Rabbit polyclonal 
1:200 

Collagen IV Rabbit polyclonal 
1:200 

Collagen V Rabbit polyclonal 
1:200 
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Collagen VI Rabbit polyclonal 
1:200 

Scleraxis Rabbit polyclonal 
1:200 

Tenomodulin Rabbit polyclonal 
1:200 

Collagen II Mouse monoclonal 
1:200 

Aggrecan Rabbit polyclonal 
1:200 

Osteocalcin Mouse monoclonal 
1:200 

Osteopontin Rabbit polyclonal 1:200 

 

Table B.6: Secondary antibody source and dilution 

Antibody Source Dilution 

Alexa Fluor® 488 Goat anti – rabbit 1:200 

Alexa Fluor® 488 Goat anti - mouse 1:200 
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B.22 Gene array 

B.22.1 Total RNA isolation using High Pure RNA isolation kit (Roche, Germany) 

1. At each time point remove media from cells. 

2. Place the scaffold in a fresh Eppendorf. 

3. Add 1 ml of TRI Reagent® with iron oxide beads to lyse the cells. 

4. Incubate under shaking conditions at 4 ºC for 5 minutes. 

5. Remove all lysed cells into Eppendorf tubes. 

6. Centrifuge at top speed to remove sediments and transfer supernatant into a clean 

Eppendorf. 

7. Add 200 μl of chloroform (without isoamyl alcohol) for every 1 ml of TRI 

Reagent® used. 

8. Vortex for 15 seconds. 

9. Incubate at room temperature for 5 minutes. 

10. Centrifuge at 13,000 rpm at 4 ºC for 15 minutes. 

11. Transfer aqueous phase (colourless top layer) to a clean tube containing the same 

volume of 70 % ethanol and mix with pipette. 

12. Transfer the entire volume to a filter column. 

13. Centrifuge at 8.000 g for 15 seconds and discard flow through. 

14. Add 500 μl of Wash 1 (black cap) and centrifuge at 8.000 g for 15 seconds and 

discard flow through. 

15. Add 500 μl of Wash 2 (blue cap) and centrifuge at 8.000 g for 15 seconds and 

discard flow through. 

16. Add 200 μl of Wash 2 (blue cap) and centrifuge at 13.000 g for 2 minutes and 

discard flow through. 

17. Place filter in a new tube and add 50 μl of elution buffer and centrifuge at 8.000 g 

for 1 minute. 

18. Take the 50 μl and put them again in the filter column and centrifuge at 8.000 g 

for 1 minute. 

19. Aliquot 45 μl for cDNA synthesis and 5 μl for RNA quantity and quality testing. 
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B.22.2 Assessment of RNA quantity and quality 

RNA quantity 

1. Blank NanoDrop 1000 by using 1 μl of DNase free water. 

2. Add 1 μl of sample and measure concentration. 

3. Use A260/A280 and A260/A230 to conclude about sample purity. 

a. For A260/A280: samples are accepted above 1.8 (ratio of ~2 is considered 

pure), lower than that it might indicate presence of protein, phenol or other 

contaminants. 

b. For A260/A230: values higher then A260/A280 indicate pure nuclei acid. 

Expected values are in the range of 2.0 - 2.2. values lower than this indicate 

contaminants which absorb at 230 nm. 

 

RNA quality (Agilent Technologies, Ireland) 

1. Prepare Nano gel matrix by placing 550 μl of the gel matrix in the receptacle of a 

spin filter. Centrifuge at 1.500 g for 10 minutes. Aliquot 65 μl of gel matrix intro 

0.5 ml tubes and store them at 4 ºC. 

2. Vortex Nano dye concentrate for 10 seconds and spin down. 

3. Add 1 μl of Nano dye to 65 μl of gel matrix, vortex and spin tube for 10 minutes 

at 13.000 g. 

4. Take a Nano chip and place it in the priming station. 

5. Add 9 μl of gel – dye mix to the well marked G. 

6. Set a timer for 30 seconds and close the priming station making sure the plunger 

of the syringe is at 1 ml position. 

7. Press the plunger until it is held down by the clip and start timer. 

8. Release the plunger and wait 5 seconds and confirm the plunger has moved back 

at least to the 0.3 ml mark. 

9. Pipette 9 μl of the gel - dye mix in remaining wells marked G. 

10. Load 5 μl of Nano marker into the well with the ladder symbol and then on all 

other 12 wells. 

11. Pipette 1 μl of ladder into the well marked with the ladder symbol. 

12. Pipette 1 μl of each sample into each of the 12 sample wells. 

13. Vortex at 2.400 rpm in IKA vortex mixer for 60 seconds. 

14. Decontaminate electrodes of Agilent Bioanalyzer using RNase ZAP and DNase 

free water. 
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15. Samples with a RNA integrity number (RIN) lower than 8 were not used for further 

experiments. 

 

B.22.3 RealTime ready Custom Panel 

1. Thaw the solutions and briefly spin vials in a microcentrifuge before opening. To 

compensate for pipetting losses prepare mixes with 10% overdosage (one extra 

sample for every 10). 

2. Prepare a tube with the water and Probes Master as detailed in table below (PCR 

mix). Mix carefully by pipetting up and down. Do not vortex. 

3. Pull the foil from the Custom Multiwell Plate 

4. Pipette 9 μl of PCR mix into each well of the plate. 

5. Add 1 μl of cDNA template (sample) into each well for a total volume of 10 μl. 

6. When using negative controls, add 1 μl of untranscribed RNA to the corresponding 

wells. 

7. Seal the well plate with sealing foil. 

8. Centrifuge plate for 2 minutes at 1,500 g in a standard swing bucket centrifuge. 

9. Transfer the plate to the LightCycler® 480 Instrument. 

10. Table B.10 shows the Gene sequence.  
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Table B.7: List of genes and sequence of their primers. 

Gene Name Gene Symbol Forward Sequence Reverse Sequence 

Prolyl-4-hydroxylase 

subunit alpha 1 
P4HA1 

TGAAATCGTCAAAG

ACCTAGCA 

TGTTATTGGGTTTG

AAATGGTG 

Prolyl-4-hydroxylase 

subunit alpha 2 
P4HA2 

AAACTGGTGAAGCG

GCTAAA 

GAGAGGTTGGCGAT

AAAACCT 

Procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 1 

PLOD1 
GCTGCCGTATCTTC

CAGAAC 

TTTCAAACTTGAGC

ACGACCT 

Procollagen-lysine,2-

oxoglutarate 5-

dioxygenase 2 

PLOD2 
AAGGACTTTAAAAA

TTTTGATTGAACA 

GACTCAATGCTCCC

CAGAAAT 

Collagen type I alpha 1 COL1 
AGGTGAAGCAGGC

AAACCT 

CTCGCCAGGGAAAC

CTCT 

Collagen type III alpha 

1 
COL3 

ACTGGAGCACGGG

GTCTT 

TCCTGGTTTCCCACT

TTCAC 

Scleraxis homolog A SCXA 
CCCAAACAGATCTG

CACCTT 

TCTTTCTGTCGCGGT

CCTT 

Tenomodulin TNMD 
TCCTCTGGCATCTG

TTAGCC 

TCCTTGCTTTGAGA

GGACTGA 

Tenascin C TNC 
CCTTGCTGTAGAGG

TCGTCA 

CCAACCTCAGACAC

GGCTA 
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Mohawk homeobox MKX 
GGATCCAATAAGGG

TGAAAGC 

TAAGGCCATAGCTG

CGTTG 

Decorin DCN 
GGCAAATTCCCGGA

TTAAAA 

CAGGAAACTTGTGC

AAGCAG 

Biglycan BGN 
CTACAGCGCCATGT

GTCCT 

TCTTTGGGCACAGA

CTTCAG 

Versican VCAN 
CTTCCCTCCCCCTG

ATAGC 

CGATGGTTGTAGCC

TCTTTAGG 

Elastin ELN 
CACTGGGGTATCCC

ATCAAG 

GTGGTGTAGGGCAG

TCCATAG 

Thrombospondin 4 THBS4 
CTACCGCTGGTTCC

TACAGC 

GAGCCTTCATAAAA

TCGTACCC 

Runt related 

transcription factor 2 
RUNX2 

TGCCACCTCTGACT

TCTGC 

AAAGGGCCCAGTTC

TGAAG 

Alkaline phosphatase, 

placental 
ALPP 

ACGCAGCTCATCTC

CAACAT 

CCCACCTTGGCTGT

AGTCAT 

Secreted 

phosphoprotein 1 
SSP1 

CGCAGACCTGACAT

CCAGTA 

GGCTGTCCCAATCA

GAAGG 

Bone gamma 

carboxyglutamate 

protein 

BGLAP 
CCAGCCCTATGGAT

GTGG 

TTTTCAGATTCCTCT

TCTGGAGTT 

Collagen type II alpha 1 COL2 
CTGGTCCTCAAGGC

AAAGTT 

GAGGTCCAGGACGA

CCATC 
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Aggrecan ACAN 
GAACGACAGGACC

ATCGAA 

AAAGTTGTCAGGCT

GGTTGG 

Smooth muscle alpha 

(α)-2 actin 
ACTA2 

CTGTTCCAGCCATC

CTTCAT 

TCATGATGCTGTTG

TAGGTGGT 

Serpin H1 precursor 

(heat shock protein 47) 
SERPINH1 

ATGCAGAAGAAGG

CTGTTGC 

CTTGTCAATGGCCT

CAGTCA 

Fatty acid binding 

protein 4 
FABP4 

CCTTTAAAAATACT

GAGATTTCCTTCA 

AGGACACCCCCATC

TAAGGT 

Transforming growth 

factor beta 1 
TGFB1 

ACTACTACGCCAAG

GAGGTCAC 

TGCTTGAACTTGTC

ATAGATTTCG 

Early growth response 1 EGR1 
AGCACCTGACCGCA

GAGT 

GGCAGTCGAGTGGT

TTGG 

Cartilage oligomeric 

matrix protein 
COMP 

GGAGATCGTGCAGA

CAATGA 

GTCATCCGTGACCG

TGTTC 

Housekeeping genes 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

GAPDH 
AGCCACATCGCTCA

GACAC 

GCCCAATACGACCA

AATCC 
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Actin beta ACTB 
TCCTCCCTGGAGAA

GAGCTA 

CGTGGATGCCACAG

GACT 

18S ribosomal RNA RN18S1 
GACGGACCAGAGC

GAAAG 

CGTCTTCGAACCTC

CGACT 
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C. Results 

C.1 Biological analysis 

C.1.1 Nuclei area and nuclei elongation of hDFs at day 3, 7 and 14 

 

Figure C.1: Quantitative morphometric analysis of hDFs at day 3, 7 and 14 on non-

crosslinked and crosslinked skin- and tendon- derived collagen sponges. (A) 

Quantitative morphometric analysis of nuclei area demonstrated that at day 14, cells 

that grew on non-crosslinked skin- and tendon- derived collagen sponges, had 

significantly higher (p < 0.001) nuclei area. (B) At day 14, tendon-derived collagen 

sponges crosslinked with 0.5 mM 4SG-PEG had significantly higher (p<0.001) nuclei 

elongation. 



Appendices 

 

372 

 

C.1.2 Nuclei area and nuclei elongation of hTCs at day 3, 7 and 14. 

 

Figure C.2: Quantitative morphometric analysis of hTCs at day 3, 7 and 14 on non-

crosslinked and crosslinked skin- and tendon- derived collagen sponges. (A) Nuclei 

area was significantly increased (p < 0.001) on crosslinked sponges by day 14. (B) At 

day 14, nuclei elongation was significantly lower (p<0.001) on tendon-derived 

collagen 0 mM 4SG-PEG sponges compared to skin-derived 0 mM 4SG-PEG collagen 

sponges at day 14. 
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C.1.3 Immunocytochemistry of hDFs at day 3, 7 and 14. 

Extensive immunocytochemistry analysis of collagen type I, II, III, IV, V, VI, fibronectin, 

scleraxis, tenomodulin, aggrecan, osteocalcin and osteopontin deposition by hDFs was carried out 

at day 3, 7 and 14 on skin- and tendon-derived collagen type I sponges with 0 mM and 1 mM 4SG-

PEG
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Figure C.3: hDFs deposited collagen type I on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type I is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 µm. 

N=3.
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Figure C.4: hDFs deposited collagen type III on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type III is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 

µm. N=3. 
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Figure C.5: hDFs deposited collagen type IV on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type IV is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 

µm. N=3.
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Figure C.6: hDFs deposited collagen type V on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type V is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 

µm. N=3.
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Figure C.7: hDFs deposited collagen type VI on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type VI is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 

µm. N=3.
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Figure C.8: hDFs deposited fibronectin on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Fibronectin 

is represented in green and DAPI is represented in blue. *** indicates statistically significant difference from all groups. Scalebar = 200 µm. N=3.
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Figure C.9: hDFs deposited scleraxis on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Scleraxis is 

represented in green and DAPI is represented in blue. Scalebar = 200 µm. N=3.
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Figure C.10: hDFs deposited tenomodulin on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. 

Tenomodulin is represented in green and DAPI is represented in blue. Scalebar = 200 µm. N=3.
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Figure C.11: hDFs deposited collagen type II on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Collagen 

type II deposition was not observed. Scalebar = 200 µm. N=3.
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Figure C.12: hDFs deposited aggrecan on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Aggrecan 

deposition was not observed. Scalebar = 200 µm. N=3.
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Figure C.13: hDFs deposited osteocalcin on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Osteocalcin 

deposition was not observed. Scalebar = 200 µm. N=3.



Appendices 

 

385 

 

 

Figure C.14: hDFs deposited osteopontin on skin- and tendon-derived 0 mM and 1 mM 4SG-PEG collagen sponges for up to 14 days. Osteopontin 

deposition was not observed. Scalebar = 200 µm. N=3. 
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C.2 Mechanical properties 

C.2.1 Stress-strain curves 

 

Figure C.15: Stress-strain curve for collagen sponge extracted from porcine female 

skin. 

 

Figure C.16: Stress-strain curve for collagen sponge extracted from porcine female 

tendon. 
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Figure C.17: Stress-strain curve for collagen sponge extracted from porcine male 

skin. 

 

Figure C.18: Stress-strain curve for collagen sponge extracted from porcine male 

tendon. 
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Figure C.19: Stress-strain curve for collagen sponge extracted from bovine female 

skin. 

 

Figure C.20: Stress-strain curve for collagen sponge extracted from bovine female 

skin. 

0

100

200

300

400

500

600

700

800

0 20 40 60 80 100 120

S
ta

n
d

a
rd

 f
o

rc
e 

[m
N

]

Deformation [%]

Bovine female skin

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100 120

S
ta

n
d

a
rd

 f
o

rc
e 

[m
N

]

Deformation [%]

Bovine female tendon



Appendices 

 

389 

 

 

 

Figure C.21: Stress-strain curve for collagen sponge extracted from bovine male 

skin. 

 

Figure C.22: Stress-strain curve for collagen sponge extracted from bovine male 

tendon. 
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Figure C.23: Stress-strain curve for collagen sponge extracted from bovine female 

tendon, cross-linked with 0.5 mM 4SG-PEG. 

 

Figure C.24: Stress-strain curve for collagen sponge extracted from bovine female 

tendon, cross-linked with 1 mM 4SG-PEG. 
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Figure C.25: Stress-strain curve for collagen sponge extracted from bovine female 

tendon, cross-linked with 2.5 mM 4SG-PEG. 

 

Figure C.26: Stress-strain curve for collagen sponge extracted from bovine female 

tendon, cross-linked with 5 mM 4SG-PEG. 
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Figure C.27: Stress-strain curve for collagen sponge extracted from bovine female 

skin, cross-linked with 0.5 mM 4SG-PEG. 

 

Figure C.28: Stress-strain curve for collagen sponge extracted from bovine female 

skin, cross-linked with 1 mM 4SG-PEG. 
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Figure C.29: Stress-strain curve for collagen sponge extracted from bovine female 

skin, cross-linked with 2.5 mM 4SG-PEG. 

 

 

Figure C.30: Stress-strain curve for collagen sponge extracted from bovine female 

skin, cross-linked with 5 mM 4SG-PEG. 
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