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Abstract 

Collagen-based devices are frequently associated with foreign body response. 

Although several pre- (e.g. species, state of animal, tissue, isolation protocol) and 

post- (e.g. cross-linking, scaffold architecture, sterilisation) scaffold fabrication 

factors have a profound effect on foreign body response, little is known about how 

collagen-based devices fabrication mediates macrophage response. In this thesis, we 

assessed biophysically, biochemically and biologically three different treatments 

during the fabrication of a collagen type I film: collagen isolation, cross-linking and 

sterilisation. 

In the first phase of this thesis, we studied the influence of acetic acid and 

hydrochloric acid and the utilisation or not of pepsin or salt precipitation during 

collagen extraction on the yield, purity, free amines, denaturation temperature, 

resistance to collagenase degradation and macrophage response. Subsequently, as 

extracted collagen forms are usually subjected to chemical cross-linking to enhance 

their stability and the traditional cross-linking approaches are associated with 

toxicity and inflammation, we investigated the stabilisation capacity, cytotoxicity 

and inflammatory response of collagen scaffolds cross-linked with glutaraldehyde, 

carbodiimide, 4-arm polyethylene glycol succinimidyl glutarate, genipin and 

oleuropein. Therefore, as a step forward and given that there is still no single cross-

linking method / sterilisation treatment that can be used universally for collagen-

based devices, we assessed the influence of ethylene oxide, ethanol, gamma 

irradiation and gas plasma sterilisation on the structural, biophysical, biochemical 

and biological properties of self-assembled collagen films cross-linked with the 

optimised cross-linking agents from the previous part, 4-arm polyethylene glycol 

succinimidyl glutarate and genipin. 
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Acetic acid / pepsin extracted collagen exhibited the highest yield, purity and free 

amine content and the lowest denaturation temperature. No differences in resistance 

to collagenase digestion were detected between the different extraction groups. 

Although all treatments exhibited similar macrophage morphology comprised of 

round cells (M1 phenotype), elongated cells (M2 phenotype) and cell aggregates 

(foreign body response), significantly more elongated cells were observed on 

collagen films extracted using acetic acid. Moreover, cytokine analysis revealed that 

hydrochloric acid treatments induced significantly higher IL-1ɓ and TNF-Ŭ release 

from macrophage with respect to acetic acid treatments. Salt precipitation did not 

influence the assessed parameters. Overall, our data suggest that collagen extraction 

variables affect the physicochemical and biological properties of collagen 

preparations. 

Regarding collagen cross-linking, fibroblast cultures showed no significant 

difference between the treatments. Although direct cultures with human derived 

leukemic monocyte cells (THP-1) clearly demonstrated the cytotoxic effect of 

glutaraldehyde, THP-1 cultures supplemented with conditioned media from the 

various groups showed no significant difference between the treatments. No 

significant difference in secretion of pro-inflammatory (e.g. IL-1ɓ, IL-8, TNF-Ŭ) and 

anti-inflammatory (e.g. VEGF) cytokines was observed between the non-cross-

linked and the 4SP and genipin cross-linked groups, suggesting the suitability of 

these agents as collagen cross-linkers. 

With regards to collagen sterilisation, our data clearly illustrate that gas plasma is not 

suitable for collagen-based devices. Ethylene oxide, after 4-arm polyethylene glycol 

succinimidyl glutarate cross-linking, resulted in significant reduction of the 

mechanical properties of the collagen films. Gamma irradiation and ethanol 
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sterilisation did not significantly affect thermal, degradation, solubility and 

mechanical properties of the collagen films. Human skin fibroblast and human 

macrophage cultures did not reveal any considerable differences as a function of the 

cross-linking method / sterilisation treatment. Overall, our data illustrate that genipin 

cross-linking maintains collagen stability even against the most severe sterilisation 

treatments. 

Collectively, these data suggest that during collagen scaffold fabrication all 

processing variables should be monitored as, evidently, they affect collagen stability 

and biological response. 
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Collagen; Collagen isolation; Acid extraction; Pepsin extraction; Salt precipitation; 

Collagen cross-linking; Mechanical resilience; Enzymatic stability; Macrophage 

response; Cytokine release; Foreign body response; Host response; Inflammation; 

Collagen sterilisation; Collagen stability. 

  



 

 XXXII    

 

 

 



Chapter 1 ï Introduction 

 1   

 

 

 

 

 

 

 

 

Chapter 1: Introduction 

 

 

Sections of this chapter have been published or are under submission at: 

Delgado LM, Pandit A, Zeugolis DI. Influence of sterilisation methods on collagen-

based devices stability and properties. Expert Rev Med Devices. 2014;11(3):305-

314. 

Delgado LM, Bayon Y, Pandit A, Zeugolis DI. To cross-link or not to cross-link? 

Cross-linking associated foreign body response of collagen-based devices. Tissue 

Eng Part B Rev. 2015;21(3):298-313. 

Abbah SA*, Delgado LM*, Azeem A, Fuller K, Shologu N, Keeney M, Biggs MJ, 

Pandit A, Zeugolis DI. Harnessing Hierarchical Nano- and Micro-Fabrication 

Technologies for Musculoskeletal Tissue Engineering. Adv Healthc Mater. 

2015;4(16):2488-2499. *: S.A.A. and L.M.D. contributed equally to this work. 

Sorushanova A, Delgado LM, Wu Z, Shologu N, Kshirsagar A, Raghunath RN, 

Mullen AM, Bayon Y, Pandit A, Raghunath M, Zeugolis DI. New tricks for the old 

protein ï Collagen biosynthesis, characterisation and device development. 

Submitted.  



Chapter 1 ï Introduction 

 2   

 

1.1. Introduction  

Collagen is one of the major structural extracellular matrix (ECM) proteins in 

mammals, constituting 20 to 30% of the total body proteins. To-date, 29 different 

collagen types have been identified [1], with all types sharing a unique and common 

triple-helical configuration with a repeated [Gly-X-Y]n sequence, where X- is often 

proline and Y- is frequently hydroxyproline [2, 3]. Among the different collagen 

types, collagen type I, predominantly localised in skin, tendon, cornea and bone, is 

the most abundant in the body and consequently the most widely studied. Collagen-

based materials, in the form of tissue grafts and reconstituted scaffolds (Although 

scaffold has been traditionally defined as three-dimensional macroporous substrate, 

it could be currently defined as 2D or 3D engineered devices mimicking ECM 

properties and allowing cell and tissue infiltration), are attractive for biomedical 

applications such as wound healing, due to their natural composition and their well-

tolerated degradation products, are perceived by the host as normal constituents 

rather than as foreign matter and therefore provide an acceptable host response [4]. 

In addition to their superior mechanical properties, collagen-based devices provide 

instructive cues to the cells, promoting this way functional tissue repair and 

regeneration [5, 6]. It is therefore not surprising that the collagen-based medical 

device market is estimated to reach US$ 3.7 billion by 2017 [7]. 

The natural cross-linking pathway of lysyl oxidase is responsible for mechanical 

resilience of tissues and their proteolytic resistance [8]. Given that the natural cross-

linking pathway of lysyl oxidase does not occur in vitro, the harsh extraction / 

purification methods [9], scaffold fabrication technologies [10] and the subsequent 

sterilisation methods [11] necessitate the introduction of exogenous cross-links 

(chemical, physical or biological in nature) into the molecular structure of collagen 
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implants to control their degradation rate and enhance their mechanical stability [12-

14]. However, such cross-linking approaches are associated with numerous shortfalls 

as a function of the cross-linking density / method, including cytotoxicity [15, 16], 

calcification [17-19] and foreign body response [20, 21], impairing wound healing. 

The physico-chemical and biological factors need to be maintained after the final 

sterilization processing. Effective sterilization is required, as with every other 

medical device. However, current sterilisation methods may adversely affect 

material properties, release profile of therapeutic molecules, protease degradation 

and in vivo absorption rate [22-24], they simultaneously give rise to potentially 

beneficial changes with respect to cellular attachment and growth [25]. Indeed, both 

moist and dry heat are known to denature, albeit to different extent, the triple helical 

structure of collagen [12], resulting in the increased availability of the otherwise 

cryptic RGD motifs that are recognised by integrins, thus promoting cell attachment 

[26, 27]. 

In this chapter, the physiological and impaired wound healing, the collagen sources 

and extraction methods and the collagen cross-linking and sterilisation methods are 

discussed. The project rationale is also introduced. 
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1.2. Wound healing 

1.2.1. Physiological wound healing 

The wound healing process is the innate response of all tissues to any injury or 

device implantation. It is a complex process that is regulated by several cell types; 

growth factors; and cytokines that direct the four overlapping phases (Figure 1.1 and 

Figure 1.2), namely haemostasis, inflammation, new tissue formation and tissue 

remodelling [28]. 

Haemostasis occurs immediately after injury or device implantation. Released 

factors from the tissue induce platelets to secrete clotting factors (e.g. mainly 

serotonin, thromboxane, PDGF, TGF-ɓ) to promote coagulation and to develop a 

fibrin clot [29]. This provisional fibrin matrix acts as a scaffold for further cell 

migration. Simultaneously to the formation of the fibrin clot, a dynamic interaction 

between blood plasma proteins and the device surface occurs and a provisional 

matrix around the biomaterial surface is developed; this event is known as Vroman 

effect [30]. The initial protein adsorption depends on the surface properties of the 

device, including wettability [31, 32]; surface charge / chemistry [33, 34]; 

topography / roughness [35-37]; and stiffness [38], which modulate cell / 

inflammatory response and subsequent wound healing. 

Following haemostasis, acute inflammation begins between 24 and 48 hours after 

injury. This phase is characterised by the recruitment of neutrophils and mast cells in 

response to chemokines (cytokines with chemo-attractive properties) and other 

chemo-attractants (mainly IL-1, IL-6, IL-8, MCP-1, MIP-1 and TNF-Ŭ) [39, 40]. 

Neutrophils and mast cells phagocytise foreign material, bacteria, dead cells and 

damaged matrix within the wound. The presence of contaminants / foreign matter at 

wound bed increases neutrophil presence, reactive oxygen species (ROS) and 
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cytokine signalling [39, 41]. Neutrophils secrete TGF-ɓ, PDGF, PF4 and IL-1 to 

recruit further mast cells and monocytes. Mast cells secrete histamine and other 

cytokines that recruit leukocytes into the injury site. After 48-72 hours, monocytes 

migrate and differentiate into macrophages, which secrete TNF-Ŭ, IL-6, RANTES, 

MCP-1 and MIP-1 to recruit further macrophages and dominate the cell population 

at the injury site [42]. Initially, macrophages are mainly M1 phenotype, a pro-

inflammatory or classically activated phenotype. M1 macrophages attack potential 

pathogens or phagocytise at the wound site, as a response to IFN-ɔ, TNF-Ŭ or 

bacterial lipopolysaccharides. Gradually, M1 macrophages change to M2 phenotype, 

an anti-inflammatory or alternatively activated phenotype. M2 macrophages have 

been described as displaying different sub-phenotypes or roles, which are anti-

inflammatory (M2a), immunoregulatory or homeostatic (M2b) and pro-wound 

healing (M2c) [43-45]. The macrophage phenotype switch is induced by cytokines, 

such as IL-4, IL-10 and IL-13, and functional reconstruction depends on the timing 

of this change. Macrophage activation and polarisation is crucial in the coordination 

of the later inflammation and regeneration phases [46, 47]. Thus, macrophage 

polarisation and activation is at the forefront of scientific investigation, with various 

studies aiming to modulate it using biophysical cues (e.g. architectural features [48]; 

topographical patterns [36]); biochemical signals (e.g. incorporation of 

glycosaminoglycans [49] or drugs [50]); and biological means (e.g. gene therapy 

with lipoplexes [51] or polyplexes [52]). 

New tissue formation begins 2-10 days after injury and is identified by migration and 

proliferation of different cell types that produce new ECM and form the initial 

wound. In skin, for example, keratinocytes migrate over the dermis and restore the 

barrier function of the epidermis [39], while fibroblasts, attracted by macrophage 
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cytokines, migrate to the injury site from the wound edge or bone marrow and 

differentiate into myofibroblasts, contributing to the wound contraction [53]. During 

this stage, fibroblasts and myofibroblasts interact, migrate, proliferate and secrete 

ECM proteins to replace the fibrin matrix and form new tissue, predominantly 

constituted by collagen type III and smaller amounts of fibronectin, elastin and 

proteoglycans [39, 54]. Meanwhile, macrophages and fibroblasts secrete VEGF and 

FGF2 respectively that promote endothelial and progenitor cells to produce new 

blood vessels [54, 55]. These new vessels start out from pre-existing vessels adjacent 

to the wound [39]. 

Tissue remodelling significantly increases 2-3 weeks after injury and could continue 

for over a year. The remodelling phase is characterised by different cell types 

undergoing reduction in cell activity and apoptosis and the creation of mature blood 

vessels. Collagen type III is gradually replaced by collagen type I, an event mainly 

controlled by matrix metalloproteinases (MMP), tissue inhibitors of matrix 

metalloproteinases (TIMP) and mechanical stress and strain. The properties of the 

tissue are partially recovered, but the new tissue hardly ever reaches the pre-injury 

state; for example, dermis reaches up to 70% of its pre-injury tensile strength [39]. 
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Figure 1.1. Temporal distribution of the four overlapping wound healing phases (A) 

and associated cell type (B).  
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Figure 1.2. Acute inflammation is characterized by the presence of neutrophils, 

monocytes, and macrophages. Depending on the resolution of the acute 

inflammation, injury repair could lead to a wound healing process or a classical 

foreign body response. In wound healing, M2 macrophages attract fibroblast and 

endothelial cells to secrete a new vascularized tissue. This connective tissue replaces 

fibrin clot and degraded scaffold. Tissue remodelling is the last healing and could 

continue for over a year. In foreign body response, acute inflammation persists over 

time and M1 macrophages aggregate into foreign body giant cells (FBGCs). M1 

macrophages and FBGCs fail to degrade the foreign scaffold, resulting in fibroblast 

recruitment and deposition of a fibrous connective tissue around the scaffold (peri-

implantation fibrosis).  
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1.2.2. Impaired wound healing 

Multiple potential factors, local (e.g. injury size, infection, device properties and 

degradation products) or systemic (e.g. nutrition, age, health state) [56] in nature can 

interfere with one or more wound healing stages resulting in improper or impaired 

wounds. The most common impaired wounds after device implantation are delayed 

acute wounds, chronic wounds and peri-implantation fibrosis, the hallmark of which 

is a patch of inflammatory cells, mainly macrophages and foreign body giant cells 

(FBGCs), and a disorganised extracellular matrix, mostly collagen [39, 56]. The 

foreign body response is composed of macrophages, foreign body giant cells and a 

fibrous connective tissue around the scaffold, this response is considered the end-

stage response of a pro-inflammatory responses following implantation of a medical 

device [42]. On the other hand, chronic wounds are defined as wounds that fail to 

proceed through the normal wound healing phases in an orderly and timely manner, 

including excessive levels of pro-inflammatory cytokines, proteases, ROS, and 

senescent cells [57]. 

In severe burns, immunosuppression is brought about due to suppression of T-cell 

proliferation, large macrophage activation and high amount of pro-inflammatory 

cytokine and free radicals that predispose patients to impaired healing, infection and 

systemic organ failure [58, 59]. 

Local factors, such as bacterial contamination and foreign material that cannot be 

cleaned or degraded respectively, induce the inflammatory cells (monocytes, M1 

macrophages and FBGCs) to remain at the deviceôs interface, prolonging the 

inflammation phage to over months or years and leading into chronic inflammation 

and healing failure [39]. Systemic factors are associated with the overall health / 

disease state of the patient. Increased age is often associated with impaired wound 
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healing. For example, in healthy older adults, wound healing suffers a temporal 

delay associated with dysfunction of macrophage phagocytic capacity [60] and 

polarisation [61]; delayed angiogenesis [62]; and delayed collagen synthesis and re-

epithelisation [63]. Obesity, that nowadays affects over 500 million people 

worldwide [64], induces hypoxia and high infection rate due to skin folds and partial 

suppression of T-cell function [65, 66]; prompts wound dehiscence by increasing 

tension on wound site [67]; and alters adipocytes and macrophages ratio in adipose 

tissue, inducing increased production of adipocytokines (e.g. TNF-Ŭ, IL-6, IL-8 and 

MCP-1)[68]. This increase of adipocytokines, in combination with the activation of 

granulocytes and monocytes that secrete free radicals and proteolytic enzymes [66], 

compromise the wound healing process. Diabetes, with over 382 million sufferers 

worldwide in 2013 [69], increases reactive oxygen species production and reduces 

antioxidant secretion, leading to oxidative stress [70], which when combined with 

the hypoxic stress of diabetic wounds [71], leads to an increased inflammatory 

response [56]. Further, diabetic patients have several dysregulated cellular functions, 

including reduction of inflammatory cell recruitment [72]; limited bacterial 

phagocytosis [73]; and dysfunction of macrophage polarisation (maintaining a strong 

M1 marker expression and function [74] or fibroblast dysfunction [75]) that result in 

an unbalanced expression of growth factors and MMPs that inhibit new tissue 

formation [76], compromising that way physiological wound healing.  



Chapter 1 ï Introduction 

 11   

 

1.3. State of the art of collagen 

The term ócollagenô encompasses a large group (40 different genes form 29 homo- 

and hetero- trimeric molecules) of glycoproteins. In the human body, collagen is the 

major connective tissue component; it constitutes 75-90 % of the human skin, 

organic part of bone, cartilage, tendon and cornea and provides mechanical 

support/integrity and specific function of each tissue [77-87]. This abundance of 

collagen in human tissues has prompted scientific research and technological 

innovation into its utilisation as a scaffold fabrication material in tissue engineering 

applications due to its natural composition, favourable mechanical properties, low 

antigenicity and well-tolerated degradation products [4, 5, 12, 88-92]. In addition, 

collagen-based materials provide biological cues that support cell attachment, 

proliferation and growth, ultimately promoting functional repair and regeneration of 

tissues and organs in vivo [46, 93]. 

 

1.3.1. Collagen diversity 

óCollagenô encapsulates a broad range of glycoproteins with some common 

characteristic features: all collagen types share a unique and common triple-helical 

configuration with [Gly-X-Y]n amino acid sequence where X is often proline and Y 

is frequently hydroxyproline. The triple-helical structure is based on a right-handed 

triple helix formed by three left-handed polyproline Ŭ chains of identical length, 

which determines the unique quaternary structure of collagen stability [12, 93]. 

These difference between collagens have been identified by minor alterations in the  

collagen molecule in terms of triple helix length, molecular weight, charge profile, 

interruptions of the triple helix, size and shape of the terminal globular domains,  

cleavage or retention of the latter aggregates, and variation in the post-translation 
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modifications [6, 82]. To-date, all collagens have been classified into four different 

types: fibrous collagens (types I, II, III, V, XI, XXIV and XXVII consist of quarter-

staggered fibrils), non-fibrous collagens (types IV, VII and XXVIII with inabilities 

to form quarter-staggered fibrils by themselves), filamentous collagens (types VI, 

VII I and X) and fibril associated collagens with interrupted triple-helices (FACIT, 

types IX, XII-XVII, XIX ïXXIII and XXV) [1]. 

 

1.3.2. Collagen structure and conformation 

The triple-helical conformation is the common and unique structural element of all 

collagens, which was deduced from high angle X-ray fibre diffraction studies in 

tendon [94]. The collagen triple-helix (tertiary structure) has a coiled-coil structure 

made of three parallel polypeptide chains. Subsequently, each Ŭ-chain (secondary 

structure) is constituted by three collagen polypeptides which are wound around each 

other in a regular helix to generate a rope-like structure approximately (280nm in 

length and 1.4nm in diameter). In particular, collagen type I, present in the form of 

elongated fibres in skin, bone and tendon, present individual fibrils that can be 

longer than 500 ɛm with diameter about 500nm and contain more than 10 million 

molecules. The collagen fibrils possess a high level of axial alignment, which results 

in the characteristic D banding; this produces an average periodicity of 67 nm in the 

native hydrated state and 55-65 nm in dehydrated samples for electron microscopy 

[95-100]. 

Moreover, the intra-molecular hydrogen bonds between glycines in adjacent chains 

provide the helix stability. The hydroxyl groups of hydroxyproline residues are also 

involved in hydrogen bonding the stabilisation of triple helix structure. Specifically, 

the two hydrogen bonds formed within the chains are due to the attraction force 
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between the amine group of a glycyne residue and the carboxylic group of the 

residue in the second position of the triplet in the adjacent chain and the second bond 

is 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. Each Ŭ-

chain is a left-handed helix and the three chains are staggered by one residue relative 

to each other and are super-coiled around a central axis and form a right-handed 

super-helix [101-104]. At each end of the collagen molecule is a short non-helical 

region known as telopeptide. These telopeptide domains are crucial for the fibril 

formation and are involved in the collagen cross-linking process [105-107]. 

 

1.3.3. Collagen-based materials in Tissue Engineering 

Collagenous materials, in various physical forms (tissue grafts, hydrogels, sponges, 

fibres, films, hollow spheres and tissue-engineered substitutes), are extensively used 

in Tissue Engineering. 

Autologous, allogeneic or xenogeneic tissue grafts are commonly used for tissue 

repair as their similar biological structure and molecular composition that allows cell 

infiltration and tissue ingrowth and remodelling [108, 109]. Due to the restricted 

availability of autografts, allogeneic and xenogeneic tissue graft such as skin [110], 

small intestine submucosa [111], bladder [112], pericardium [113] or tendon [114] 

grafts are well established in clinical therapies and used as gold standards. Tissue 

grafts manufacturing process should be designed in order to maintain structure, 

mechanical integrity and bioactivity of the tissue to the best extent possible [115]. 

Most common process includes separation of surrounding tissues, decellularisation, 

cross-linking, disinfection and sterilisation. Decellularisation is a crucial step which 

combines chemical, biological and physical treatments to remove cells and to 
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minimize the amount of cellular debris and any other molecules with immunogenic 

capacity [116, 117]. Chemical cross-linking treatment is also commonly used to 

control mechanical properties and degradation profile. However, cross-linking 

should be optimized for each application to avoid cytotoxicity, predominant pro-

inflammatory response and delayed wound healing or even peri-implantation fibrosis 

[46, 118]. Moreover, several different tissue grafts have been developed for each 

clinical application. For example, small intestine submucosa and bladder have been 

used for treatments, such as hernia, tendon, bladder and wound healing treatments, 

which require rapid cell infiltration, graft degradation and tissue remodelling with 

low mechanical performance [20, 112, 119-121]. On the other hand, skin derived 

tissue grafts are well established for ventral and abdominal hernia repair and infected 

wounds which require high mechanical performance and enzymatic resistance [20, 

122-125]. 

Collagen hydrogels are a network of collagen fibrils which is held together by 

electrostatic and hydrophobic bonds. Collagen has the ability of self-assembling 

when diluted collagen solutions are reconstituted at physiological pH, ionic strength 

and temperature [126-132]. The fluency and fast assembly time allow collagen 

preparations to be used as injectable systems for cell and molecules delivery [133]. 

Furthermore, cross-linking is used to control mechanical stability and degradation 

rate [134, 135]. Specifically for hydrogels, mechanical properties can be improved 

by plastic compression [136-140]. Collagen hydrogels have been employed in 

numerous clinical applications. Stem cells from skeletal muscle encapsulated into a 

collagen type I hydrogel increased cardiac genes expression, contractile forces and 

calcium ion exchange as native cardiac cells [141]. Moreover, embryonic stem cells 

or cardiomyocytes loaded in collagen type I hydrogels and mechanically stimulated 
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differentiated into cardiomyocytes [142] or cardiac muscle bundles [143], 

respectively. In the neural treatment, collagen type I hydrogels with or without 

growth factors, have been shown to promote neural polarity, adhesion, survival and 

growth [144-147]. In the cartilage repair, collagen type II hydrogels have been 

demonstrated to maintain chondrocyte phenotype [148, 149] and drive mesenchymal 

stem cell differentiation towards chondrogenic lineage [150-152]. 

Collagen sponges are obtained by freeze-drying. Initially, collagen is entrapped 

within the developing ice crystals and then ice is sublimated. This process permits 

controlling pore size and distribution by modifying collagen concentration and 

freezing set-up [153-155]. Pores should be designed to allow cell migration and 

nutrients/debris diffusion [156, 157]. Several different cell types and biomolecules 

have been combined with collagen sponges with promising in vitro and in vivo 

results. For example, collagen sponges with glycosaminoglycans or calcium 

phosphate scaffolds have been shown to repair rat calvarial defects as effectively as 

natural bone materials or biomaterials with mesenchymal stem cells [158-160]. 

Collagen sponges have also shown to retain growth factor such as bone 

morphogenetic protein 2, enhancing bone healing in critical size rat calvarial defect 

[161]. Regarding skin wound healing, collagen sponge with skin cell precursors 

accelerated wound healing and enhanced local capillary regeneration in a diabetic 

wound mice model [162]. On the other hand, adult bone marrow mesenchymal stem 

cells loaded into collagen sponges increased vascularisation in a immuno-deficient 

mice model [163]. Collagen sponges functionalised with different fibroblast growth 

factor [164-166] or platelet lysate [167] have been shown to regenerate full-thickness 

defects in normal and diabetic wounds. 
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As collagen hydrogels, hollow collagen microspheres can be used as carrier systems 

for drug delivery with high reproducibility, surface area, cargo capacity, controlled 

size, shape, dispersity and degradation rates [168, 169].  These hollow microspheres 

are obtained by the collagen deposition on sulphonated polystyrene beads as 

templates, which afterwards are removed, leaving behind the hollow collagen shell 

[168-172]. These hollow collagen spheres have been used for gene [52, 170], growth 

factor [173] and drug [174] delivery or ROS scavenging [175, 176]. 

Collagen fibres have been explored using three different methods: electrospinning, 

extrusion and isoelectric focusing. Electrospinning allows the fabrication of matrix 

composed of nanofibres of gelatin, as the current process leads to irreversible 

denaturation [177, 178]. Collagen fibres within 50 - 400 µm diameter and structural 

and mechanical properties similar to native tissues can be obtained by the extrusion 

of collagen solution in a series of phosphate buffers at 37 °C [179-185]. Collagen 

fibres with high collagen fibril alignment are prepared by isoelectric focusing, which 

induces collagen monomers to align and to migrate at isoelectric focusing point, 

where the overall charge is neutral [186]. Extruded collagen fibres have been shown 

to promote cell alignment and bidirectional cell growth [187, 188] and neotissue 

formation [189-191]. In tendon repair, extruded collagen fibres were infiltrated by 

new tissue; however, the resorption degree was low due to the high cross-linking 

level [191]. On the other hand, isoelectric focused collagen fibres induced 

bidirectional growth of tenocytes and bone marrow stromal cells [192, 193] and to 

stimulate tenogenic differentiation of bone marrow stem cells [194, 195]. These 

fibres have also been shown to provide topographical cues for in vitro axonal 

guidance, even in the presence of myelin-associated glycoprotein that is known to 

inhibit neurite guidance [196]. 



Chapter 1 ï Introduction 

 17   

 

Finally, collagen films, produced through evaporation with or without previous 

fibrillogenesis, have been used extensively in biomedicine for several applications 

[197, 198]. Moreover, several approaches, such as magnetic field, soft lithography, 

imprinting or reverse dialysis, have been explored to align the sub-fibrillar structure 

of collagen within collagen films. In particular, magnetic field between 1.9 to 12 T 

during 30-90 minutes induced collagen fibrils to align perpendicularly to the field 

direction due to the negative diamagnetic moment of the collagen Ŭ chains [199-

206]. However, the superconducting magnets required to induce alignment have a 

high-cost and, therefore, iron oxide particles in combination with a low magnetic 

field of 0.0001 T have been explored to align collagen fibrils with partially 

satisfactory results [207, 208]. Given the high cost of this magnetic field technology, 

soft lithography has been explored for replicating topographical patterns such as 

grooves, pillars and holes [209, 210], even for cell encapsulation within patterns 

[211]. Molecular imprinting [212-214] and high speed spinning methods [214, 215] 

have also been used to align collagen fibrils through the introduction of high shear 

forces during the collagen impression on a substrate. Both molecular imprinting and 

high speed spinning result in slightly misaligned collagen film due to the fast 

collagen desiccation requirement to fix the fibril structure and alignment. 

Alternatively, reverse dialysis to obtained high collagen concentration and alignment 

have been explored successfully; however, further investigations are needed to 

increase the scaffold dimensions [213, 216].  

Collagen films with or without gelatin, hyaluronic acid, carbodiimide cross-linked or 

lamellae-like sub-structure, exhibited similar properties to human cornea and 

supported growth of human corneal epithelial cells and stromal fibroblasts [217-

219]. On the other hand, collagen films were used to guide pulmonary stem cell 
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attachment and growth [220], while same films functionalised with FicollÊ and 

cross-linked with genipin supported WI38 fibroblasts attachment and proliferation 

[197]. Given that collagen films can be wrapped to obtain single channel tubes, they 

have been for peripheral nerve regeneration with successful neurite outgrowth from 

explants [221]. Even more, these wrapped collagen films have reached the clinical 

market as nerve guidance conduits such as NeuraWrapÊ, NeuroMendÊ, 

NeuroMatrixÊ, NeuraGenÊ [222], reducing myofibroblast infiltration while 

guiding Schwann cell migration and axonal regrowth towards their distal targets 

smaller than 4 cm in length [223-225]. Furthermore, magnetically aligned collagen 

scaffolds in combination of proteoglycans  or hyaluronic acid have been used to 

align human keratocytes [202] or to maintain primary chondrocytes [203] in culture, 

respectively.  



Chapter 1 ï Introduction 

 19   

 

1.4. Assessment of the inflammatory response to collagen-based devices 

Herein, host / macrophage response is discussed, as a function and extent of the 

cross-linking density / method employed to stabilise collagen-based devices. The 

extent of cross-linking can be assessed by denaturation temperature, quantification of 

free amine groups, swelling, mechanical properties and / or resistance to enzymatic 

degradation. However, denaturation temperature is customarily used to assess cross-

linking density due to the simplicity and accuracy of the technique. Thus, herein we 

define collagen materials that are slightly cross-linked; moderately cross-linked; and 

heavily cross-linked as those that have exhibited denaturation temperature of <65 °C; 

65-70 °C; and >70 °C, respectively. 

 

1.4.1. Methods for assessing in vitro inflammatory response to collagen-based 

devices 

Although numerous cells (e.g. macrophages [113], monocytes [226], neutrophils 

[227], leukocytes [228] and dendritic cells [229]) are employed to study the in vitro 

inflammation response to biomaterials, macrophages appear to be the preferred cell 

population for collagen-based devices. This may be due to the determinant role of 

macrophages in the resolution of inflammation and wound healing and the 

availability of techniques to characterise macrophage sub-populations and response 

[230]. To date, the most reliable macrophage sources are those isolated from human 

peripheral blood mononuclear cells (PBMCs) [49] and immortalised cell lines, such 

as human derived leukemic monocyte cell line (THP-1) [52]; human leukemic 

lymphoma monocytes cell line (U937) [113]; and mouse leukemic monocyte-

macrophage cell line (RAW264.7) [231]. The advantages of immortalised 

macrophage cell lines include higher accessibility; lower cell phenotype variability; 
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unnecessary addition of inflammatory mediators in media to prevent apoptosis; and 

cryopreservation without detrimental effect on cell viability and differentiation [232, 

233]. Nonetheless, immortalised cell lines suffer from certain cell dysfunctions, such 

as adapted growth in culture, reduced cell-cell interaction and decreased protein 

secretion [234]. 

Our understanding of the host response to collagen-based materials is largely 

attributed to experimental data on macrophage activation and polarisation (Figure 

1.3). Macrophages express different surface markers according to each sub-

population; M1 macrophages are positive for CD80, CD86 and CCR7, whilst M2 

express CD163 and CD206 [43, 46]. Furthermore, the different macrophage sub-

populations direct inflammation and tissue repair by secreting cytokines and other 

reactive species. Specifically, M1 macrophages produce pro-inflammatory cytokines 

such as IL-1Ŭ, IL-1ɓ, IL-6, IL-8, IL-12, IL-23 and TNF-Ŭ, whilst M2 macrophages 

secrete IL-1ra, IL-4, IL-10, IL-13, VEGF, TGF-ɓ and arginase [43-46]. M1 

macrophages regulate inflammation and collagen-based devices degradation by the 

secretion of nitrites, reactive oxygen species (ROS) and MMPs [113, 235]. 
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Figure 1.3. Macrophages polarized from M0 (non-polarised) to M1 (pro-

inflammatory) or M2 (M2a, anti-inflammatory; M2b, homeostatic; M2c, wound 

healing) depending on inducing signals. Each macrophage subpopulation expresses 

different surface markers, cytokines, and reactive species. CD, cluster of 

differentiation; FBF-2, puf-domain RNA-binding protein; IFN, interferon; IL, 

interleukin; LPS, lipopolysaccharide; MMP, matrix metalloproteinases; NO, nitric 

oxide; ROS, reactive oxygen species; TGFb, transforming growth factor beta; TNF-

a, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor.  
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1.4.2. In vitro  assessment of inflammatory response to collagen-based devices 

Cross-linked collagen-based materials have been shown to preferentially alter 

macrophage response in vitro (Table 1.1). GTA cross-linked decellularised bovine 

pericardium (non-commercial material) induced moderate fibroblast cytotoxicity and 

THP-1 macrophage activation, which secreted higher amount of TNF-Ŭ and IL-6 

than the non-cross-linked counterpart [236]. Additionally, this same material altered 

U937 macrophage morphology (cell area reduction and disrupted membrane), 

reduced attachment and viability, increased release of pro-inflammatory cytokines 

(TNF-Ŭ and IL-6) and changed MMP pattern secretion (up-regulated MMP-1 and 

down-regulated MMP-2 and MMP-9), whilst EDC cross-linked pericardium reduced 

the release of pro-inflammatory cytokines, altered MMP pattern and induced 

rounded macrophage [113], which morphology has been recently associated with M1 

macrophages [237]. Moreover, PBMCs released higher amount of TNF-Ŭ and IL-6 

than IL-10, when cultured on non-commercial GTA cross-linked porcine pulmonary 

valves [238]. With regard to reconstituted collagen materials, non-commercial EDC 

cross-linked collagen sponges have been shown to increase in vitro resistance to 

degradation by macrophages; however, these sponges promoted RAW 264.7 

macrophage aggregation to form FBGCs that gradually degraded the sponges [239]. 

When incubated with human primary monocytes / macrophages, commercially 

available slightly cross-linked (HMDI) porcine dermis grafts (PermacolÊ Surgical 

Implant, Covidien, denaturation temperature of 60-61 °C [110, 240], whilst its non-

cross-linked counterpart has denaturation temperature of 56-57 °C [241]) induced 

low amount of pro-inflammatory (TNF-Ŭ, IL-1ɓ, IL-6, MCP-3, MIP-1Ŭ) and anti-

inflammatory (IL-1ra, CCL18, MIP-4) cytokines, when compared to other synthetic 

materials used for soft tissue repair, showing a low M1/M2 protein secretion index 
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[242]. Moreover, PermacolÊ materials did not alter in vitro leukocyte viability, 

activation and reactive oxygen species expression. When they were exposed to fresh 

human peripheral whole blood, they behaved similarly to their non-cross-linked 

counterparts [228]. As EDC treatment, non-commercial DHT cross-linked collagen 

sponges induced FBGCs formation, although the treatment increased the enzymatic 

resistance [239]. 

Macrophage activation has also been associated with release of chemicals / 

processing by-products and surface modification. Specifically, released by-products 

from HMDI and EDC cross-linked porcine dermis grafts (PermacolÊ, and 

CollaMendÊ FM Implant, Bard, denaturation temperature at 66 ÁC [110, 240]) were 

associated with the increase of pro-inflammatory (IL-1ɓ, IL-6, IL-8) and vascular 

(VEGF) cytokine expression of human PBMCs [243]. However, a recent publication 

questioned this theory, as no cross-linking agent traces were detected by nuclear 

magnetic resonance spectroscopy on conditioned media with non-commercial GTA 

cross-linked collagen scaffold, and put forward the notion that the increase of pro-

inflammatory cytokine expression may be induced by collagen surface modification 

as a function of cross-linking method employed [113]. Overall, cross-linking of 

collagen-based devices has been shown to induce a pro-inflammatory response: 

macrophage activation and increase of pro-inflammatory cytokine release. Despite 

the significant efforts and the advances in elegant readout systems, the mechanism 

by which cross-linking alters inflammation has not been elucidated as yet. 
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Table 1.1. In vitro inflammatory response associated with cross-linked collagen-

based materials. 

Cross-linking 

agent 

Summary of in vitro results References 

GTA 

(i.e. Peri-Guard
®
 & 

non-commercial 

materials) 

Alteration of macrophage morphology (cell area 

reduction and membrane disruption) 

Reduction of macrophage attachment and 

viability 

Up-regulation of pro-inflammatory cytokines 

Alteration of MMP secretion 

[113, 236, 

238] 

HMDI 

(i.e. PermacolÊ & 

non-commercial 

materials) 

Increase of enzymatic resistance 

Moderate up-regulation of pro-inflammatory and 

angiogenic factors/cytokines 

No alteration of leukocyte behaviour or release 

of reactive oxygen species 

[228, 242, 

243] 

EDC 

(i.e. CollaMendÊ 

& non-commercial 

materials) 

Increase of enzymatic resistance 

Up-regulation of pro-inflammatory and 

angiogenic factors/cytokines 

Induction of rounded macrophages and 

macrophage aggregations that form FBGCs to 

degrade the scaffolds 

[113, 239, 

243] 

DHT 

(i.e. non-

commercial 

materials) 

Increase of enzymatic resistance 

Induction rounded macrophages and of 

macrophage aggregations that form FBGCs to 

degrade the scaffolds 

[239] 
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1.4.3. In vivo models for assessing host response to collagen-based devices 

In vivo studies assessing host response can be roughly grouped based on the animal 

model employed (Table 1.2). Small animal models are primarily utilised to assess 

inflammatory response to novel devices, whilst large animal models are used óas 

closeô replicates of clinical setting. The most common small animal model for 

collagen-based devices in vivo characterisation is the subcutaneous implantation in 

mouse or rat for up to a month in duration [21, 112]. A rat full-thickness skin defect 

model has also been used to evaluate the wound healing ability of collagen materials 

combined with plastic dressings in acute and chronic wounds [244, 245]. The rabbit 

ear model has also been used to study specific wounds, such as burns [246] and 

hypertrophic scarring [247]. Inflammatory response and wound healing are evaluated 

by routine histological analysis that is sometimes complemented with immuno-

staining and evaluation of protein and gene expression levels. Collagen-based 

devices have been extensively assessed in large animal abdominal muscle model 

repair with significant differences in the size of the defect, time points and 

characterisation methods (Table 1.2). However, rat abdominal model has also been 

used to evaluate collagen devices for soft tissue repair, despite the lower 

biomechanical stimulus of small animal models compared to large animals. 

Obviously, the type of the defect depends on the size of the animal; partial-thickness 

defect is induced in small animals [248], whilst full-thickness defect is used in large 

animals [249]. Furthermore, small animal models are primarily used to study early 

host response; thus such studies have more early time points (before 30 days). In 

contrary, large animal models are primarily focused on long-term response and 

therefore early time points (less than 30 days) are hardly ever of interest. Although 

routine histological analysis is carried out in both small and large animal models, 
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small animal models use more immunohistochemistry, ELISA and PCR assays to 

study inflammation cells, surface markers, proteins and cytokines, whilst large 

animal models study functional parameters, such as histomorphometry and 

mechanical properties of the new tissue. This deviation may be due to the lack of 

antibodies for large animal models, such as pig, sheep and bovine species. 
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1.4.4. In vivo assessment of host response to collagen-based devices 

Non-cross-linked (Table 1.3) acellular ECM tissue grafts have shown different host 

response depending on their origin. Commercially available porcine small intestinal 

submucosa (SIS; SurgisisÊ Soft Tissue Graft, Cook, denaturation temperature of 

61-62 °C [110, 240]) and porcine bladder commercially available (MatriStem, Acell) 

[20] or research grade [112, 251] promoted a dense mononuclear cell infiltration, 

predominantly neutrophils at week 1 and macrophages (more M2 macrophages than 

M1) at week 2. At week 4-5, SIS and bladder grafts were completely degraded and 

grafts were followed by constructive wound healing; grafts were totally replaced by 

organised collagenous connective tissue and skeletal muscle tissue. Evidence of 

FBGCs and peri-implantation fibrosis were not observed [20, 112] or the fibrous 

tissue surrounding the implants was slight, less than 52 µm [251]. In the same way, 

commercially available human, porcine and bovine dermis (Alloderm
® 

Tissue 

Matrix, LifeCell, denaturation temperature 64 ÁC; StratticeÊ Reconstructive Tissue 

Matrix, LifeCell, denaturation temperature 60 °C; SurgiMendÊ Collagen Matrix for 

Soft Tissue Reconstruction, TEI Biosciences, denaturation temperature 57 °C [110]) 

demonstrated a dense mononuclear cell infiltration, higher M2 macrophage 

population than M1, and no presence of FBGCs or encapsulation [20, 253, 258, 

259]. However, dermis grafts showed lower cell infiltration, degradation and new 

tissue formation than those of SIS and bladder [20, 253, 258, 259], prolonging graft 

remodelling over 12 months [258, 259]. This longer degradation may be due to the 

higher organisation and density of dermis compared to SIS or bladder. With regards 

to reconstituted collagen materials, non-cross-linked materials have been shown to 

be well-tolerated, to promote tissue regeneration with minimal inflammatory 

response [93]. Finally, the wound healing capacity (cell infiltration, new tissue 



Chapter 1 ï Introduction 

 32   

 

deposition and neovascularisation) of non-cross-linked collagen materials have also 

been confirmed in clinical setting [260]. 
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Table 1.3. In vivo response associated with cross-linked collagen-based materials. 

The degree of cross-linking regulates scaffold stability and host response. 

Cross-linking 

agent 

Summary of in vivo results Ref. 

Non-cross-

linked 

In general, non-cross-linked collagen materials: 

Relevant initial cell infiltration 

High ratio M2/M1 macrophages 

Functional reconstruction, no encapsulation 

[20, 256, 

260-262] 

Porcine SIS and bladder (i.e. SurgisisÊ, 

MatriStemÊ or other non-commercial materials): 

Fast degradation and remodelling ratio 

[112, 

248, 

251] 

Human, porcine and bovine dermis (i.e. StratticeÊ 

or other non-commercial materials): 

Lower cell infiltration and over-extended remodelling 

over 12 months 

[20, 253, 

259] 

GTA 

Heavily cross-linked collagen-based materials (i.e. 

Peri-Guard
®
 & non-commercial materials): 

Reduced cell infiltration 

Low ratio M2/M1 macrophages 

Up-regulation of pro-inflammatory cytokines 

Foreign body response - Fibrous encapsulation 

[21, 112, 

249, 251, 

252, 256, 

263-265] 
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Cross-linking 

agent 

Summary of in vivo results Ref. 

HMDI 

Slightly cross-linked collagen-based materials (i.e. 

PermacolÊ): 

Reduced cell infiltration and similar early recruitment of 

mononuclear cells than its non-cross-linked counterpart 

and less than non-cross-linked SIS and bladder. 

Low degradation ratio, over 12-24 months (similar to 

non-cross-linked counterparts) 

Prolonged presence of macrophages around scaffold 

Prolonged remodelling and tissue support 

[228, 

253-255, 

257-260, 

262, 

266-268] 

HMDI 

Heavily cross-linked collagen-based materials (i.e. 

non-commercial materials): 

Poor cell infiltration and low ratio M2/M1 macrophages 

Up-regulation of IL-10 from FBGCs 

Over-prolonged presence of macrophages and FBGCs 

Limited scaffold degradation over 2 years, chronic 

inflammation and fibrous encapsulation 

[21, 250, 

269] 

EDC 

Slightly cross-linked collagen-based materials (i.e. 

non-commercial materials): 

Relevant initial cell infiltration 

Scaffold degradation and remodelling over 180 days 

New connective tissue replace degraded scaffold 

 

[112, 

270-273] 
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Cross-linking 

agent 

Summary of in vivo results Ref. 

Moderately and heavily cross-linked collagen-based 

materials (i.e. CollaMendÊ & non-commercial 

materials): 

Reduced cell infiltration 

Low ratio M2/M1 macrophages 

Limited scaffold degradation over 12 months 

Prolonged presence of macrophages and FBGCs around 

scaffold 

Chronic inflammation and fibrous encapsulation 

[20, 240, 

248, 

253-255, 

260, 

262] 

Genipin 

Slightly cross-linked collagen-based materials (i.e. 

non-commercial materials): 

Moderate initial cell infiltration 

Scaffold degradation and remodelling up to 12 months 

New connective tissue replace degraded scaffold 

[274] 

Heavily cross-linked collagen-based materials (i.e. 

non-commercial materials): 

Reduced cell infiltration 

Limited scaffold degradation at 12 months 

Prolonged presence of macrophages and FBGCs around 

scaffold and chronic inflammation 

[274, 

275] 
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Chemically cross-linked collagen-based devices demonstrated extended support on 

the defect area overtime, when compared to the non-cross-linked counterparts [276]. 

Commercially available GTA cross-linked tissue grafts (Table 1.3) (Peri-Guard
®
 

Repair Patch, Synovis, denaturation temperature 83 °C [110]) have been shown to 

elicit chronic inflammation and typical foreign reaction, as evidenced by the early 

dense accumulation of mononuclear cells and the prolonged presence of 

macrophages, FBGCs and fibrous encapsulation surrounding the implant [249, 256, 

263]. GTA cross-linked bovine pericardium grafts reduced M2/M1 macrophage ratio 

during inflammation phase, as compared to non-cross-linked grafts [252]. Moreover, 

non-commercial GTA cross-linked sheep collagen disks induced a massive 

infiltration of neutrophils that secreted a high amount of MIP-1, MCP-1 and IFN-ɔ, 

recruiting and activating macrophages. As a result, macrophages upregulated IL-6 

and downregulated IL-10, IL-13, promoting FBGC formation [21]. Additionally, 

commercially available GTA cross-linked collagen sponges for guided bone 

regeneration and guided tissue regeneration (BioMend
®
 ExtendÊ, Zimmer Dental) 

promoted ossification in vivo; however, the incidence of mucosa tissue perforation 

was increased [277]. This tissue perforation may be related to the prolonged 

degradation over 24 weeks, decreased tissue integration and vascularisation, and 

prolonged presence of macrophages and FBGCs around the material [278]. Similar 

to tissue grafts, non-commercial GTA cross-linked collagen hydrogels demonstrated 

a reduced in vivo degradation (20% degradation after 6 weeks), whilst their non-

cross-linked counterparts were largely degraded within a week. However, GTA 

cross-linked hydrogels reduced cell infiltration and promoted a dense connective 

tissue layer with inflammatory cells around the hydrogel at an early stage [264]. The 

non-healing result of GTA cross-linked collagen materials has been attributed to the 
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toxicity of GTA residues [265] and the high cross-linking density that prohibit 

degradation and cell infiltration, even after 2 years of implantation [263]. 

Slightly cross-linked (HMDI) porcine dermis PermacolÊ (Table 1.3) has displayed 

high resistance to degradation in vivo and in clinical applications, maintaining 

structural integrity for over 2 years [253, 266]. PermacolÊ has also been shown to 

induce early recruitment of mononuclear cells around the graft and limited cell 

infiltration than its non-cross-linked counterpart [259]. However, this early 

inflammatory cell population recruitment has been shown to be lower for 

PermacolÊ than non-cross-linked SIS and porcine and human dermis (SurgisisÊ, 

StratticeÊ and Alloderm
®
, respectively). However, this response was normalised 

between all grafts over extended periods [255, 259]. Regarding cell infiltration, 

mononuclear cells were detected around PermacolÊ and only infiltrated through 

material pores; only 20% of implants were colonised at day 14 and the totality of 

graft was colonised after 1 month [254, 255, 258]. At 90 days, PermacolÊ showed a 

higher amount of macrophages (RAM-11 positive, specific antibody for rabbit 

macrophages) and FBGCs than non-cross-linked SIS graft (SurgisisÊ), but slightly 

lower macrophage recruitment than other cross-linked porcine dermis graft 

(CollaMendÊ) [254]. After 90 and 180 days of implantation, PermacolÊ implants 

were surrounded by a new randomly organised connective tissue and fibroblast, 

supporting tissue integration in its immediate environment. This new tissue adhered 

to the implants, penetrated them through surface pores and showed a lower collagen 

density than that of the typical fibrous tissue [253, 255, 257]. Although PermacolÊ 

demonstrated reduction of remodelling ratio, as non-cross-linked StratticeÊ and 

Alloderm
®
, the absence of encapsulation may indicate that these materials are well 

tolerated and integrated, as they may be assimilated as a normal host matter. 
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Non-commercial heavily cross-linked (HMDI) dermal grafts (denaturation 

temperature of 74 °C) exhibited extended degradation resistance; induced a limited 

cell infiltration and demonstrated a prolonged delay in wound healing [269]. These 

observations may be related to the IL-10 upregulation from FBGCs, which is known 

to upregulate transcription of TIMP-1, preventing degradation by MMPs. This has 

also been observed in heavily cross-linked (HMDI) dermal sheep collagen disks [21] 

and heavily cross-linked (HMDI) bovine collagen type I disks [250]. 

Decellularisation and delipidation process can also dramatically influence the 

inflammatory profile of collagen grafts. Specifically, HMDI cross-linked porcine 

dermis grafts, that were decellularised and delipidated with sodium dodecyl sulphate 

(SDS) and non-cross-linked SIS (SurgisisÊ) have shown increased ROS expression 

as compared to non-cross-linked collagen grafts (StratticeÊ and AllodermÊ), 

PermacolÊ and non-cross-linked PermacolÊ [228]. This suggests that ROS 

increase may be processing-dependent. Finally, PermacolÊ has been widely used 

for human hernia repair with favourable outcomes, as compared to synthetic 

implants [261]. Nonetheless, tissue grafts have been associated with a 10% failure 

rate and 14% chronic inflammation issues for the most complex surgery cases for 

which no ideal material exists as yet [266-268]. Commercially available HMDI 

cross-linked porcine dermis (Zimmer
®
 Collagen Repair Patch, Zimmer) has been 

used for rotator cuff repair with significant improvement of tendon functionality 

[279]; however, chronic inflammation has been reported in few cases [280]. It is 

worth pointing out that these clinical studies were focused on visual observations of 

the wound and CT scans to evaluate seroma formation; hernia recurrence; and 

infection. The lack of systematic tissue analysis prohibits precise identification of the 

cause; is it the graft itself or the comorbidity of the patients? 
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EDC has also been studied extensively with in vivo degradation and host response 

depending on the tissue graft characteristics (Table 1.3). Commercially available 

EDC cross-linked porcine dermis grafts (CollaMendÊ) showed high resistance to 

degradation, with no degradation signs and no significant cell infiltration for over 

180 days [255]. Further, CollaMendÊ induced a disorganised connective tissue with 

a large amount of macrophages and FBGCs at the implant interface at day 7, 

reaching the highest cell amount by day 14. By day 30-35, these materials were 

encapsulated within a dense collagenous tissue and FBGCs [20, 253]; encapsulation 

and non-constructive remodelling layer were evidenced over 180 days, the longest 

published time point [240, 255]. Regarding macrophage polarisation, CollaMendÊ 

implants presented the lowest population of M2 macrophages (CD206+) and the 

highest of M1 macrophages (CCR7+) [20]. EDC cross-linked porcine dermis has 

been employed for human abdominal wall reconstruction and clinical data showed 

similar recurrence to HMDI cross-linked porcine dermis, largely attributed to poor 

tissue integration and delay in wound healing [260, 262, 281]. However, these 

clinical studies did not assess inflammatory response in detail. Another 

commercially available EDC cross-linked SIS (CuffPatchÊ, Arthrotek) showed 

similar results to CollaMendÊ; a higher amount of M1 macrophages (CD80+ and 

CCR7+) than M2 macrophages (CD163+) and a prolonged presence of macrophages 

and FBGS over 16 weeks were reported [248]. Interestingly, further investigations 

demonstrated that the degree of EDC cross-linking of non-commercial decellularised 

porcine bladder modulated degradation rate, whilst it delayed the different stages of 

reconstructive wound healing [112]. Specifically, the low dose EDC cross-linked 

tissue grafts (0.0005 mmol per mg of tissue) were completely infiltrated with host 

cells by day 7 and remained intact, with new collagen being deposited after 28 days. 
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The degradation of these tissue grafts and new collagenous connective tissue 

deposition was evidenced up to 180 days. The high dose EDC cross-linked porcine 

bladder (0.0033 mmol per mg of tissue) displayed the same tendency than the low 

dose EDC with some delays in remodelling: low degradation at day 63 and partial 

degradation with new organised connective tissue by day 180 [112]. Authors of this 

study mentioned that the outstanding cellular infiltration and the remodelling 

features are due to the slight cross-linking degree and the fibroporous structure of 

these materials. Certainly, the introduction of interconnected porosity (30-40 µm 

pore size) in other synthetic bulk materials has been demonstrated to promote M2 

macrophages and to increase integration of the materials [282]. Although porosity 

would be a relevant designing parameter modulating host response, it has not been 

explored in detail for collagenous materials. 

The same host response tendency than EDC cross-linked tissue grafts was observed 

for EDC cross-linked collagen-elastin sponges (non-commercial materials) [270]; the 

low degree of EDC cross-linking (0.3 mM EDC) increased stability of the scaffolds 

and supported tissue regeneration, although it delayed the wound healing phases. In 

contrast, the medium degree of EDC cross-linking (0.5 mM EDC) impaired wound 

healing, induced more macrophages and FBGCs, and scarring was evidenced [270]. 

Furthermore, low dose EDC cross-linked collagen conduits and sponges (non-

commercial materials) have been shown to increase guidance of regenerating axons 

through distal peripheral nerve sections without obvious macroscopic signs of 

inflammation or neuroma formation [271-273]. 

As with other cross-linking methods, genipin cross-linking (Table 1.3) has been 

shown to increase resistance to degradation for over a year of non-commercial 

collagen materials, which delayed wound healing [274, 275]. 0.00625, 0.05 and 
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0.625% genipin was used to cross-link bovine pericardium tissue grafts. 0.00625% 

genipin cross-linked grafts were unable to elicit tissue regeneration due to premature 

degradation and lack of cell support. 0.05% genipin cross-linked grafts promoted a 

dense layer of inflammatory cells surrounding the grafts and low cell infiltration at 

day 3. Cell ingrowth increased with time, reaching maximum by month 3. A gradual 

graft degradation and new tissue deposition were observed over time; the graft was 

totally degraded and replaced by connective tissue after 12 months. In contrast, 

0.625% genipin cross-linked grafts presented more inflammatory cells; less graft 

degradation; and less tissue replacement; limited graft surface degradation was 

observed even after 12 months [274]. Ribose has also been used commercially to 

cross-link collagen sponges (Ossix
®
, ColBar LifeScience) for guided bone 

regeneration. This material has demonstrated prolonged degradation, limited cell 

integration and vascularisation, and to induce the presence of macrophages and 

FBGCs around the material for 24 weeks [278]. 

Overall, in vivo studies demonstrate that host response depends on the cross-linking 

density and methods employed. Indeed, slightly cross-linked with HMDI, EDC or 

genipin collagen-based materials support initial cell infiltration and ultimately 

scaffold replacement by new tissue. Nonetheless, delays in wound healing have also 

been reported. On the other hand, heavily cross-linked collagen-based materials 

promote a pro-inflammatory response (macrophage activation, predominant M1 

macrophage population and increase of pro-inflammatory cytokine release) that 

results in impaired wounds or fibrous encapsulation. Despite the extensive 

investigation into alternative cross-linking methods, no host response studies have 

been reported as yet. 
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1.5. Collagen source and extraction 

Collagen can be extracted from human, animal or fish tissues, in vitro mammalian 

cell cultures or recombinant synthesis technologies. In the biomaterials field, the 

mammalian skin or tendon and cartilage are the standard sources of collagen type I 

and type II, respectively; and the main origin of these tissues are porcine, bovine or 

human [12]. However, the tissue origin is one of the major drawbacks for clinical 

translation of these collagen products because of batch-to-batch variability, disease 

transmission, immunogenic reactions, microbial or virus contaminations and cultural 

or religious issues [283]. For these reasons, extensive research has been performed to 

extract collagen from in vitro cell culture, fish processing waste or recombinant 

protein systems.  

As cells produce their own ECM proteins, several primary and immortalised cell 

types have been used for the production of various collagens. However, cell culture 

conditions have been modified to increase the collagen synthesis yield. Media 

supplementation with L-ascorbic acid was demonstrated to be essential given that 

ascorbate is a crucial cofactor in the hydroxylation of proline and lysine of collagen 

[284, 285]. The supplementation with growth factor and gene transfection was 

investigated between the 1980 and 1990s [286-288]; however, these strategies did 

not increase the collagen synthesis yield in a comparable amount to the tissue 

extraction. On the other hand, hypoxia condition has been demonstrated to increase 

significantly collagen synthesis, through the activation of hypoxia inducible factor 1 

Ŭ (HIF 1Ŭ) and TGF-ɓ1 [289, 290]. Macromolecular crowding (MMC) has also been 

shown to enhance ECM deposition in cell culture, mainly collagen type I [291, 292]. 

Interestingly, MMC and hypoxia condition has been demonstrated to increase 

synergistically the ECM protein deposition [293, 294]. 
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Regarding recombinant collagen technologies, genetically modified microorganisms 

and plants have also been proposed as an alternative to collagen extracted from 

mammalian tissues, avoiding their main drawbacks [295]. Transgenic 

microorganisms (bacteria and yeasts) have been investigated due to their 

glycosylation capacity; however, the yield of this approach is below 260 mg/l [296-

298] and their proteolytic resistance is lower than native collagen, even when 

collagen was expressed with a thermally stable triple helical structure [298, 299]. 

These issues were tackled with corn and tobacco plants that have been genetically 

modified to produce human recombinant procollagens which require complex post-

translational modifications [300, 301]. 

Regarding collagen extraction, mammalian or fish tissues have a fibrillar structure 

with different amounts of covalent cross-links, which are makes difficult the 

collagen extraction. To this end, solubilisation using neutral salted, diluted acid with 

or without enzymes and alkaline solutions are used to isolate different types of 

collagen. However, not all treatments can break native collagen cross-links: dilute 

acids only disassociate intermolecular cross-links between triple helices (aldimide 

bonds) while enzymes, such as pepsin, can disassociate mature and more stable 

cross-links (ketoimine bonds), increasing extraction yields [9, 302, 303]. On the 

other hand, more severe procedures use heat combining acid or alkaline solution to 

dissolve collagen whilst tend to denature collagen into gelatin. Pepsin treatment also 

produces a lower collagen immune response due to a selectively cleavage of the non-

helical N- and C- telopeptides, removing the antigenic P-determinant segment that is 

located in the telopeptides located [304-306]. Finally, solubilised collagen needs 

purification steps (salt precipitation, filtration or centrifugation and dialysis) to 

eliminate collagen telopeptides, protein aggregates, other proteins and proteoglycans, 
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pepsin and acid. Nonetheless, extracted and purified collagen is not completely safe 

because of the risk of disease transmission due to bacteria, virus or prion. Therefore, 

besides quality hazard tests, disinfection with sodium hydroxide and final product 

sterilisation treatments are performed whilst these treatments affect collagen stability 

[307, 308]. 
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1.6. Collagen cross-linking  

The hierarchical assembling of the collagen molecules provides structural stability 

and mechanical resilience to the collagen-based tissues. Additionally, the collagen 

packaging is stabilised by weak interactions and strong intermolecular cross-links 

that contributes to mechanical and enzymatic stability [12]. Collagen type I has four 

cross-linking types, two in the helical region and one more in each telopeptide where 

the action of lysyl oxidase catalyses aldehydes from lysine and hydroxylysine 

residues [8]. The resulting aldehydes react spontaneously with other lysines and 

hydroxylysines 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 [309]. However, the natural cross-

linking mediated by lysyl oxidase would not occur in vitro [8] and, consequently, 

reconstituted forms of collagen can lack sufficient strength and may disintegrate 

upon handling or collapse under the pressure from surrounding tissue in vivo. 

Furthermore, the rate of biodegradation has to be customised based for the specific 

application. Thus, it is often necessary to introduce exogenous cross-linking 

(chemical, physical or biological in nature) into the molecular structure, in order to 

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

degradation rate which may also determine tissue regeneration rate [14, 310] (Table 

1.4). The fundamental principle of exogenous collagen cross-linking is the formation 

of covalent bonds between collagen molecules using chemical or natural reagents, 

biological cross-linkers or physical methods, which generally link either to the free 

amine or carboxyl groups of collagen. 
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Table 1.4. Mechanical properties of collagen-based devices as a function of cross-

linking method and conformation. 

 Type 

Cross-linking 

method 

Stress 

(MPa) 

Strain 

(%)  

E Modulus 

(MPa) 

Ref. 

Native 

tissue 

Skin - 1-27.5 30-180 4.6-20 

[311-

314] 

Tendon - 5-86 5-22 1.9-1800 

[315-

317] 

Cornea - 

0.12-

0.25 

7-9 0.1-11.1 

[318-

320] 

Cartilage - 0.5-1.0 7-10 0.5-0.9 

[321, 

322] 

Biomaterial 

Hydrogel 

Non-cross-linked 

0.020-

0.027 

25-30 

0.001-

0.100 

[323-

327] 

Glutaraldehyde 

0.010-

0.188 

25-30 

0.004-

0.100 

[323, 

327] 

EDC-NHS 

0.010-

0.172 

20-40 

0.002-

0.125 

[327, 

328] 

Transglutaminase 

0.005-

0.010 

30-40 

0.001-

0.002 

[324, 

329, 

330] 

Fibre Non-cross-linked 0.2-4 12-40 1-5 

[14, 

331, 

332] 
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 Type 

Cross-linking 

method 

Stress 

(MPa) 

Strain 

(%)  

E Modulus 

(MPa) 

Ref. 

Glutaraldehyde 8-60 27-53 3-47 

[14, 

331] 

EDC-NHS 1-4 23-65 1-4 

[14, 

332] 

Genipin 4-60 15-43 2-500 

[14, 

333, 

334] 

Film 

Non-cross-linked 1.5-8 19-50 1.5-8 

[197, 

335] 

Glutaraldehyde 8-48 3-11 100-1000 

[197, 

336] 

EDC-NHS 4-20 30-60 5-35 

[337, 

338] 

Genipin 3.5-15 5-18 35-130 

[197, 

335] 
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1.6.1. Chemical cross-linking  

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

glutaraldehyde, GTA) [113], isocyanates (e.g. hexamethylene diisocyanate, HMDI) 

[228], and carbodiimides (e.g. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 

EDC) [338]. All these agents have been employed to induce different extensions of 

collagen cross-linking, which depends on the processing parameters (cross-linking 

concentration and incubation time) and the cross-linking mechanism of each agent 

(Figure 1.4 and Figure 1.5). For example, GTA has been shown to extensively 

stabilise collagen materials because of its self-polymerisation capacity, since these 

agents could cross-link high amounts of amines from lysine and hydroxylysine 

residues, including those that are relatively far apart [339-341]. However, unreacted 

GTA or hydrolytic or enzymatic degradation products may remain non-specifically 

bound to the matrix even after exhaustive rinsing, thereby introducing cytotoxic 

derivatives [342]. As GTA, isocyanates react with amine groups, HMDI forms urea 

linkages; this, however, is with superior cytocompatibility because there are no 

potentially toxic side products formed [343, 344] and the short half-life of the 

isocyanate group in water ensures that reactive groups will not be released from the 

treated surface over extended time periods [345, 346]. 

On the other hand, carboxyl groups of aspartic and glutamic acid residues from 

collagen chains can be used to cross-link collagen through acyl azides [269, 347-

352] and carbodiimides [353-355]. Such approaches activate carboxyl groups which 

spontaneously bonds to amine groups of lysine and hydroxylysine residues of 

collagen. After extensive washing to completely remove by-products, foreign cross-

linking molecules do not remain in the collagen protein and, therefore, these methods 

demonstrate less toxicity. These methods are less strong and less resistant to 
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proteolytic attack, as such methods can couple proximate collagen molecules; they 

are, however, less susceptible to calcification [356, 357]. 

Although chemical cross-linking agents are widely used in collagen-based industry 

and the research field, chemical cross-linking is associated with alteration of the 

normal wound healing, even at low concentration. High cross-linking densities are 

associated with numerous shortfalls as a function of the cross-linking density / 

method, including cytotoxicity [15, 16], calcification [17, 358, 359] and foreign 

body response [20, 310]. Therefore, natural and synthetic moieties have been 

advocated as alternatives to these common agents; the alternatives most commonly 

reported are acyl azide (e.g. diphenyl-phosphorylazide, DPPA [16]; photo-reactive 

agents (e.g. rose Bengal [360]; riboflavin [361]); carbohydrates (e.g. ribose [362], 

glucose [363]) and plant extracts (e.g. genipin [364, 365]; oleuropein [366]; and 

myrica rubra [331]). And, more recently, branched polyethylene glycol (PEG) 

polymers with various molecular weight and functional residues have been promoted 

to cross-link collagen-based devices [367-370]. Despite the extensive investigation 

into alternative cross-linking methods, no deep biological studies have been reported 

as yet. 
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Figure 1.4. Chemical cross-linking of collagen reactions ï Part 1. GTA: 

glutaraldehyde; HMDI: hexamethylene diisocyanate.   
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Figure 1.5. Chemical cross-linking of collagen reactions ï Part 2. EDC: 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide, NHS: N-hydroxysuccinimide; DPPA: 

diphenyl-phosphorylazide.  
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1.6.2. Physical cross-linking  

To avoid cytotoxic effects associated with either the chemical cross-linker itself or 

its by-products, dehydrothermal [22, 181, 371-374] and UV irradiation [22, 375-378] 

have been assessed. Both treatments increase mechanical and proteolytic stability 

only slightly and have also been associated with collagen denaturation during 

processing. Dehydrothermal treatment uses high vacuum and temperatures over 

100°C for several hours to promote severe collagen dehydration. 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 (Figure 1.6). Prior to heat treatment, collagen-based 

materials are exposed to vacuum to remove as much water as possible to avoid 

collagen denaturation [22]. After dehydrothermal treatment, the helix-to-coil 

transition temperature is increased, enhancing the thermal stability of collagen 

without altering its triple helical structure [181]. Regarding UV cross-linking, this 

promotes bonds by free radical formation on tyrosine and phenylalanine residues, 

which in collagen are few. For that reason, UV cross-linking efficiency is considered 

negligible. The mechanism causes the formation of the hydroxyl radical (OHÅ) from 

water. The OH radical attacks the peptide backbone to produce peptide radicals (-

NH-CÅ-CO-), which can interact to form a cross-link (Figure 1.6) [375, 376]. 

Moreover, UV irradiation is efficient for the introduction of cross-links which is 

especially useful for treatment of collagen solutions [378]. The efficiency of the 

reaction depends mainly on the sample preparation, the irradiation dose and time of 

exposure [379]. It has been reported that UV irradiation of wet collagen fibres causes 

rapid insolubility [380] and increases their tensile strength [381]. 
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1.6.3. Biological cross-linking  

Mimicking the in vivo collagen cross-linking, a more recent cross-linking strategy 

used tissue-type transglutaminase for catalysing covalent cross-linking of ECM 

proteins in a Ca
2+

 dependent manner [382-386]. Specifically, the transglutaminase 

reaction catalyses acyl donation from the ɔ-carboxamide group (glutaminyl residue) 

to the Ů-amine group, resulting in the ɔ-glutamyl-lysine stabilising isopeptide 

between proteins (Figure 1.6) [387]. Collagen-based materials have been cross-

linked with different transglutaminase sources, mammalian tissue or microbial 

extracted, and both types showed a moderate increase in denaturation temperature 

and mechanical and biological stability [324, 387, 388]. 
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Figure 1.6. Physical (DHT and UV) and biological (TGase) cross-linking of 

collagen reactions. DHT: dehydrothermal treatment; TGase: transglutaminase. 
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1.7. Collagen sterilisation 

As with every other medical device, effective sterilisation is required. ISO Standards 

for medical devices are already in place for radiation requirements and identification 

of optimal dose [329-331]; for ethylene oxide requirements and determination of 

residuals [332, 333]; and for microbiological methods to be performed when 

defining [197, 334], validating or maintaining a sterilisation method. However, 

sterilisation methods have been shown to have a variable cross-linking / biological 

effect on collagen-based devices (Figure 1.7 and Table 1.5). For example, amino 

acid analysis indicates intensive reaction of ethylene oxide with lysine and 

hydroxylysine residues [389] and simultaneously necessitates appropriate post-

treatment steps to avoid cytotoxicity [390]. Irradiation methods have been shown to 

induce both cross-linking, albeit weak, and polypeptide chain scission and in 

collagen-based devices [391-393]. Formation of cross-links is attributed to free 

radicals formed on aromatic amino acid residues (e.g. tyrosine and phenylalanine). 

However, these free radicals may initiate degradation of collagen chains [6, 394-

396]. In the case of 70kGy irradiation, for example, damaging effects are induced on 

both mature and immature cross-links [397]. Given that such methods do not 

introduce any foreign substances, either as residual molecules or as compounds 

formed during in vivo degradation, they are considered biocompatible [12, 348, 398]. 
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Figure 1.7. Schematic summary of the effects of different sterilization methods on 

structural, mechanical and biological stability of collagen-based devices.  
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1.7.1. Ethylene oxide 

Ethylene oxide has been used extensively to sterilise collagen-based devices with 

very reliable/reproducible results, subject to appropriate aeration step to 

minimise/eliminate residual ethylene oxide; to avoid cytotoxic side-effects; and to 

comply with regulatory limits [390]. Ethylene oxide has been shown to decrease 

helix stability of non-cross-linked, glutaraldehyde cross-linked and hexamethylene 

diisocyanate cross-linked collagen scaffolds, evidenced by reduction in shrinkage 

temperature [389]. Although significant decrease elastic modulus and increase of 

elongation capacity can be brought about, maximum mechanical resistance under 

uniaxial and biaxial loading conditions is not significantly altered in terminally 

sterilised porcine bladder derived scaffolds [399]. Furthermore, ethylene oxide 

sterilisation induces a lower rate of degradation as compared to non-sterilised 

collagenous materials [389] or other sterilization methods [400, 401]. The 

osteoinductivity of collagen type I and partially purified bone morphogenetic protein 

scaffold has also been shown to be reduced after ethylene oxide sterilisation at 37°C 

for 4h and at 55°C for 1 hour; however, the reduction induced by ethylene oxide at 

29°C for 5 hours is about half of the control values, making this approach suitable 

for clinical use in sterilisation of bone morphogenetic protein [409]. In addition, 

ethylene oxide has a minor influence on collagen-induced platelet aggregation [400]; 

this factor could determine the success of devices for vascular applications. The 

porous structure and stability of ethylene oxide sterilised collagen sponges (dry 

materials) remains almost unaltered, whilst fibroblasts and endothelial cells have 

been shown to exhibit normal morphology [401]. It is worth pointing out that 

environmental humidity appears to be a critical variable in ethylene oxide 

sterilisation process. Recent studies indicate that sterilisation efficacy decreases 
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markedly below 30% and above 90%, as relative humidity is critical for the ethylene 

oxide diffusivity into the devicesô structure [410]. 

 

1.7.2. Gamma irradiation 

Gamma irradiation is a very attractive method for sterilisation of biopolymers due to 

its high efficacy and lack of residual chemicals that can cause cytotoxicity. Although 

it is considered as the most reliable sterilisation method available [411], it induces 

chain scission in non-cross-linked, glutaraldehyde cross-linked and hexamethylene 

diisocyanate cross-linked dermal sheep collagen, resulting in a decrease of tensile 

strength and high strain modulus values [389]. Furthermore, it has been observed in 

recent years that 31.7 kGy gamma irradiated bone has significantly less resistant to 

fatigue crack growth than the control bone tissue, whilst there was less micro-

damage associated with fracture in the irradiated specimens than in the control 

specimens. The authors attributed these changes to ultra-structural alterations in the 

collagen matrix, caused by the irradiation, and concluded that gamma irradiation 

sterilised bone allografts may be more predisposed to fracture [412]. Similarly, 

gamma irradiation, at 2 Mrad (20kGy), has been reported to have no influence in the 

quarter-staggered arrangement of the collagen of patellar tendon allografts or to 

acetic acid solubility. However, an increased solubility in pepsin and a significantly 

lower shrinkage temperature were observed [413], both indicative of a compromised 

triple helical conformation [10]. Another study that assessed the influence of 25 kGy 

(2.5 Mrad) on mechanical, physicochemical and biological function of 

glutaraldehyde cross-linked tendon xenografts showed that the irradiation did not 

affect the ultimate tensile stress, but affected response to long-term collagenase 

degradation and thermal denaturation temperature. Of significant importance is the 
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finding that indicates that following 12 months implantation study, there was a 

slightly more active cellular response around irradiated tendon, but the mechanical 

properties of the retrieved implants were the same for irradiated and non-irradiated 

tissue grafts [414]. These results indicate that gamma irradiation may have a surface 

effect, whilst the bulk properties of the tissue graft remain unaffected. A mild surface 

denaturation may be beneficial, as cryptic RGD sequences may become available 

and may positively influence integration of the scaffold in the host tissue [415]. 

With respect to bone grafts, a dose-dependent decrease in mechanical properties has 

been established in the literature, when gamma dose is increased above 25 kGy for 

cortical bone or 60 kGy for cancellous bone. Therefore, a trend towards application 

of lower gamma dose has been observed the recent years. However, to substantiate 

the lower dose, an in depth investigation on the stability, mechanical properties, and 

biological function should be carried out to ensure safety and efficacy [416]. Other 

studies have suggested that gamma irradiation (0 and 1.0 kGy) brings about 

simultaneously chain degradation and cross-linking in fish and porcine gelatin and 

collagen in protein concentration and irradiation dose dependent manner [417]. 

Indeed, it has been reported that irradiation dosage of 1 Mrad (10 kGy) is less 

damaging to the collagen peptide backbone, whilst at higher dosage, although 

pronase resistance was observed, significant damage was clearly demonstrated, 

under enzymatic digestion, to non-cross-linked and chemically cross-linked collagen. 

The authors suggested caution on the interpretation of data from enzymatic assays 

and long-term experiments for functional changes assessment [418]. The 

osteoinductivity of collagen type I and partially purified bone morphogenetic protein 

scaffold was reduced considerably after sterilization by gamma irradiation at 2.5 
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Mrad (25 kGy), with collagen being far more labile than the bone morphogenic 

protein [409]. 

Gamma irradiation sterilised sponges (2.5 Mrad, 25 kGy) showed a dramatic 

decrease of resistance against enzyme degradation and severe shrinkage after cell 

seeding. Collapsed porosity inhibited fibroblasts and barred completely the human 

umbilical vein endothelial cell ingrowth into the sponges [401]. These results 

indicate that irradiation compromised the triple helical structure of collagen and 

upon immersion in the culture media, the scaffold collapsed. Suboptimal results have 

also been obtained for synthetic devices. For example, gamma irradiation (25, 75 or 

125 kGy) sterilised polylactic acid (PLA) meshes induced milder inflammatory 

response and more orderly collagen deposition than ethylene oxide treated meshes 

during degradation, but tissue healing after 12 months was not of sufficient strength 

to prevent hernia recurrences [419]. 

A recent study demonstrated that gamma irradiation did not induce morphological 

changes, nor did it have an effect on the amount of primary amine groups, or the 

amount of heparin covalently attached to collagen scaffolds. However, irradiation 

(15 and 25 kGy) did result in collagen degradation products, a decrease in collagen 

denaturation temperature, and an increase in proteolytic degradation in a dose 

dependent fashion. These parameters were hardly influenced by ethylene oxide 

treatment. Both methods had hardly any effect on tensile strength and the 

cytocompatibility of the cross-linked collagen scaffolds, indicating that aspects like 

cost, safety and practicality of use may be taken into account in the choice of 

sterilisation method [420]. Gamma irradiation in inert environment (e.g. argon, 

nitrogen, vacuum) as means to minimise oxidation has also been proposed [421]. 

However, argon gas protection of gamma irradiated (2.5 Mrad) deep-frozen canine 
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bone-ACL-bone allografts demonstrated reduced mechanical properties and slight 

hyper-vascularity, as compared with the non-irradiated grafts at 12 months post 

implantation [422, 423], possibly due to free radical production and associated chain 

scission, thus questioning whether the use of argon gas protection is actually 

necessary. 

 

1.7.3. E-beam irradiation 

E-beam irradiation has been introduced as an alternative sterilisation method to 

ethylene oxide and gamma irradiation for sterilisation of human tissue graft in tissue 

banks [424]. However, results today have not demonstrated significant improvement 

over the aforementioned methods; e-beam has been shown to affect the structural 

properties of scaffolds composed of extracellular matrix. Specifically, e-beam 

sterilisation has been shown to decrease the uniaxial and biaxial maximum strength, 

stiffness and dissipation energy, increasing elongation capacity or altering porous 

structure in urinary bladder matrix, bone or tendon [399, 405, 424]. Moreover, when 

porcine small intestinal submucosa (SIS) samples were sterilised with ethylene 

oxide, gamma irradiation and e-beam irradiation and were subsequently subjected to 

hydrolytic degradation conditions for specific periods of time, all sterilisation 

methods resulted in an increase in the rate of sample degradation, with e-beam 

irradiation causing the greatest percentage of weight loss. All sterilisation methods 

caused an increase in both cellular protein production and metabolic activity, with 

ethylene oxide causing the greatest effect at short time points, but this was decreased 

after 28 days in culture [425]. To minimise material degradation by e-beam, 

irradiation dose, temperature of irradiation and defatting procedure have been 

evaluated. For that purpose, human femur rings were defatted in alcohol solution and 
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frozen in dry ice before e-beam sterilisation at 25 or 35 kGy. Temperature and 

defatting procedure was shown to be ineffective in reducing degradation phenomena, 

and the decrease in mechanical properties was similar for both irradiation doses 

[424]. However, it has been shown that e-beam sterilised extracellular matrix 

scaffolds (derived from porcine urinary bladder) are able to maintain mechanical 

strength and stability after 12 month of storage at room temperature or refrigerated 

conditions, following e-beam sterilisation [426]. Finally, e-beam sterilised tendon 

allografts have been shown to decrease the biomechanical properties and increased 

the remodelling ratio at early implantation time, when used in anterior cruciate 

ligament reconstruction. Further, this study demonstrated that e-beam treated 

tendons did not promote a recovery of the biomechanical function and authors 

concluded that e-beam irradiation cannot be recommended for soft tissue allograft 

sterilisation [427]. 

 

1.7.4. Radioprotectants 

Given that physical irradiation method impair the mechanical strength and the 

enzymatic degradation of implantable devices, due to free radical reactions with the 

molecular structure of collagen [428, 429], radioprotectant (e.g. L-cysteine, N-

acetyl-L-cysteine, L-cysteine-ethyl-ester) utilisation has been proposed to reduce 

radiation damage. It is hypothesised that reducing the presence or viability of free 

radicals, with pre-treatment of the device with radioprotecting free radical 

scavengers, will reduce the damaging effects of irradiation [430, 431]. Free radical 

scavengers inhibit free radical damage to the target molecule either by directly 

chemically reacting with the radical or by minimising / inhibiting the formation of 

the radical [428]. Although the use of thiourea as a radioprotectant has been shown 
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to significantly improve biochemical and biomechanical properties of irradiated bone 

[428] compared to bone irradiated without thiourea, the vast majority of studies 

assess the sterilisation efficacy of radioprotectants, rather their beneficiary effects on 

the properties of the device [432]. Performing irradiation (50 kGy), on 

radioprotectant pre-treated tissues, at dry ice temperature, a condition believed to 

substantially limit the diffusion of free radicals, resulted in tissue integrity as good as 

allografts treated with low irradiation dose (18 kGy) [433]. Moreover, free radical 

scavenging has been compared with exogenous chemical cross-linking techniques in 

order to stabilize materials prior to irradiation. After gamma and e-beam irradiation 

at 25 and 50 kGy, samples cross-linked with 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide showed higher strength and higher resistance to enzymatic degradation 

than scavenger-treated and unprotected samples. Although free radical scavenging 

treatment with ascorbate and riboflavin showed protective effects up to 25 kGy 

[405]. Further studies demonstrated that combination of exogenous cross-linked and 

free radical scavenged rabbit tendons increased mechanical properties and 

degradation resistance compared to cross-linking or scavenger-treated only [434]. 

This increase in stability of the irradiated treated samples was validated successfully 

in a rabbit in vivo model and a dynamic bioreactor system, which combined dynamic 

loading and collagenase degradation [435]. It is worth pointing out that there is 

limited literature about the biological effect of radioprotectant techniques on the 

biological behaviour of medical devices and therefore the potential application of 

radioprotectant technology is subject to further investigation. Given that free radical 

scavengers, such as ascorbate, riboflavin, tocopherol, have received FDA clearance, 

it is worth investigating further their free radical scavenging capacity, following 

irradiation. 
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1.7.5. Gas plasma 

The use of gas plasma sterilisation has been advocated as means to avoid 

denaturation issues associated with gamma and e-beam irradiation and toxicity issues 

associated with ethylene oxide residues. The non-degrading effect of gas plasma 

sterilisation was evidenced to be as minimal as ethylene oxide and less significant 

than gamma irradiation, using SDS-PAGE assays [400]. The authors also 

demonstrated that although ethylene oxide sterilisation was most comparable to non-

sterilised collagen platelet aggregation, plasma treatment and gamma irradiation 

were not significantly different [400]. One of the distinct advantages of plasma 

sterilisation is that can be achieved at low temperatures (<50°C), preserving the 

integrity of temperature sensitive polymers [436]. An important characteristic of 

plasma sterilisation is the limitation of efficacy to only thin materials, as any material 

covering the microorganisms, including packaging, will slow down the process 

[437]. Another limitation is that the process will not work with moist materials; 

plasma techniques require vacuum which cannot be achieved in the presence of any 

moisture [438]. An argon gas plasma glow-discharge system (5W for 5min) 

effectively sterilised non-degradable and biodegradable, mono- and multi-filament, 

natural and synthetic sutures (except plain and chromic catguts) without changing 

mechanical properties [439]. Although the preliminary results are promising [440], 

detailed in vitro and in vivo studies are still to be carried out. No data has been found 

regarding to the influence of gas plasma on mechanical properties of collagen-based 

devices. 
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1.7.6. Peracetic acid 

Peracetic acid sterilisation is an alternative method for tissue banks with the purpose 

of avoiding denaturation phenomena associated with gamma and e-beam irradiation. 

Peracetic acid has been shown to be an efficient way to disinfect collagen-based 

electro-spun films, skin grafts, tendon grafts, and small intestinal submucosa without 

producing harmful reaction residues [441-446]. Another study has demonstrated that 

peracetic acid treatment is as efficient on virus inactivation as gamma irradiation 

[447]. 2.5% peracetic acid-treated amnion showed the highest moisture vapour 

permeability and oxygen permeability, the highest tensile strength and the lowest 

sulphur content and thickness; however collagen types V and VII were preserved 

best in the control (non-sterilised) group [406]. Other studies have shown that the 

structural integrity of tendon grafts was maintained after 0.1% peracetic acid 

sterilisation, although the collagen fibrils pattern was slightly loosened. Moreover, 

peracetic acid incubation caused significant changes in pore size of tendon grafts 

[407]. Regarding mechanical properties alterations, sterilisation with a mix of 0.1% 

peracetic acid and 4% ethanol has been shown to increase the biaxial strength of a 

canine submucosa tissue while it decreased the biaxial strength of porcine bladder 

tissue [443]. It is worth pointing out that non-cytotoxic response was observed with 

0.1% peracetic acid-treated tendon graft after appropriated rinsing step [441]. 

Peracetic acid has also been used successfully as a decellularisation sterilisation 

method [444].  

 

1.7.7. Ethanol 

Ethanol is a common sterilisation methods for collagen-based materials, such as 

films [197], sponges [239, 448, 449], fibres and tissue graft [274, 275, 450], prior to 
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in vitro and in vivo experiments. Reconstituted collagen forms are usually immersed 

into 70% between 15 and 30 minutes [197, 239, 449], whilst tissue graft are 

sterilised with gradual increase in ethanol concentration from 20 to 75% over a 

period of 4 hours [274, 275]. Data to-date indicate that ethanol sterilisation does not 

degrade porcine pericardium; whilst denaturation temperature and tensile strength 

were slightly increased and enzymatic degradation was unaffected [408]. Ethanol 

treatment slightly increased porosity, but did not affect biomechanical properties and 

cytocompatibility of equine tendon grafts [451]. A contradictory to these 

observations study demonstrated that ethanol sterilisation of sericin scaffold resulted 

in significant changes in pore size and mechanical properties, resulting from 

shrinkage of the scaffold [452]. A study that assessed the influence of different 

sterilisation methods on the in vivo osteoinductive properties of partially 

demineralised bone matrix demonstrated that the osteoinductive properties were not 

reduced after ethanol sterilisation and 3 and 6 weeks post-implantation, ethanol 

sterilised bone graft showed osteoclastic and osteoblastic activity and new bone 

lamellae formation adjacent to the implanted bone graft [453]. 
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1.8. Project rationale and hypothesis 

In the last 20 years, the biomaterials field has seen tremendous progress, especially 

in the area of fabrication. Indeed, we now have the capability to fabricate 3D 

implantable devices that closely imitate the architectural features of native tissue 

supramolecular assemblies, offer control over cellular functions (e.g. attachment, 

growth, migration, differentiation, lineage commitment) at the nano- and micro- 

scale biointerface and, ultimately, direct neotissue formation. However, there are 

significant challenges that should be addressed to enable clinical translation and 

commercialisation. For example, collagen extraction protocols need to reduce batch-

to-batch variability and a better understanding of how the extraction parameters 

influence reconstituted scaffolds is required. Self-assembled collagen-based devices 

should gain sufficient mechanical resilience and degradation resistance, whilst 

modulating inflammatory response through a more pro-wound healing scenario. All 

fabrication methods need to provide readily functionalisation opportunities to aid 

tissue repair. Moreover, sterilization and scalability should also be incorporated into 

the developmental plans for the production of industrial-relevant prototypes. These 

challenges are likely to be surmounted over the years as the promise of clinical 

translation and commercialization of these ground-breaking technologies is 

compelling. In this context, the overall goal of this project was to develop an optimal 

type I collagen film capable of modulating macrophage response. It was 

hypothesised that the modulation of pre-, during- and post- fabrication parameters 

(e.g. collagen extraction, film fabrication, cross-linking, sterilisation) will induce a 

collagen film with sufficient mechanical and enzymatic stability, avoiding toxicity 

and ultimately reducing pro-inflammatory macrophage activation. 
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To achieve this goal, the thesis project was divided into three phases (Figure 1.8): 

collagen extraction and purification (Phase I), scaffold fabrication and cross-linking 

(Phase II), and scaffold sterilisation (Phase III). Each phase has its specific 

hypothesis and objectives that we ventured to validate herein. 
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Figure 1.8. Thesis overview. The project developed herein is composed of three 

different research phases: collagen extraction and purification (Phase I ï Chapter 2), 

scaffold fabrication and cross-linking (Phase II ï Chapter 3), and scaffold 

sterilisation (Phase III ï Chapter 4). 
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1.8.1. Phase I (Chapter 2) 

Overall aim:  To assess the influence of different collagen extraction methods on the 

structural, biochemical, biophysical and biological properties of collagen-based 

devices. 

 

Hypothesis: The usage of acetic acid or hydrochloric acid, pepsin and salt 

precipitation during collagen type I extraction can affect the collagen ultrastructure 

and enzymatic stability, and can modulate the in vitro macrophage response.  

 

Specific Objectives: 

1. To extract collagen using acetic acid and hydrochloric acid, pepsin and salt 

precipitation. 

2. To assess the structural, biochemical, biophysical and biological properties of 

collagen-based devices as a function of the extraction method used. 

 

1.8.2. Phase II  (Chapter 3) 

Overall aim:  To assess the influence of different collagen cross-linking methods on 

the structural, biochemical, biophysical and biological properties of collagen-based 

devices. 

 

Hypothesis: The collagen chemical cross-linking method used can affect the fibrillar 

structure, free amine content, enzymatic and mechanical stability, and in vitro 

macrophage response of collagen-based devices. 
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Specific Objectives: 

1. To cross-link collagen devices using different cross-linking methods. 

2. To assess the structural, biochemical, biophysical and biological properties of 

collagen-based devices as a function of the cross-linking method used. 

 

1.8.3. Phase III  (Chapter 4) 

Overall aim:  To assess the influence of different collagen sterilisation methods on 

the structural, biochemical, biophysical and biological properties of collagen-based 

devices. 

 

Hypothesis: Physical and chemical sterilisation method used can affect the collagen 

ultrastructure, free amine content, enzymatic and mechanical stability, and 

macrophage response of collagen-based devices. 

 

Specific Objectives: 

1. To sterilise collagen devices using different sterilisation methods. 

2. To assess the structural, biochemical, biophysical and biological properties of 

collagen-based devices as a function of the sterilisation method used. 
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2.1. Introduction 

Collagen for food, cosmetics, drug delivery and tissue engineering applications is 

primarily extracted from land animals; to a lesser extent is extracted from marine 

sources or synthesised recombinantly [1, 2]. A typical protocol for collagen 

extraction involves solubilisation using neutral / slightly alkaline salt, acidic, alkaline 

or acidic / proteolytic enzymes solutions followed by repeated salt precipitation. 

Neutral / slightly alkaline salt (e.g. phosphate) solubilisation, albeit simple and 

economical, it is of low yield, as most tissues contain little amount of salt-extractable 

collagen [3, 4]. Dilute acids (e.g. acetic acid, hydrochloric acid), although they can 

break intra-molecular cross-links (aldimine type), resulting in higher yields than salt-

extracted collagen, they cannot disassociate stable / mature (e.g. ketoimine) cross-

links [5, 6]. To this end, alkaline solutions (e.g. sodium hydroxide, sodium sulphate) 

are employed [7, 8]. However, alkaline extracted collagen has several disadvantages 

(e.g. high hydrolysis level, hydroxyl amino acids are destroyed) that reduce its 

applicability in food and medical industries [9]. As such, acidic / proteolytic 

enzymes (e.g. pepsin) solutions are extensively used, as they increase significantly 

the yield [10-17] and through the cleavage of the non-helical ends, the antigenic P-

determinant is removed [13, 14]. 

Salt precipitation is an inherent part of the collagen purification due to the physico-

chemical properties of the different collagen types that permit their precipitation by 

adjusting the pH and the salt concentration [18]. For example, sodium chloride at 0.9 

M and at acidic pH has been used to purify collagen type I from porcine [19], rat 

[12] and bovine [20] tendons. Collagen type II has been extracted using 5 M sodium 

chloride at neutral pH from articular cartilage of calf legs [21] and 0.7 to 0.9 M 

sodium chloride at acidic pH from chicken cartilage [22]. Collagen type III from 
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chicken skin and collagen type IV from human and murine basement membranes 

have also been purified using 1.8 M sodium chloride at alkaline pH [5] or 1.2 to 3.0 

M sodium chloride at neutral pH [23, 24], respectively. 

Although subsequent dialysis steps reduce the acidity and remove small molecular 

weight impurities (e.g. salt), still, a collagen material with reduced inflammatory 

potential is not produced. For example, collagen scaffolds produced from acetic acid 

/ pepsin / salt precipitated collagen exhibited low inflammatory profile [25] or 

similar in vivo inflammation response to the non-treated control [26]. On the other 

hand, collagen scaffolds produced from hydrochloric acid / pepsin induced 

granulomatous inflammation up to 8 months after implantation [27] and a dense 

infiltration of inflammatory cells was observed for up to 21 days [28]. However, 

other studies have demonstrated that collagen extracted using hydrochloric acid / 

pepsin promoted a similar low in vivo inflammation response to the non-treated 

control [29, 30]. Further, hydrochloric acid extracted collagen without pepsin and 

without salt precipitation induced low macrophage infiltration after 4 and 8 weeks of 

implantation [31]. These data suggest that the acid used to extract the collagen and 

the use or not of pepsin or salt in the extraction process may determine the 

inflammation potential of the resultant scaffold. Thus, herein, we ventured to assess 

the influence of acetic acid (AA), hydrochloric acid (HC), pepsin (P) and salt 

precipitation (S) on the biophysical, biochemical and biological properties of 

collagen-based devices. These two acids (AA and HC) were selected because of their 

different acid strength and the different ion residues that will remain in the collagen 

after the purification process that may have an influence on the biochemical and 

biological properties.  
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2.2. Materials and methods 

2.2.1. Materials 

Porcine tendons were collected from a local abattoir and transferred in ice to our 

laboratory. All other materials and reagents were purchased from Sigma-Aldrich 

(Ireland), unless otherwise stated. 

 

2.2.2. Type I collagen isolation 

Collagen extraction was based on well-established protocols [32, 33] with slight 

modifications; see Appendix R for further optimisation data. Figure 2.1 summarises 

the extraction process of the different collagen preparations used in this study. 

Briefly, the tendons were dissected from the surrounding fascia, cryo-milled 

(Freezer/Mill 6870, SPEX SamplePrep, USA) and washed with 1X phosphate 

buffered saline (PBS) solution. The milled tendons were either dissolved in 0.5 M 

acetic acid or 0.003 M HCl under orbital agitation for 72 h at 4 °C. Due to the 

different acid strength, the concentrations were adjusted to obtain a solution at pH 2-

3 which is known to be more efficient dissociating intermolecular cross-links 

(aldimine type) [3].  Enzymatic digestion (when used) was carried out using pepsin 

from porcine gastric mucosa at a ratio of 80 U/mg of milled tendon. After incubation 

at 4 °C for 72 h under stirring, soluble collagen was collected through filtration and 

centrifugation (16,800 g at 4 °C for 20 min). Collagen purification (when used) was 

performed using salt precipitation at 0.9 M NaCl, as collagen type I precipitates at 

this acidic pH and specific salt concentration [18].  Precipitated collagen was 

collected after centrifugation (16,800 g at 4 °C for 20 min) and re-suspended in 1.0 

M acetic acid or 0.006 M HCl. The final collagen solutions were dialysed (Mw 8,000 
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cut off) repeatedly against 1 mM acetic acid or 0.006 mM HCl. Dialysed collagen 

solutions were then freeze-dried (Virtis Advantage 2.0, USA).  
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Figure 2.1. Flow chart of the collagen extraction process and table describing the 

various groups assessed in this study. 
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2.2.3. Collagen purity assessment 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to assess the purity of the produced collagen preparations, as has been described 

previously [33-35]. Freeze-dried samples were dissolved in 0.5 M acetic acid at 1 

mg/ml. 0.1 mg/ml commercial type I bovine collagen (Symatese Biomateriaux, 

France) was used as control / standard. The samples were neutralised using NaOH 

and denatured at 95 °C for 5 min. Subsequently, the samples were loaded onto 5 % 

running and 3 % stacking acrylamide gels and run using the Bio-Rad Protean II® 

system (Bio-Rad Laboratories, UK). Gels were stained with the SilverQuest® kit 

(Invitrogen, USA) following the manufacturerôs protocol. Densitometric analysis of 

gels was performed using a gel analyser plugin of ImageJ 1.48v software (National 

Institutes of Health, USA). Collagen bands [Ŭ1(I) and Ŭ2(I)] were quantified after 

defining each band with the rectangular tool and subtracting the background. 

 

2.2.4. Free amine assessment 

The amount of free primary amine groups of the type I collagen was quantified using 

ninhydrin assay, as has been described previously [36]. Briefly, 3 mg of each sample 

were mixed with 200 µl of deionized water and 1 ml of running buffer, which 

contained one part of 4 % (w/v) ninhydrin in 2-ethoxyethanol and one part of 200 

mM citric acid with 0.16 % (w/v) tin (II) chloride at pH 5.0. After incubation at 95 

°C for 30 min, the reaction was stopped by cooling down in ice and the addition of 

250 µl of 50 % isopropanol. Tubes were vortexed and the absorbance of the 

developed purple colour was read at 570 nm. Glycine, at different concentrations, 

was used for the standard curve. 
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2.2.5. Denaturation temperature assessment 

The denaturation temperature was assessed using a differential scanning calorimeter 

(DSC-60, Shimadzu, Japan), as has been described previously [37]. Briefly, 20 mg 

of each freeze-dried collagen sample were incubated in 1X PBS at room temperature 

overnight, blotted using filter paper to remove water excess and sealed in aluminium 

pans. Samples were subjected to a single constant heating ramp at 5 °C/min in the 

range of 25-90 °C, with an empty pan as reference. Denaturation temperature was 

determined as the maximum heat absorption of the endothermic peak. 

 

2.2.6. Enzymatic stability assessment 

Enzymatic degradation was assessed using the collagenase assay, as has been 

described previously [38]. Briefly, 5 mg of each collagen sample were incubated at 

37 °C for 3, 6, 9 and 24 h in 0.1 M Tris-HCl and 5 mM CaCl2 at pH 7.4 containing 

50 U/ml of reconstituted bacterial collagenase type I from Clostridium histolyticum. 

Subsequently, centrifugation at 10,000 g for 5 min was carried out; supernatant was 

discarded and the pellets were freeze-dried. Scaffold degradation (% weight loss) 

was determined from the weight of remaining scaffolds after collagenase degradation 

and expressed as a percentage of the original weight. 

 

2.2.7. In vitro  inflammatory response assessment 

In vitro inflammatory response was assessed, as has been described previously [39, 

40]. Briefly, human derived leukemic monocyte cells (THP-1, ATCC, USA) were 

grown in RPMI-1640 supplemented with 10 % foetal bovine serum (FBS), 1 % 

penicillin / streptomycin. 200 µl of each collagen solution (1 mg/ml) were placed 

into each well of 24-well plates and let dry at room temperature for 24 h. Prior to 
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use, films were sterilised in 70 % ethanol for 30 min, followed by three washes in 

sterilized Hank's Balanced Salt Solution (HBSS). Cells were seeded onto collagen 

films at a density of 26 x 10
3
 cells per cm

2
. Mature macrophage-like state was 

induced by treating cells with phorbol 12-myristate 13-acetate (PMA) at 100 ng/ml 

for 6 h. Subsequently, adherent cells were washed with HBSS and incubated with 

supplemented media at 37 °C, 5 % CO2 and 95 % humidified air for 24 and 48 h. 

Activated control was induced with 100 ng/ml of lipopolysaccharide (LPS) in 

supplemented media. 

Macrophage response was characterised by cell morphology, proliferation, metabolic 

activity and inflammatory cytokine release. Macrophage morphology analysis was 

performed using the cell counter plugin of Image J software (National Institute of 

Health, USA). Elongated cells and total amount of cells were quantified by a single 

blind operator, counting 5 different regions per condition (50 ± 10 cells per region).  

Morphology measurements were made considering the R-ratio, an elongation factor 

that compares the length of major axis with the length of minor axis of a cell. A 

perfectly round cell has a R factor of 1 while an elongated cell has R factor greater 

than 2.5 [41]. Proliferation was assessed using Quant-iTÊ PicoGreenÈ dsDNA kit 

(Invitrogen, USA), while cell metabolic activity was measured by 2 h incubation at 

37 °C with 10 % alamarBlue
®
 (Invitrogen, USA) following manufacturer's 

instructions. Cell metabolic activity was expressed in terms of reduction of 

alamarBlue®, considering metabolic activity of cells in TCP at each time point as 

100 %. Inflammatory cytokines (IL-1ɓ, IL-4, IL-6, IL-10, IL-12p70, IL-13, TNF-Ŭ, 

VEGF) were measured using Meso Scale Discovery (MSD
®
, USA) 

electrochemoluminescense assay as per manufacturerôs guidelines. Briefly, cell free 

supernatants of each sample and supplied standard curve were incubated on MSD 
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plates for 2 h followed by a wash. Then, plates were incubated with detection 

antibody solution for 2 h. The plates were then washed and read using a MesoÊ 

QuickPlex SQ120 instrument (MSD, USA). 

 

2.2.8. Statistical analysis 

Numerical data are expressed as mean ± standard deviation. Statistical analysis was 

performed using MINITAB® (version 16.2, Minitab Inc.). One way analysis of 

variance (ANOVA) followed by Fisher's post-hoc test were employed after 

confirming normal distribution from each sample population (Anderson-Darling 

normality test) and equality of variances (Bartlettôs and Leveneôs tests for 

homogeneity of variance). Non-parametric statistics were used when either or both 

of the above assumptions were violated and, consequently, Kruskal-Wallis, for 

multiple comparisons, test was carried out. Statistical significance was accepted at p 

<  0.05. 
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2.3. Results 

2.3.1. Collagen purity assessment 

SDS-PAGE (Figure 2.2a) and complementary densitometric analysis of the Ŭ1(I) 

and Ŭ2(I) bands (Figure 2.2b) revealed that significantly more (p < 0.05) collagen 

came into solution when AA was used (as opposed to when HC was used). For both 

AA and HC preparations, the use of pepsin significantly increased (p < 0.001) yield. 

Pepsin decreased the cross-links of the AAP and AASP collagen (in comparison to 

AA and AAS, respectively), as evidenced by reduction in b and g bands (Table 2.1). 

The use of salt did not increase (p > 0.05) yield or purity. 
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Figure 2.2. SDS-PAGE (a) and complementary densitometric analysis of Ŭ1(I) and 

Ŭ2(I) bands (b) revealed that significantly more (p < 0.05) collagen came into 

solution when AA was used. The use of pepsin, independently of the acid used, 

significantly increased (p < 0.001) yield. Pepsin also reduced the cross-links in the 

AAP and AASP (as compared to AA and AAS, respectively), as evidenced by the 

reduction in b and g bands. Salt precipitation did not appear to induce a significant 

effect. 
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Table 2.1. Corresponding densitrometric analysis of type I collagen extracted with 

acetic acid and hydrochloric acid. Alpha bands increased and impurities decreased 

with pepsin treatment for all AA collagens. Alpha bands were lower for AA collagen 

without pepsin than HC collagen without pepsin. * indicates significant statistical 

difference respect to AA; #, respect to HC (p < 0.05). 

 Collagen extraction with acetic acid 

Bands Control  AA AAS AAP AASP 

ɔ 23.3 ± 0.7 9.6 ± 1.5 5.9 ± 3.2 0.5 ± 0.4* 1.1 ± 0.3* 

ɓ11 + ɓ12 33.8 ± 0.6 47.1 ± 1.6 47.4 ± 1.7 11.4 ± 1.3* 10.6 ± 0.6* 

Ŭ11 + Ŭ12 42.2 ± 1.5 39.2 ± 1.3 42.4 ± 3.9 86.3 ± 1.5* 86.3 ± 0.6* 

Impurities  0.7 ± 0.3 4.1 ± 0.4 4.4 ± 0.9 1.8 ± 0.3* 2.0 ± 0.2* 

 Collagen extraction with hydrochloric acid 

Bands Control  HC HCS HCP HCSP 

ɔ 23.3 ± 0.7 7.9 ± 1.9 4.7 ± 2.5 1.5 ± 0.2# 4.2 ± 2.7 

ɓ11 + ɓ12 33.8 ± 0.6 15.3 ± 2.1 10.6 ± 2.5 17.0 ± 1.2 20.1 ± 1.8# 

Ŭ11 + Ŭ12 42.2 ± 1.5 67.1 ± 3.3 75.1 ± 4.0 77.6 ± 1.0# 69.9 ± 2.5 

Impurities  0.7 ± 0.3 9.6 ± 2.0 9.1 ± 1.5 4.0 ± 0.2# 5.8 ± 0.7# 
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2.3.2. Free amine, denaturation temperature and enzymatic stability assessment 

Ninhydrin assay was used to evaluate the amount of free amine groups (Figure 2.3a) 

and data obtained revealed that the highest % of free amines, for both AA and HC 

treatments, was detected for the AAP and the HCP groups (p < 0.05). DSC was used 

to assess the denaturation temperature / extend of cross-linking (Figure 2.3b) and 

data obtained revealed that the lowest denaturation temperature was detected for the 

AAP group (p < 0.05). Collagenase assay was used to assess resistance to enzymatic 

degradation (Figure 2.3c) and data obtained revealed no significant differences (p > 

0.05) between the treatments. 
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Figure 2.3. (a) The AAP and the HCP groups exhibited the highest % free amines (p 

<  0.05). (b) The AAP group exhibited the lowest denaturation temperature (p < 

0.05). (c) No difference in resistance to collagenase degradation was observed 

between the groups (p > 0.05).  
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2.3.3. In vitro  inflammatory response assessment 

Phase contrast microscopy analysis demonstrated that most macrophages, 

independently of the treatment and time in culture, adopted a rounded morphology 

(Figure 2.4). Cells grown on TCP, LPS and all collagen preparations induced some 

macrophages to adopt an elongated morphology at both time points (Figure 2.4). 

Macrophage aggregates (5 or more cells) were also formed on TCP, LPS and all 

collagen preparations at both time points (Figure 2.4). At both time points, 

significantly more elongated macrophages were observed on AA films rather than on 

the HC films (Figure 2.5a). 

Although DNA quantification analysis revealed that HC treatments exhibited 

significantly lower (p < 0.001) cell proliferation to the respective AA treatments at 

both time points (Figure 2.5b), no significant differences (p > 0.05) were observed 

between the groups in metabolic activity (Figure 2.5c). 

Cytokine secretion analysis (Figure 2.6 and Figure 2.7) revealed minimal / below 

detection limit release of IL-4, IL-6, IL-12, IL-13 and IL-10 and considerable release 

of IL-1ɓ, TNF-Ŭ and VEGF at both time points. The secretion of TNF-Ŭ and VEGF 

was significantly increased (p < 0.001) from day 1 to day 2. LPS activated cells 

exhibited significantly higher (p < 0.001) levels of IL-1ɓ and TNF-Ŭ at both time 

points, when compared to TCP. HC treatments exhibited significantly higher (p < 

0.001) IL-1ɓ and TNF-Ŭ to the respective AA treatments at both time points. Within 

the HC treatments, the HCP treatment induced significantly higher (p < 0.001) 

release of TNF-Ŭ at both time points. 
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Figure 2.4. Phase contrast microscopy analysis demonstrated that most 

macrophages, independently of the treatment and time in culture, adopted a rounded 

morphology, although elongated cells (black arrows) and cell aggregates (white 

arrows) were evidenced. Scale bars: 50 µm. 
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Figure 2.5. (a) Cell morphology analysis of the phase contrast images showed 

significantly more (p < 0.001) elongated macrophages on AA films rather than on 

HC films at both time points. (b) DNA quantification analysis revealed that HC 

treatments exhibited significantly lower (p < 0.001) cell proliferation to the 

respective AA treatments. (c) No significant differences (p > 0.05) were observed 

between the groups with respect to metabolic activity.  
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Figure 2.6. Multiplex ELISA on pro- and anti- inflammatory cytokines of THP-1 

cells cultured on distinct collagen extractions for 1 and 2 days. Cytokine profile 

release analysis revealed that HC treatments exhibited significantly higher (p < 

0.001) IL-1ɓ and TNF-Ŭ secretion to the respective AA treatments at both time 

points. 
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Figure 2.7. Multiplex ELISA on pro- and anti- inflammatory cytokines of THP-1 

cells cultured on distinct films for 1 and 2 days. Multiple comparison tests for every 

pair of conditions (*: p < 0.05, ns: not significant). 

  

IL-1beta IL-1beta

TCP LPS AA AAS AAPAASPHC HCSHCPHCSP TCP LPS AA AAS AAPAASPHC HCSHCPHCSP

TCP * ns ns ns ns * * * * TCP * ns * ns * * * * *

LPS * * * * * * * * LPS * * * * ns * * ns

AA ns ns ns * * * * AA ns ns ns * * * *

AAS ns ns * * * * AAS ns ns * * * *

AAP ns * * * * AAP ns * * * *

AASP * * * * AASP * * * *

HC ns * ns HC * * ns

HCS * ns HCS ns *

HCP * HCP *

HCSP HCSP

TNF-alpha TNF-alpha

TCP LPS AA AAS AAPAASPHC HCSHCPHCSP TCP LPS AA AAS AAPAASPHC HCSHCPHCSP

TCP * * ns ns ns * * * * TCP * * * * * * * * *

LPS * * * * * * * * LPS * * * * * * * *

AA ns ns ns * * * * AA ns ns ns * * * *

AAS ns ns * * * * AAS ns ns * * * *

AAP ns * * * * AAP ns * * * *

AASP * * * * AASP * * * *

HC ns * ns HC * * *

HCS * ns HCS * ns

HCP * HCP *

HCSP HCSP

VEGF VEGF

TCP LPS AA AAS AAPAASPHC HCSHCPHCSP TCP LPS AA AAS AAPAASPHC HCSHCPHCSP

TCP ns ns ns * ns * ns ns * TCP ns * * * * * * * *

LPS * * * * * * ns * LPS * * * ns * * * *

AA ns ns ns ns ns ns * AA ns ns * * * * *

AAS ns ns ns ns ns * AAS ns * * ns * ns

AAP ns ns ns ns * AAP ns ns ns * ns

AASP ns ns ns * AASP * * * *

HC ns * * HC ns * ns

HCS ns * HCS * ns

HCP * HCP *

HCSP HCSP

Day 1 Day 2
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2.4. Discussion 

The term ócollagenô is used to epitomise a large family (40 different vertebrate 

collagen genes form 29 homo- and hetero- trimeric molecules) of glycoproteins with 

a characteristic [Gly-X-Y]n amino acid sequence (X is often proline and Y is 

frequently hydroxyproline). In vertebrates, collagen is the major connective tissue 

component; it constitutes 75 % to 90 % of the human skin, bone (organic matter), 

cartilage, tendon and cornea and is primarily responsible for the mechanical integrity 

and specific function of these tissues [42-57]. This abundance of collagen in human 

tissues has prompted scientific research and technological innovation into its 

utilisation as a scaffold fabrication material [58-64]. Indeed, bovine and porcine skin 

and tendon tissues are widely used to obtain collagen type I, the most abundant 

collagen family member. Traditionally, dilute acidic solutions (acetic acid or 

hydrochloric acid) are used to disassociate aldimine cross-links and dilute acidic 

solutions and proteolytic enzymes (e.g. pepsin) are used against the mature 

ketoimine cross-links, resulting in higher yields [10-17] and lower immune response 

[65-76]. Salt precipitation is also an integral part of the purification process, as by 

fine-tuning salt concentration / solution pH, different collagen types can be obtained 

[5, 12, 18-24]. Despite advances in the field of collagen as a biomaterial, collagen-

based devices are frequently associated with foreign body response. Although 

exogenous cross-linking has been customarily blamed [77-80], several studies have 

suggested that other factors may also be responsible. For example, profound 

differences were observed in foreign body response of the same implant 

(hexamethylene diisocyanate cross-linked dermal sheep collagen), when it was 

assessed in rats and mice and within different strains of rats and mice [81]. Non-

denatured and non-cross-linked collagen provoked completely different foreign body 
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reaction to gelatin [82]. Substantial biophysical, biological and immunological 

differences were also observed between different commercially available collagen 

preparations [83], possibly due to the different preparation protocols (e.g. different 

species / tissues from which the collagen was extracted from; different collagen 

types ratio present; different acids; utilisation or not of pepsin or salt). Thus, herein, 

we ventured to assess for first time whether the utilisation of different acids (AA and 

HC) and the utilisation or not of pepsin (P) or salt (S) could influence the yield, 

purity, free amines, denaturation temperature, resistance to collagenase degradation 

and macrophage response on collagen scaffolds. To eliminate species variability [12, 

84], all experiments were conducted using collagen extracted from porcine tendons. 

Starting with yield and purity assessment, we found that AA, possibly due to its 

weaker nature, brought more collagen into solution. This is in agreement with 

previous publication, where although HC has been shown to hydrolyse more 

collagen than AA, citric acid and lactic acid, higher yield and purity resulted from 

the lactic acid, followed by the AA, citric acid and HC [85]. In contrast to these data, 

more viscous collagen solutions and scaffolds with larger pores, higher compressive 

modulus, lower swelling and lower cell proliferation were resulted from HC 

extracted collagen, as opposed to AA extracted collagen [86]. This may be due to the 

acid concentration; previous studies have shown that maximum yield for collagen 

extracted from the skin of hybrid catfish Clarias sp. was obtained when 0.7 M AA 

was used; the yield was reduced at higher AA concentrations [87]. 

The use of pepsin, due to its capacity to break mature cross-links, brought more 

collagen into solution, as has been reported repeatedly in the literature [10-17]. 

Further, pepsin, having removed the telo-peptides regions that are involved in cross-

linking [88-90], resulted in collagen preparations with less cross-links (as evidenced 
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by reduced b and g bands in the AAP and AASP, as compared to AA and AAS, 

respectively), with higher free amine content and lower denaturation temperature, 

especially for the AAP group. In other words, pepsin induced higher disassociation 

of collagen ultrastructure and removed both telopeptides, reducing molecular 

stability and length which justify the lower denaturation temperature. Resistance to 

collagenase digestion was not able to detect any differences between the treatments, 

possibly due to the sensitivity of the assay. Other enzymes, such as trypsin and 

papain, have also been used in collagen extraction. However, trypsin has been shown 

to degrade collagen [91-93], whilst papain was not as efficient (yield wise) in 

comparison to pepsin [94-96]. 

Phase contrast microscopy analysis of macrophages seeded on the various collagen 

preparations revealed a mixed cell response, as evidenced by round cells, elongated 

cells and cell aggregates. Nonetheless, among the two acids, AA induced more 

macrophages to adopt an elongated morphology. Elongated macrophage morphology 

is associated with transition from M1 (round morphology; pro-inflammatory) to M2 

(elongated morphology; anti-inflammatory) phenotype [97] and cell aggregates 

indicate foreign body response [98]. Such heterogeneous macrophage response has 

been reported as a function of different collagen cross-linking methods [39] and 

when macrophages were exposed to polyethylene particulate [99]. Macrophage 

phenotype variations may be responsible for this variable response [97, 100-102]. 

Although no difference in metabolic activity was observed between the two different 

acids, the DNA concentration was lower for the HC treatments. Cytokine analysis 

further corroborated the differences between the two acids: HC treatments exhibited 

higher IL-1ɓ and TNF-Ŭ to the respective AA treatments at both time points. The 

observed DNA reduction may be related to the increased TNF-Ŭ release, which has 
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been associated with inducing apoptosis of adherent macrophage on biomaterials 

[103, 104]. These differences may be attributed to the strength of the acids and the 

variation of surface energy or hydrophilicity that they can cause. As hydrochloric 

acid is a strong acid, the HCl molecules instantly dissociate into ions and, therefore, 

higher amount of anions remain in the collagen network in comparison with the 

acetic acid. This fact could give a higher negative charge to the HCl collagen 

formulations; that is highly interesting because surface energy and charge were 

found to induce different macrophage response [105, 106]. The sensitivity of 

macrophage to surface charge has been also confirmed with endocytic assays with 

positive and negatively charged particles [107-109]. Although AAP increased the 

amount of free primary amine which are known to increase the positive charge 

balance and to affect macrophage response [110], our data do not reveal any 

influence on the macrophage morphology or cytokine release.  

The different macrophage response can also be attributed to the different extent of 

cross-linking that results in different amounts of collagen released in the media, 

which has been shown to induce differential mononuclear cell activation in vitro 

[111]. We feel that pH could not be the reason, as HBSS was used for rinsing 

following sterilisation and its pH is between 7.1 and 7.4. 

On the other hand, this study has some limitations regarding the assessment of 

macrophage adhesion and collagen degradation assisted by macrophages. For 

example, a recent publication demonstrated that macrophage polarisation can be 

controlled through integrin-mediated interactions between THP-1 macrophages and 

collagen matrix. Indeed, integrin Ŭ2ɓ1 has a pivotal role to induce M2 phenotype, 

whereas inhibiting integrin Ŭ2ɓ1 mechanism induces M1 phenotype [112]. 

Moreover, macrophages are known to degrade collagen matrix and it could have an 



Chapter 2 ï Collagen Extraction 

 153   

 

effect on their polarisation as a recent study showed that U937 macrophages 

recognise/respond to collagen fibril damage within tendon [113] and collagen debris 

[114]. Collagen degradation could be compared between conditions by direct 

staining of the collagen film or by SDS-PAGE of the supernatant in combination 

with the silver staining. 

Salt precipitation did not appear to influence the parameters assessed due to the 

repeated dialysis step. In general, special attention should be paid when purifying 

collagen with salt precipitation, as even modest increase of sodium chloride salt in 

medium has been demonstrated to regulate the activation of mitogen-activated 

protein kinases and Akt, which potentiate macrophage apoptosis [115]. Furthermore, 

salt increase could lead to inhibition of endotoxin-induced stress fibre polymerisation 

in vivo [116]. 
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2.5. Conclusions 

Collagen-based devices are frequently associated with foreign body response. Pre- 

and post- extraction method variables have been shown to influence foreign body 

response. Herein, we demonstrated that during the extraction process variables could 

also affect the physicochemical and biological properties of collagen preparations. 

Our data suggest that high yield, high purity, low in innate cross-linking density and 

low in secretion of IL-1ɓ and TNF-Ŭ collagen can be extracted using pepsin in acetic 

acid. 
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3.1. Introduction  

Collagen, in the form of tissue grafts or reconstituted scaffolds, is one of the most 

widely used biomaterial in tissue engineering applications due to its natural 

composition, favourable mechanical properties, low antigenicity and well-tolerated 

degradation products [1-5]. In addition, collagen-based materials provide biological 

cues that support cell attachment, proliferation and growth, ultimately promoting 

functional repair and regeneration of tissues and organs in vivo [6, 7]. Exogenous 

cross-linking methods, primarily chemical in nature, are customarily used as a means 

to control the mechanical stability and the degradation rate of collagen-based 

biomaterials. However, chemical cross-linking of collagen is associated with a 

predominant pro-inflammatory macrophage response, inhibition of macrophage 

polarisation, reduced cell infiltration, increased pro-inflammatory cytokine 

expression and delayed wound healing, resulting in cytotoxicity, reduced 

biocompatibility and peri-implantation fibrosis [7-10]. 

The mechanism behind the inflammatory and wound healing response to collagen 

cross-linking is still poorly understood. Macrophages have been described as a órapid 

responseô cell type, with crucial role in coordinating later inflammatory response and 

regeneration phases following implantation [11]. Interestingly, recent studies 

indicate that macrophage response can be modulated by the physicomechanical 

properties of an engineered scaffold and, in particular, the architectural [12, 13], 

topographical [14] and chemical [15] properties that can be variably affected as a 

function of the cross-linking method employed. 

Macrophage phenotype switching is controlled by numerous factors, including 

disease and disease state, drugs, growth factors, cytokines, chemokines, hormones, 

cell shape, scaffold present and its properties [16-21]. Through direct interactions 



Chapter 3 ï Collagen Cross-linking 

 171   

 

[12] and via released by-products [22], cross-linked collagen devices directly 

modulate macrophage response in vitro. M1 macrophages (pro-inflammatory or 

classically activated) are activated by bacterial lipopolysaccharide (LPS), tumour 

necrosis factor Ŭ (TNF-Ŭ) and interferon ɔ (IFN-ɔ) to stimulate the secretion of large 

amounts of pro-inflammatory interleukin (e.g. IL-1Ŭ, IL-1ɓ, IL-6, IL-8, IL-12, IL-

23) and TNF-Ŭ cytokines, reactive oxygen species and matrix metalloproteinases to 

attack and phagocytise pathogens or foreign matter [23-25]. M2 macrophages (anti-

inflammatory or alternatively activated) are activated by IL-4, IL-10 and IL-13 or a 

combination of these, to produce IL-1ra, IL-4, IL-10, IL-13, vascular endothelial 

growth factor (VEGF), transforming growth factor ɓ (TGF-ɓ), arginase and 

scavenging molecules [23-25]. Critically, M2 macrophages display differential 

functions according to the cellular sub-phenotype [e.g. anti-inflammatory (M2a), 

homeostatic (M2b) and pro-wound healing (M2c)]. In instances that macrophages 

fail to remodel the substrate or to degrade foreign matter (frustrated phagocytosis), 

they aggregate and form foreign body giant cells, which are generally accepted as 

cells with higher degradation / resorption capacity than monocytes / macrophages. 

Furthermore, giant cells are related to peri-implantation fibrosis and foreign body 

response [26, 27], often encountered with heavily cross-linked collagen devices. The 

mechanism behind this transformation is unclear, however, hydrophobicity, ionic 

charge and soluble fusion mediators (e.g. receptor activator of nuclear factor kappa-

B ligand, macrophage colony-stimulating factor, TNF-Ŭ, IL-1, IL-4, IL-13) are 

believed to be important in the formation of foreign body giant cells [28]. 

Customarily used collagen cross-linking approaches, such as glutaraldehyde (GTA) 

and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), have been associated 

with cytotoxicity [29, 30], calcification [31, 32] and foreign body response [8, 33]. 
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To this end, the use of alternative methods [multi-branched polyethylene glycol 

(PEG) polymers [34, 35] and plant extracts (e.g. genipin (GEN) [36], myrica rubra 

[37], oleuropein (OLE) [38]] has been advocated as a means to enhance mechanical 

and enzymatic stability, whilst reducing cytotoxicity. However, their immune 

response has yet to be assessed. Herein, the structural, physical and biological 

properties of non-cross-linked (NCL) and GTA, EDC, 4-arm PEG succinimidyl 

glutarate (4SP), GEN and OLE cross-linked collagen films were assessed. 
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3.2. Materials and methods 

3.2.1. Materials 

Bovine Achilles tendons were collected from a local abattoir (steers aged 24 

months). 4-arm polyethylene glycol (PEG) succinimidyl glutarate (4SP, Mw 

10,000), genipin (GEN) and oleuropein (OLE) were purchased from JenKem 

Technology (USA), Challenge Bioproducts (Taiwan), and Extrasynthese (France), 

respectively. All other materials and reagents were purchased from Sigma-Aldrich 

(Ireland), unless otherwise stated. 

 

3.2.2. Type I collagen isolation 

Bovine type I collagen was extracted from Achilles tendons by adapting a previously 

described protocol [39]. Briefly, the tendons were manually separated from the 

surrounding fascia, cryo-milled (Freezer/Mill 6870, SPEX SamplePrep, USA) and 

washed with 1X phosphate buffered saline (PBS) solution. Milled tendon tissue was 

dissolved in 1.0 M acetic acid under orbital agitation for 48 hours at 4 °C. 

Subsequently, pepsin (from porcine gastric mucosa) was added in the solution at 

ratio of 80 U/mg of milled tendon. The solution was incubated at 4 °C for 72 hours 

under stirring. Insoluble tendon was separated by filtration and centrifugation 

(21,000 g at 4°C for 20 min). Collagen solution was purified by repeated salt 

precipitation (0.9 M NaCl), centrifugation and re-suspension in 1.0 M acetic acid. 

The final atelocollagen solution was dialysed (Mw 8,000 cut off) against 1 mM 

acetic acid and the final solution was kept at 4°C. Collagen concentration was 

determined using hydroxyproline assay (~5 mg/ml) [40] and collagen purity was 

assessed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) followed by silver staining [41] (Figure 3.1).  
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Figure 3.1. The purity of the extracted type I collagen was assessed using sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) followed by 

silver staining. SDS-PAGE analysis revealed the purity of the extracted collagen 

solution (left lane) was ~ 96 %, similar to commercially available BD Biosciences 

(right lane) type I collagen (~ 97 %). 
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3.2.3. Collagen film fabrication 

Typical protocols for the fabrication of collagen films were followed [42], with 

slight modifications. Briefly, the pH of the collagen solution was adjusted to ~ 7.3 

using 1.0 M NaOH and 10X PBS. Cross-linking was conducted as per established 

protocols (Table 3.1) in order to obtain about 80% free amine reduction. The final 

solutions were placed in silicone moulds and incubated for 1 hour at 37 °C to induce 

gelation. Subsequently, the water content was evaporated overnight at 25 °C. 
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Table 3.1. Cross-linking methods employed to stabilise collagen films in order to 

obtain about 80% free amine reduction. Treatments: non-cross-linked collagen film 

(NCL), collagen films cross-linked with glutaraldehyde (GTA), carbodiimide (EDC), 

4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein (OLE). 

Cross-linking 

agent 

Method Ref. 

NCL No cross-linker in 1X PBS - 

GTA 0.625 % in 1X PBS [36] 

EDC 

50 mM EDC / 10 mM N-hydroxysuccinimide (NHS)  

in 50 mM 2 (N-morpholino) ethanesulfonic  

acid (MES) in 1X PBS 

[36] 

4SP 1 mM in 1X PBS [43] 

GEN 0.625 % in 1X PBS [36] 

OLE 

5.0 % in 1X PBS 

(After activation with 0.5 U/ml ɓ-glucosidase  

at 25 ºC for 2 hours) 

[38] 
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3.2.4. Structural characterisation 

Morphological analysis of the produced films was analysed using a Stereo 

Microscope (SZX16, Olympus, UK) and a Hitachi S-4700 Scanning Electron 

Microscope (SEM, Hitachi, UK). Prior to SEM analysis, collagen films were 

incubated in 1X PBS overnight, dehydrated in ascending ethanol concentrations (50 

%, 70 %, 90 %, 96 % and 100 %) and gold-coated (Emitech K-550X Sputter Coater, 

Emitech, UK). 

 

3.2.5. Quantification of free amines 

Free amines were quantified using ninhydrin assay, as has been described previously 

[44]. Briefly, ~ 3 mg of each film were mixed with 200 µl of deionised water and 1 

ml of running buffer, which contained one part of 4 % (w/v) ninhydrin in 2-

ethoxyethanol and one part 200 mM citric acid with 0.16 % (w/v) tin (II) chloride at 

pH 5.0. The mixtures were incubated at 95 °C for 30 min. The reaction was stopped 

by cooling down in ice and the addition of 250 µl of 50 % isopropanol. After 

vortexing, the absorbance was read at 570 nm (Varioskan Flash Multimode Reader, 

Thermo Scientific). Glycine, at different concentrations, was used for the standard 

curve and the % of free amines of each condition was normalised against to the NCL 

collagen films. 

 

3.2.6. Quantification of denaturation temperature 

The denaturation temperature was evaluated using a differential scanning calorimeter 

(DSC-60, Shimadzu, Japan), as has been described previously [45]. Briefly, collagen 

films were incubated in 1X PBS at room temperature overnight and then, they were 

quickly blotted using filter paper to remove surface / unbound water. The samples 
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were then hermetically sealed in aluminium pans and were subjected to a single 

constant heating ramp at 5 °C/min in the range of 25 to 90 °C. An empty pan was 

used as reference. Denaturation temperature was determined as the maximum heat 

absorption of the endothermic peak. 

 

3.2.7. Quantification of enzymatic degradation 

Resistance to enzymatic degradation was quantified as has been described previously 

[46]. Briefly, collagen films were weighed and hydrated for 2 hours in 0.1 M Tris-

HCl and 5 mM CaCl2 at pH 7.4. Subsequently, the films were incubated in 10 U/ml 

bacterial collagenase type IV (Clostridium histolyticum), reconstituted in the same 

buffer. After 24 hours of incubation at 37 °C, centrifugation was carried out 

(10,000g for 5 min), the supernatant was removed, the remaining films were freeze-

dried and weighed. Enzymatic degradation was quantified as weight loss. 

 

3.2.8. Quantification of mechanical properties 

Uniaxial tensile test of hydrated (overnight incubation at 37 °C in phosphate buffer 

saline and brief bloating in tissue paper prior to testing to remove surface liquid) 

films was performed using an electromechanical testing machine (Z2.5, Zwick, 

Germany). Uniform strips were prepared and, using a micrometer screw gauge, the 

width and thickness of the samples were measured. The grips of the testing machine 

were covered with a rubber film to avoid breakage at contact points. Samples that 

broke at contact points were excluded. The grips were set at 20 mm distance. The 

samples were deformed to complete failure (deformation rate of 10 mm/min, 10 N 

static load cell). The following parameters were assessed: force at break, stress at 

break, strain at break and elastic modulus. 
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3.2.9. Human skin fibroblast response 

Basic cellular functions were assessed using human skin fibroblasts [WS1, American 

Type Culture Collection (ATCC), USA]. WS1 fibroblasts were grown in Eagle's 

Minimum Essential Medium supplemented with 10 % foetal bovine serum (FBS), 1 

% penicillin and streptomycin. Films were sterilised in 70 % ethanol for 30 minutes, 

followed by three washes in sterilised Hank's Balanced Salt Solution (HBSS). Cells 

were seeded onto the samples at 16 x 10
3
 cells/cm

2
 and incubated at 37 °C, 5 % CO2 

and 95 % humidified air for 1, 3 and 7 days. Phase contrast microscopy images were 

obtained using an inverted microscope (Leica microsystem, Germany) and images 

were analysed with the LAS EZ 2.0.0 software. Cell proliferation was assessed using 

Quant-iTÊ PicoGreenÈ dsDNA kit (Invitrogen, USA), as per manufacturer's 

guidelines. Cell metabolic activity was assessed after two hours incubation at 37 °C 

with 10 % alamarBlue
®
 (Invitrogen, USA), as per manufacturer's protocol. Cell 

metabolic activity was expressed in terms of % reduction of alamarBlue
®
 and 

normalised considering metabolic activity of cells in tissue culture plastic (TCP) at 

each time point as 100 %. Cell viability was evaluated using Live/Dead
®
 assay. 

Briefly, samples were incubated in HBSS with 4 µM calcein and 2 µM ethidium 

homodimer for 30 min. Stained samples were visualised using an inverted 

fluorescence microscope (IX 51, Olympus, UK). Five images were captured per 

film. Viable (green) and dead (red) cells were counted using ImageJ 1.48v software 

(National Institutes of Health, USA). 

 

3.2.10. Human macrophage response and cytokine release 

Human derived leukemic monocyte cells (THP-1, ATCC, USA) were grown in 

RPMI-1640 supplemented with 10 % FBS, 1 % penicillin and streptomycin. Cells 
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were seeded onto the various samples at 26 x 10
3
 cells/cm

2
 and mature macrophage-

like state was induced through treatment with phorbol 12-myristate 13-acetate 

(PMA) at 100 ng/ml for 6 hours, as has been described previously [47-49]. 

Subsequently, adherent cells were washed with HBSS and incubated with 

supplemented media at 37 °C, 5 % CO2 and 95 % humidified air for 1 and 2 days. 

Activated positive control phenotype was induced with 100 ng/ml of LPS in 

supplemented media for 24 hours. Cell proliferation and metabolic activity were 

determined as described in section 3.2.9. Cellular viability was quantified using 

CytoTox 96
®
 Non-Radioactive Cytotoxicity Assay (Promega, USA) to measure 

released lactate dehydrogenase (LDH) in the supernatant from dead cells. Phase 

contrast microscopy images were obtained using an inverted microscope (Leica 

microsystem, Germany) and images were analysed with the LAS EZ 2.0.0 software. 

Inflammatory cytokines (IL-1ɓ, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-Ŭ, 

VEGF) were measured using Meso Scale Discovery (MSD, USA) 

electrochemoluminescense assay, as per manufacturerôs guidelines. Briefly, cell free 

supernatants of each sample and supplied standard curve were incubated on MSD 

plates for 2 hours followed by a wash. The plates were then incubated with detection 

antibody solution for 2 hours. Subsequently, the plates were washed and read using a 

MesoÊ QuickPlex SQ120 instrument (MSD). 

The potential effect of released / degradation sub-products of cross-linked collagen 

films was investigated using the pre-conditioned media. Cross-linked films were 

incubated in supplemented RPMI-1640 media at 37 °C and 5 % CO2 for 6 days prior 

to be exposed to cells. THP-1 cells were seeded at 26 x 10
3
 cells/cm

2
 with 100 ng/ml 

of PMA for 6 hours. Subsequently, plastic-adherent cells were washed with HBSS 

and incubated with pre-conditioned media at 37 °C, 5 % CO2 and 95 % humidified 
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air for 48 hours. An activated control was induced with 100 ng/ml of LPS for 24 

hours. Characterisation of macrophage cells was performed as described above. 

 

3.2.11. Statistical analysis 

All experiments were carried out in triplicate, except swelling, denaturation 

temperature and tensile test assays that were carried out in quintuplicate. Numerical 

data are expressed as mean ± standard deviation. Statistical analysis was performed 

using MINITAB
®
 (version 16.2, Minitab Inc., USA). One way analysis of variance 

(ANOVA) followed by Fisher's post-hoc test were employed after confirming 

normal distribution from each sample population (Anderson-Darling normality test) 

and the equality of variances (Bartlettôs and Leveneôs tests for homogeneity of 

variance). Nonparametric statistics were used when either or both of the above 

assumptions were violated and, consequently, Kruskal-Wallis for multiple 

comparison analysis was carried out. Statistical significance was accepted at p < 

0.05. 
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3.3. Results 

3.3.1. Structural characterisation 

Non-cross-linked collagen films (NCL) and cross-linked collagen films with 

carbodiimide (EDC) and 4-arm PEG succinimidyl glutarate (4SP) were colourless 

and totally transparent, glutaraldehyde (GTA) and oleuropein (OLE) cross-linking 

made the films yellow / brown and semi-transparent and genipin (GEN) cross-

linking resulted in dark blue and totally opaque films (Figure 3.2). SEM analysis 

revealed that NCL and 4SP cross-linked films maintained the fibrillar structure of 

collagen, which was diminished in EDC, GTA, GEN and OLE cross-linked films 

(Figure 3.2). 
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Figure 3.2. Optical and SEM images of the different collagen films. NCL, EDC and 

4SP films were colourless, whilst GTA and OLE cross-linking induced a yellow / 

brown hue and GEN cross-linking resulted in dark blue hue. SEM analysis revealed 

that only NCL and 4SP cross-linked films maintained the fibrillar structure of 

collagen. Treatments: non-cross-linked collagen film (NCL), collagen films cross-

linked with glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl 

glutarate (4SP), genipin (GEN) and oleuropein (OLE).  
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3.3.2. Quantification of free amines 

Collagen cross-linking involves the formation of covalent bonds between the free 

amine or carboxyl groups of collagen with the cross-linking agent; reduction in free 

amines can be used as a cross-linking efficiency indicator. A significant (p < 0.001) 

decrease in free amine groups was observed for all cross-linked collagen films 

(Figure 3.3). Among the cross-linked groups, GTA, EDC, 4SP and GEN brought 

about an approximate 80 % reduction in free amines, whilst OLE induced an 

approximate 40 % reduction in the amount of free amines (Figure 3.3). 

  



Chapter 3 ï Collagen Cross-linking 

 185   

 

 

Figure 3.3. Quantification of free amine group of collagen films cross-linked with 

glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl glutarate 

(4SP), genipin (GEN) and oleuropein (OLE); non-cross-linked collagen film (NCL) 

was used as control. *: Denotes significant difference (p < 0.05) from the control 

group (NCL).  
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3.3.3. Quantification of denaturation temperature 

DSC analysis revealed that all cross-linking methods, but EDC (p > 0.05), 

significantly increased (p < 0.001) the denaturation temperature of the produced 

collagen films, as compared to the NCL films (Figure 3.4). 
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Figure 3.4. Denaturation temperature measured by differential scanning calorimetry 

(DSC) of collagen films cross-linked with glutaraldehyde (GTA), carbodiimide 

(EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein 

(OLE); non-cross-linked collagen film (NCL) was used as control. *: Denotes 

significant difference (p < 0.05) from the control group (NCL). 
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3.3.4. Quantification of enzymatic degradation 

In vitro enzymatic degradation analysis (Figure 3.5) revealed that NCL, EDC and 

OLE films were almost completely degraded within 24 h, whilst GTA, 4SP and GEN 

induced a very high resistance to enzymatic degradation (less than 20 % was 

degraded). 
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Figure 3.5. Degradation by collagenase after 24 hours incubation. of collagen films 

cross-linked with glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG 

succinimidyl glutarate (4SP), genipin (GEN) and oleuropein (OLE); non-cross-

linked collagen film (NCL) was used as control. *: Denotes significant difference (p 

<  0.05) from the control group (NCL).  
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3.3.5. Quantification of mechanical properties 

Stress-strain curves consisted of a small toe region, a region of steeply rising stress 

and a long region of constant gradient until fracture (Figure 3.6). GEN stabilised 

films exhibited the highest (p < 0.001) force at break, stress at break and E modules 

values, whilst EDC cross-linked films exhibited the highest (p < 0.001) strain at 

break values (Table 3.2). EDC stabilised films exhibited the lowest (p < 0.001) 

force at break, stress at break and E modules values, whilst GTA cross-linked films 

exhibited the lowest (p < 0.001) strain at break values (Table 3.2). 
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Figure 3.6. Tensile test stress-strain deformation mechanism of the produced 

collagen films. Stress-strain curves consisted of a small toe region, a region of 

steeply rising stress and a long region of constant gradient until fracture. Treatments: 

non-cross-linked collagen film (NCL), collagen films cross-linked with 

glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl glutarate 

(4SP), genipin (GEN) and oleuropein (OLE). 
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Table 3.2. Mechanical data of the produced collagen films. The highest (p < 0.001; 

+) force at break, stress at break, strain at break and E modules values were obtained 

from the GEN, GEN, EDC and GEN cross-linked films, respectively. The lowest (p 

<  0.001; #) force at break, stress at break, strain at break and E modules values were 

obtained from the EDC, EDC, GTA and EDC cross-linked films, respectively. 

Treatments: non-cross-linked collagen film (NCL), collagen films cross-linked with 

glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl glutarate 

(4SP), genipin (GEN) and oleuropein (OLE). 

Cross-linking 

agent 

Force at 

break (N/cm) 

Stress at 

break (MPa) 

Strain at 

break (%) 

E Modulus 

(MPa) 

NCL 0.35 Ñ 0.09 0.10 Ñ 0.03 40.82 Ñ 13.52 0.64 Ñ 0.63 

GTA 0.26 Ñ 0.11 0.13 Ñ 0.09 5.77 Ñ 2.51 # 3.51 Ñ 2.47 

EDC 0.23 Ñ 0.06 # 0.03 Ñ 0.01 # 51.60 Ñ 4.49 + 0.08 Ñ 0.02 # 

4SP 0.47 Ñ 0.24 0.08 Ñ 0.04 15.22 Ñ 3.84 0.45 Ñ 0.13 

GEN 5.59 Ñ 1.10 + 3.28 Ñ 1.37 + 16.49 Ñ 4.50 20.21 Ñ 5.01 + 

OLE 1.22 Ñ 0.66 0.41 Ñ 0.22 15.46 Ñ 1.87 2.02 Ñ 0.89 
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3.3.6. Human skin fibroblast response 

Phase contrast microscopy analysis revealed that human skin fibroblasts maintained 

their spindle-shaped morphology, independently of the cross-linking method and 

culture time (Figure 3.7). By day 7, DNA quantification [Figure 3.8A; only OLE 

was significantly higher (p < 0.001) to the non-cross-linked control], cell metabolic 

activity (Figure 3.8B) and cell viability (Figure 3.8C) assays revealed no apparent 

differences between the non-cross-linked and cross-linked groups (p > 0.05).  
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Figure 3.7. Phase contrast microscopic images of human skin fibroblasts cultured 

onto cross-linked collagen films for 1, 3 and 7 days. Human skin fibroblasts 

maintained their spindle-shaped morphology, independently of the treatment and the 

time in culture. Treatments: non-cross-linked collagen film (NCL), collagen films 

cross-linked with glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG 

succinimidyl glutarate (4SP), genipin (GEN) and oleuropein (OLE). Tissue culture 

plastic (TCP) was used as control.  
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Figure 3.8. Human skin fibroblasts onto cross-linked collagen films after 1, 3 and 7 

days of culture. Cellular proliferation was assessed through DNA concentration 

quantification (A). Metabolic activity was assessed using alamarBlue® (B). Cellular 

viability was assessed via Live/Dead® (C). Treatments: non-cross-linked collagen 

film (NCL), collagen films cross-linked with glutaraldehyde (GTA), carbodiimide 

(EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein 

(OLE). Tissue culture plastic (TCP) was used as control. *: Denotes significant 

difference (p < 0.05) from the control group (NCL).  
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3.3.7. Human macrophage response and cytokine release 

Phase contrast microscopy analysis revealed that by day 2 (a) most macrophages, 

independently of the treatment and time in culture, adopted a round morphology; (b) 

some elongated cells were observed on TCP, GEN, LPS, 4SP and OLE; and (c) all 

treatments, but GTA, formed aggregates (Figure 3.9). Cells grown on TCP, LPS and 

NCL exhibited significantly higher (p < 0.001) DNA concentration than cells grown 

on GTA, EDC, 4SP, GEN at day 1, whilst at day 2, cells grown on TCP, LPS and 

NCL exhibited significantly higher (p < 0.001) DNA concentration than cells grown 

on GTA, EDC, 4SP, GEN and OLE (Figure 3.10A). GTA cross-linked films 

induced the lowest (p < 0.001) cell metabolic activity at both time points, TCP, LPS 

and OLE induced the highest (p < 0.001) cell metabolic activity at day 1 and TCP, 

LPS, GEN and OLE induced the highest (p < 0.001) cell metabolic activity at day 2 

(Figure 3.10B). GTA cross-linked films induced the lowest cell viability (p < 0.001) 

at both time points, no significant difference was observed between EDC, 4SP, GEN 

and OLE at both time points (Figure 3.10C). 

When THP-1 cells were seeded on the various substrates, no significant difference (p 

>  0.05) in secretion of IL-1beta, IL-8, TNF-alpha and VEGF was detected between 

NCL, 4SP and genipin groups at both time points (Figure 3.11 and Figure 3.12). 

Cytokine release of IL-4, IL-6, IL-12, IL-13 and IL-10 was below the detection limit 

for all treatments for both time points (Figure 3.11). Cytokine release from cells 

seeded on GTA films was very low (Figure 3.11) due to the low cell number 

(Figure 3.10C). 

Phase contrast microscopy analysis revealed that by day 2: (a) most macrophages, 

independently of the treatment, adopted a round morphology; (b) some elongated 

cells were observed on all samples, but TCP and OLE; and (c) all treatments, but 



Chapter 3 ï Collagen Cross-linking 

 197   

 

OLE, formed aggregates (Figure 3.13). All cross-linking treatments exhibited 

significantly higher (p < 0.05) DNA concentration (Figure 3.14A) and metabolic 

activity (Figure 3.14B) than the NCL counterparts, whilst no significant difference 

(p > 0.05) was observed in cell viability (Figure 3.14C). With respect to 

inflammatory cytokine release, only pre-conditioned media with GTA and OLE 

cross-linked films significantly increased (p < 0.05) IL-8 release (Figure 3.15), in 

comparison to the non-cross-linked samples. No significant difference (p > 0.05) 

was detected for VEGF, TNF-alpha and IL-1beta between the treatments (Figure 

3.15). Cytokine release of IL-4, IL-6, IL-12, IL-13 and IL-10 was below the 

detection limit for all treatments (Figure 3.15 and Figure 3.16). 
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Figure 3.9. Phase contrast microscopic images of THP-1 cells cultured onto cross-

linked collagen films for 1 and 2 days. The macrophages adopted a round 

morphology and formed aggregates, independently of the treatment and time in 

culture. Some elongated cells were also detected (indicative examples are 

highlighted using arrows). Treatments: non-cross-linked collagen film (NCL), 

collagen films cross-linked with glutaraldehyde (GTA), carbodiimide (EDC), 4-arm 

PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein (OLE). Tissue 

culture plastic (TCP) and LPS stimulated TCP (LPS) were used as controls. 
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Figure 3.10. THP-1 cells onto cross-linked collagen films after 1 and 2 days of 

culture. Cellular proliferation was assessed through DNA concentration 

quantification (A). Metabolic activity was assessed using alamarBlue
®
 (B). Cellular 

viability was assessed via Live/Dead
®
 (C). Treatments: non-cross-linked collagen 

film (NCL), collagen films cross-linked with glutaraldehyde (GTA), carbodiimide 

(EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein 

(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were used as 

controls. *: Denotes significant difference (p < 0.05) from the control group (NCL).  
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Figure 3.11. Multiplex ELISA on pro- and anti- inflammatory cytokines of THP-1 

cells cultured on distinct films for 1 and 2 days. The bar represents the average. 

Treatments: non-cross-linked collagen film (NCL), collagen films cross-linked with 

glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl glutarate 

(4SP), genipin (GEN) and oleuropein (OLE). Tissue culture plastic (TCP) and LPS 

stimulated TCP (LPS) were used as controls.  
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Figure 3.12. Multiplex ELISA, multiple comparison tests for every pair of 

conditions (* p < 0.05, ns: not significant). Treatments: non-cross-linked collagen 

film (NCL), collagen films cross-linked with glutaraldehyde (GTA), carbodiimide 

(EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein 

(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were used as 

controls.  

IL-1beta IL-1beta

TCP LPS NCLGTAEDC4SPGENOLE TCP LPS NCLGTAEDC4SPGENOLE

TCP * * * ns * * * TCP * * * ns * * *

LPS * * * * * * LPS * * * * * *

NCL * * ns * * NCL * * ns * *

GTA * * * * GTA * * * *

EDC * ns * EDC * ns *

4SP * * 4SP * *

GEN * GEN *

OLE OLE

TNF-alpha TNF-alpha

TCP LPS NCLGTAEDC4SPGENOLE TCP LPS NCLGTAEDC4SPGENOLE

TCP * * * ns * * * TCP * * * ns * * *

LPS * * * * * ns LPS * * * * * ns

NCL * * ns * * NCL * * ns * *

GTA * * * * GTA * * * *

EDC * * * EDC * * *

4SP ns * 4SP ns *

GEN * GEN *

OLE OLE

VEGF VEGF

TCP LPS NCLGTAEDC4SPGENOLE TCP LPS NCLGTAEDC4SPGENOLE

TCP * * * * ns * ns TCP * * * ns ns ns ns

LPS * * * * * * LPS * * * * * *

NCL * ns ns * ns NCL * ns ns * ns

GTA * * * * GTA * * * *

EDC ns ns ns EDC ns ns ns

4SP ns ns 4SP ns ns

GEN ns GEN ns

OLE OLE

IL-8 IL-8

TCP LPS NCLGTAEDC4SPGENOLE TCP LPS NCLGTAEDC4SPGENOLE

TCP * * * ns * * * TCP * * * ns * * *

LPS * * * * * ns LPS * * * * * ns

NCL * * ns ns * NCL * * ns ns ns

GTA * * * * GTA * * * *

EDC * * * EDC * * *

4SP ns * 4SP ns *

GEN * GEN *

OLE OLE

Day 1 Day 2
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Figure 3.13. Phase contrast microscopic images of THP-1 cells cultured for 2 days 

with pre-conditioned media from the cross-linked collagen films. Macrophages 

adopted a round morphology and only cells on GTA films formed aggregates. Some 

elongated cells were also detected (indicative examples are highlighted using 

arrows). Treatments: non-cross-linked collagen film (NCL), collagen films cross-

linked with glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl 

glutarate (4SP), genipin (GEN) and oleuropein (OLE). Tissue culture plastic (TCP) 

and LPS stimulated TCP (LPS) were used as controls. 
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Figure 3.14. THP-1 cells cultured with pre-conditioned media from the cross-linked 

collagen films after 2 days of culture. Cellular proliferation was assessed through 

DNA concentration quantification (A). Metabolic activity was assessed using 

alamarBlue
®
 (B). Cellular viability was assessed via Live/Dead

®
 (C). Treatments: 

non-cross-linked collagen film (NCL), collagen films cross-linked with 

glutaraldehyde (GTA), carbodiimide (EDC), 4-arm PEG succinimidyl glutarate 

(4SP), genipin (GEN) and oleuropein (OLE). Tissue culture plastic (TCP) and LPS 

stimulated TCP (LPS) were used as controls. *: Denotes significant difference (p < 

0.05) from the control group (NCL).  
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Figure 3.15. Multiplex ELISA on pro- and anti- inflammatory cytokines of THP-1 

cells cultured with pre-conditioned media from the cross-linked collagen films after 

2 days of culture. The bar represents the average. Treatments: non-cross-linked 

collagen film (NCL), collagen films cross-linked with glutaraldehyde (GTA), 

carbodiimide (EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and 

oleuropein (OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were 

used as controls. 
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Figure 3.16. Multiplex ELISA, multiple comparison tests for every pair of 

conditions (* p < 0.05, ns: not significant). Treatments: non-cross-linked collagen 

film (NCL), collagen films cross-linked with glutaraldehyde (GTA), carbodiimide 

(EDC), 4-arm PEG succinimidyl glutarate (4SP), genipin (GEN) and oleuropein 

(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were used as 

controls.  


































































































































































































































































