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Abstract

Collagenbased devices are frequently associated with foreign body response.
Although several pre(e.g. species, state of animal, tissismlation protocgl and

post (e.g. crosdinking, scaffold architecturesterilisation scaffold fabrication
factors have a profound effect on foreign body response, little is known about how
collagenbased devicefabricationmediaes macrophage response this thesis we
assessediophysically, biochemically and biologically tlredifferent treatments
during the fabrication of a collagen type | fileollagen isolation, crodsking and
sterilisation

In the first phase of this thesisve studiedthe influence of acetic acid and
hydrochloric acid and the utilisation or not of pepsin or salt precipitation during
collagen extraction on the vyield, purity, free amines, denaturation temperature,
resistance to collagenase degradation and macrophage respobsequentlyas
extracted collagen forms are usually subjected to chemical-lon&sgy to enhance

their stability and the traditional creBeking approaches are associated with
toxicity and inflammation we nvestigatd the stabilisation capacity, cytotoxicity
and inflammatory response of collagen scaffolds eliogksed with glutaraldehyde,
carbodiimide, 4arm polyethylene glycol succmidyl glutarate, genipin and
oleuropein.Therefore as a step forward arglven that there is still no single cress
linking method / sterilisation treatment that can be used universally for collagen
based devices, we assessed the influence of ethylene, oaidanol, gamma
irradiation and gas plasma sterilisation on the structural, biophysical, biochemical
and biological properties of sedlssembled collagen films crelesked with the
optimised crosdéinking agents from the previous pa#;arm polyethylene glycol

succinimidyl glutaratend 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 differenmesssiance

to collagenase digestion were detected betweendiffierent extractiongroups.
Although all treatments exhibited similar macrophage morphology comprised of
round cells (M1 phenotype), elongated cells (M2 phenotype) and cell aggregates
(foreign body responge significantly more elongated cells were observed on
collagen films extracted using acetic aditbreover cytokine analysis revealed that
hydrochloric acid treatments induced significantly highebLand TNFU release

from macrophagevith respect to acetic acid treatments. Salt precipitation did not
influence theassesse@darametersOverall, our data suggest that collagen extraction
variables affect the physicochemical and biological properties of collagen
preparations.

Regarding collagen crosslinking, fibroblast cultures showed no significant
difference between the treatments. Although direct cultures with human derived
leukemic monocyte cells (THP) clearly demonstrated the cytotoxic effect of
glutaraldehyde, THR cultures supplemerdewith conditioned media from the
various groups showed no significant difference between the treatnmidaots.
significant difference in secretion of piaflammatory (e.g. IL16, IL-8, TNFU) and
antrinflammatory (e.g. VEGF) cytokines was observed betwt®n noRcross
linked and the 8P and genipin crosbnked groups, suggesting the suitability of
these agents as collagen crbsekers.

With regards to collagen sterilisatioryradata clearly illustrate thagag plasma is not
suitable forcollagenrbaseddevices. Ethylene oxide, aftérarm polyethylene glycol
succinimidyl glutarate crosslinking, resulted in significant reduction of the

mechanical properties of the collagen filmGamma irradiation and ethanol
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sterilisation did not significantly affecthérmal, 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
crosslinking method / sterilisation treatmer@verall, ar data illustratehatgenipin
crosslinking maintairs collagenstability evenagainst the most severe stigation
treatments.

Collectively, these data suggest that during collageaffold fabrication all
processg variables should be monitatas, eidently, they affectollagenstability

and biological response

Keywords

Collagen;Collagen isolation; Acid extraction; Pepsin extraction; Salt precipitation;
Collagen cros$inking; Mechanical resilience; Enzymatic stability; Macrophage
responseCytokine releasefForeign body response; Hostsponse; Inflammation;

Collagen terilisation;Collagen stability.
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1.1.Introduction

Collagen is one of the major structural extracellular matrix (ECM}eprs in
mammals, constituting 20 to 30% of the total body proteinsddte, 29 different
collagen types have been identifigd, with all types sharing a unique and common
triple-helical configuration with a repeated [GK+Y],, sequence, where-Xs often
proline and ¥ is frequently hydroxyprolind2, 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 widelydstGdkagen
based materials, in the form of tissue grafts and reconstituted scg#dtdsugh
scaffold has been traditionally defined as thdemensional macroporous substrate,

it could be currently defined a8D or 3D engineered devices mimicking ECM
properties and allowing cell and tissue infiltratip@ye attractive for biomedical
applications such as wound healing, due to their natural composition and their well
tolerated degradation products, grerceived by the host as normal constituents
ratherthan as foreign matter and therefore provide an acceptable host regtjonse
In addition to their superior mechanical properties, colldgpsed devices provide
instructive cues to the cells, promoting this way functional tissue repair and
regeneration(5, 6]. It is therefore not surprising that the colladgmsed medical
device market is estimated to reach US$ 3.7 billion by 2017

The natural crosBnking pathway of lysyl oxidase is responsible for mechanical
resilience of tissues and their proteolytic resistgB8teGiven that the natural cress
linking pathway of lysyl oxidase does not ocauarvitro, the harsh extraction /
purification methodg9], scaffold fabrication ®hnologies[10] and the subsequent
sterilisation methodg11] necessitate the introduction of exogenous ecliogs

(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 sfaBility

14]. However, such crodmking approaches are associated with numerous shortfalls
as a function of the crogmking density / method, including cytotoxicifiL5, 16],
calcificaion [17-19] and foreign body respon§20, 21], impairing wound healing

The physicechemical and biological factors need to be maintained after the final
sterilization processing. ftective 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 ratd22-24], they simultaneously give rise to potentially
beneficial changes with respect to cellular attachment and gi@aithindeed, both

moist and dry heat are knowm denature, albeit to different extent, the triple helical
structure of collagen12], resulting in the increased availability of ththerwise
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 cliogkng and sterilisabn 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 tkategulated by several cell types;
growth factors; and cytokines that direct the four overlapping phesgsé¢ 1.1and

Figure 1.2, namely haemostasis, inflammation, new tissue formation and tissue
remodelling[28].

Haemostasis occurs immediately after injury or device implantati@ieaBed
factors from the tissuénduce plateletsto secrete clotting factors (e.g. mainly
serotonin, thromboxane, PDGF, T®} 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 ckbbtgynamic interaction
between blood plasma proteins and the device surface occura pravisional
matrix around the biomatial 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 / chemistr{33, 34];
topography / roughnes$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 chemokise(cytokines with chemattractive properties) and other
chemeattractants (mainly 1, IL-6, IL-8, MCR1, MIP-1 and TNFU) [39, 40].
Neutrophils and mast cells phagocytise foreign material, bacteria, dead cells and
damaged matrix within the woun@ihe 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 ecrete TGFb, PDGF, PF4 and H1 to
recruit further mast cells and monocytes. Mast cells secrete histamine and other
cytokines that recruit leukocytes into the injury site. Aftef728hours, monocytes
migrate and differentiate into macrophages, wisebrete TNFRJ, IL-6, RANTES,
MCP-1 and MIRL1 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 phenotypél macrophages attack potential
pathogens or phagocytise at the wound site, as a response -ty TRN~U or
bacterial lipopolysaccharides. Gradually, M1 macrophages change to M2 phenotype,
an antiinflammatory or alternatively activated phenotype. M2crophages have
been described as displaying different -phienotypes or roles, which are anti
inflammatory (M2a), immunoregulatory or homeostatic (M2b) and-vwwand
healing (M2c)[43-45]. The macrophage phenotype switch is induced by cytokines,
such as Ik4, IL-10 and 11-:13, and functional reconstruction depends on the timing
of this change. Macrophage activation and polarisati@nuisial in the coordination

of the later inflammation and regeneration phaB& 47]. Thus, macrophage
polarisation and activation is at the forefront of scientific investigation, with various
studies aiming to modulate it using biophysical cues. @chitectural featurd48g];
topographical patterns[36]); biochemical signals (e.g. incorporation of
glycosaminoglycan$49 or drugs[50]); and biological means (e.g. gene therapy
with lipoplexes[51] or polyplexed52]).

New tissue formation beginsI®D days after injury and is identified by migration and
proliferation of different cell types that produce new ECM and form initeal
wound. In skin, for example, keratinocytes migrate over the dermis and restore the

barrier function of the epidermis9], 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 contra¢&3h During

this stage, fibroblasts and myofibroblasts interact, migrate, proliferate and secrete
ECM proteins to replace the fibrin matrix and fomew tissue, predominantly
constituted by collagen type Ill and smaller amounts of fibronectin, elastin and
proteoglycang39, 54]. Meanwhile, macrophages and fibroblasts secrete VEGF and
FGF2 respectively that promote endothelial and progenitor cells to produce new
blood vessel§54, 55]. These new vessels start out from-gxesting vessels adjacent

to the wound39].

Tissue remodelling significantly increase8 2veeks after injury and could continue

for over a year. The remodelling phase is characterised by different cell types
undergoing reduction in cell activity and ggposis and the creation of mature blood
vessels. Collagen type Il is gradually replaced by collagen type I, an event mainly
controlled by matrix metalloproteinases (MMP), tissue inhibitors of matrix
metalloproteinases (TIMP) and mechanical stress anoh.sfrae properties of the
tissue are partially recovered, but the new tissue hardly ever reaches-thirgre

state; for example, dermis reaches up to 70% of itsnjuiey tensile strengtfi39).
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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 repaircould 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 scaffol@issue 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 thadgorscaffold, 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 progeréind
degradation products) or systemic (e.g. nutrition, age, health [Géfe) nature can
interfere with one or more wound healing stages resulting in improper or impaired
wounds. The most commampaired wounds after device implantation are delayed
acute wounds, chronic wounds and pemplantation fibrosis, the hallmark of witic

is a patch of inflammatory cells, mainly macrophages and foreign body giant cells
(FBGCs), and a disorganised extracellular matrix, mostly collggén56]. The
foreign body response is composed of macrophages, foreign body giant cells and a
fibrous connective tissue around the scaffdlhdls response isonsidered the end
stage response of a pidlammatory responses following implantatioha medical
device[42]. On the other hand, chronic wounds are defined as wounds that fail to
proceed through the normal wound healing phases iarderly and timely manner
including excessive levels of pioflammatory cytokines, proteases, ROS, and
senescent cell$7].

In severe burns, immunosuppression is brought about due to suppressiamelbf T
proliferation, large macrophage activatiand high amount of prmmflammatory
cytokine and free radicals that predispose patients to impaired healing, infection and
systemic organ failurgb8, 59].

Local factors, such alsacterial contamination and foreign material that cannot be
cleaned or degdeed respectively, induce the inflammatory cells (monocytes, M1
macrophages and FBGCs) t o remai n at
inflammation phage to over months or years and leading into chronic inflammation
and healing failurd39]. Systemic factors are associated with the ovdradlith /

disease state of the patient. Increased age is often associated with impaired wound

t

h
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healing. For example, in healthy older adults, wound healing suffers a temporal
delay associated with dysfunction of macrophage phagocytic cagé&€ityand
polarisation[61]; delayed angiogenesi62]; and delayed collagen synthesislas
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 -Eell function[65, 66]; prompts wound dehiscence by increasing
tension on wound sitg57]; and alters adipocytes and macrophages ratio in selipo
tissue, inducing increased production of adipocytokines (e.g-UNF6 IlL-8 and
MCP-1)[68]. This increase of adipocytokines, in combination with the activation of
granulocytes and monocytes that secrete free radicals and proteolytic ef@gnes
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 strE&d, which when combined with

the hypoxic stress of diabetic wounfigl], leads to an increased inflammatory
responsg¢bs6]. Further, diabetic patients have several dysregulated cellular functions,
including reduction of inflammatory cell recruitmen?2]; limited bacterial
phagocytosi$73]; and dysfunction of macrophage polarisation (maintaining a strong
M1 marker expression and functiprd] or fibroblast dysfunctiofi75]) that result in

an unbalanced expression of growth factord aiMPs that inhibit new tissue

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

10
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1.3.State of the art of ©llagen

The t er m edcomphssea lgrgegréup (40 different genes form 29 homo
and heterotrimeric molecules) of glycoproteingn the human bodycollagen is the
major connective tis® component; it constitutes -B® % of the human skin,
organic part of bonecartilage, éndon and cornea angrovides mechanical
supportintegrity and specific function oéach tissug77-87]. This abundance of
collagen in human tissues has prompted scientific research and technological
innovaton into its utilisation as a scaffold fabrication matenmmatissue engineering
applicationsdue to its natural composition, favourable mechanical properties, low
antigenicity and weltolerated degradation produd# 5, 12, 88-92]. In addition,
collagenbased materials provide biological cues that support cell attachment,
proliferation and growth, ultimately promoting fttronal repair and regeneration of

tissues and orgams vivo[46, 93].

1.3.1. Collagen diversity

6Col |l agend encapsul at es a bsonoeaabmmona n g e
characteristic featuresll @ollagen types share a unique and common tielecal
configuration with [GlyX-Y], amino acid sequence where X is often proline and Y

is frequently hydroxyproline. The tripleelical structure is based on a tigtanded

triple helix formed by three lehanded pol yproline U chain
which determines the unique quaternary structure of collageility [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 thérgrasation
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modifications[6, 82]. To-date, all collagens have been classified into flifferent
types: fbrous collagens (types I, 11, Ill, V, XI, XXIV and XXVII consist gfuarter
staggered fibrils non-fibrous collagens (types IV, VII and XXVIwith inabilities
to form quarteistaggered fibrils by thaselves), ifamentous collagengypes VI,
VII'T and X) and fibril associated collagength interrupted triplehelices (FACIT,

types IX, XIFXVII, XIX i XXIIl and XXV) [1].

1.3.2. Collagen structure and conformation

The triplehelical conformation is the common and unique structural element of all
collagens, which was deduced from high anglea¥X fibre diffraction studies in
tendon[94]. The collagen triplénelix (tertiary structure) has a coiledil structure
made of three parallel polypeptide chaiSsu b s e q u e n 4cHaig (secandagyh U
structure) is constituted biaree collagemolypeptidesvhich are wound around each
other in a regular helix to generate a rlige structure approximatel{280nm in
length and 1.4nm in diamejein particular, ollagen type | present in the form of
elongated fibres irskin, bone and tendon, gentindividual fibrils that can be
longe than 500em with diameter abou500nm and contain more than fdllion
molecules. The collagen fibrils possess a eyl of axial alignment, which results

in the characteristic D bandindni$ produces an avega periodicity of 6/m in the
native hydrated statend 5565 nm in dehydrated samples for electron microscopy
[95-100.

Moreover,the intraamolecular hydrogen bonds between glycines in adjacent chains
providethe helix stability. The hydroxyl groups of hydroxyproline residues also
involved in hydrogen bonding trstabilisation oftriple helix structure Specifically,

the two hydrogen bonds formemthin the chainsare due to the attraction force
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betweenthe amine group of a glycye residueand the carboxylic goup of the

residue in the second position of the triplet in the adjacent eimainhe second bond

is via the vater molecule participating in the formation of additional hydrogen bonds

with the help of the hydroxyl group of hydkoy pr ol i ne i n the third
chain is a lefhanded helix and the three chains are staggered by one residue relative

to each dter and are supeoiled around a central axis and form a righhded

superhelix [101-104]. At each end of the collagen molecule is a short-imaical

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

formationand are involved in the collagen crdsiking proces§105107).

1.3.3.Collagenbasedmaterials in Tissue Engineering

Collagenous materials, in various physical forms (tissue grafts, hydrogels, sponges,
fibres, films, hollow spheres and tisselergineered substitutes), are extensively used
in Tissue Engineering.

Autologous, allogeneic or xegeneic tissue grafts amommonly used for tissue
repair as their similabiological structure and moleculeompositionthat allowscell
infiltration and tissue ingrowth angemodelling[108 109. Due to the restricted
availability of autografts, allogeneic and xenogengisue graft such askin [110,
small intestine submucogal]], bladder[112, pericardium[113 or tendon[114]
grafts arewell establishedn clinical therapiesand used agold standarsl Tissue
grafts manufacturing processhould be designed in order to maintain structure,
mechanical integrity and bioactivity of the tissue to the best extent pogkilie
Most common process includesparéion of surrounding tissueslecellularisation
crosslinking, disinfectionand steriligtion. Decellularigtion is acrucial stepwhich

combines chemical, biological and physical treatmeantsemove cellsand to
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minimize the amount ofellular debris and any other molecuilegh immunogeric
capacity[116, 117]. Chemical crosdinking treatment is also commonly uséal
control mechanicalproperties and degradatiorprofile. However, cros$inking
should be optimized for each application to avoydotoxicity, predominantpro-
inflammatory responsand delayedvound fealingor evenperiimplantation fibrosis
[46, 118. Moreover, several different tissue grafts have been developeddbr e
clinical application. For example, small intestine submucosa and bladder have been
used fortreatmentssuch as hernia, tendon, bladder and wound healing treament
which require rapid cell infiltrationgraft degradation andssueremodellingwith

low mechanical performaed20, 112 119121]. On the other hand, skiderived
tissue graftarewell establishedor ventral and abdominal hernia repair and infected
wounds whichrequire high mechanical performance and enzymatic resisf2fice
122-125.

Collagen hydrogels are a network obllagen fibrils which is held together by
electrostatic and hydrophobic bond3ollagen has the ability of sedissembling
when diluted collagen solutions are reconstitutepghssiological pH, ionic strength
and temperaturg¢l126-137. The fluency andfast assembly time allowollagen
preparationgo be useds injectable systenfsr cell and moleculesdelivery[133.
Furthermore, wsslinking is used to contromechanicalstability and degradation
rate [134, 135. Specifically for hydrogelsmechanical propertiesan be improved
by plastic compressiorj136-140. Collagen hydrogels havéeen employed in
numerous clinicalpplications Stem cells from leletal muscleencapsulatethto a
collagen type | hydrogel increased cardiac gemgsessioncontractile forces and
calcium ion exchangas native cardiac cel[441]. Moreover, embryonic stem cells

or cardiomyocytesoaded incollagen type | hydrogeland mechanicdy stimulated
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differentiated into cardiomyocytes[14Z] or cardiac muscle bundleg143,
respectively In the neuraltreatment collagen type | hydrogelsith or without
growth factors have been shown to promote neyralarity, adhesion, survival and
growth [144-147]. In the cartilage repair, collagen type Il hydrogels have been
demonstrated tmaintain chondrocyte phenotyp48 149 and drive mesenchymal
stem cell differentiation towards chondrogenic linegids-1527].

Collagen sponges are obtained by fredmeng. Initially, collagen is entrapped
within the developing ice crystals and then ice is sublimated. grbisesspermits
controlling pore size and distribution by modifying collagen concentration and
freezing seup [153-155. Pores shoulde designed tallow cell migration and
nutrients/debris diffusiol56, 157]. Several different cell types and biomolecules
have been combined with collageponges with promisingn 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 mesemaiystem cells[15816Q.
Collagen sponges have also shown to retain growth factor such as bone
morphogenetic protein 2, enhancing bone healing in critical size rat calvarial defect
[16]]. Regarding skin wound healing, collagen sponge with skin cell precursors
accekrated wound healing and enhanced local capillary regeneration in a diabetic
wound mice mod€g]l162. On the other hand, adult bone marrow mesenchymal stem
cellsloaded into ollagen spongeBicreasedvascularisation ira immunaodeficient

mice model[163. Collagensponges functionalisedith differentfibroblast growth
factor[164-166 or platelet lysatg167] have been shown to regerate fulthickness

defects m normal and diabetic wounds
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As collagen hydrogels,atiow collagenmicrospheregan be used as rceer systems

for drug delivery with high reproducibility, surface area, cargo capactyntrolled
size, shape, dispersity addgradéon rateg168 169. These hollow microspheres
are obtained by the collagetiepositon on sulphonated polystyrene beads as
templats, which afterwardsireremoved, leaving behind the hollavellagenshell
[168177. These hollow collagen sphereave been used for gef&2, 170, growth
factor[173 and drug 174 delivery or ROS scavengirjd75 17§.

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, ## current process leads to irreversible
denaturéion [177, 17§. Collagenfibreswithin 50 - 400 um diameter ansitructural

and mechanical properties similar to native tisstgas be obtained by the extrusion
of collagen solutiorin a series of phosphate buffers at°€7[179-185. Colagen
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 neutfa86. Extruded collagen fibrelsave been shown

to promotecell alignment andidirectional cell growth[187, 188 and neotissue
formation[189-19]]. In tendonrepair, extruded collagen files wereinfiltrated by

new tissue; howevethe resorptiordegreewas low due tahe high crosslinking

level [19]]. On the other hand, isoelectric focused collagen fibretucal
bidirectional growth of tenocyteend bone marrow stromal ce[l$92 193 and to
stimulate tenogenic differentiation of bone marrow stem dégl, 195. These
fibres have also been shown to provide topographical cues iforvitro axonal
guidance even in the presence of myehssociated glycoprotein that is known to

inhibit neurite guidancgl9q.
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Finally, collagen films produced through evaporation with or without previous
fibrillogenesis, have been used extensively in biomedicine for several applications
[197, 199. Moreover, several approaches, such as magnetic field, soft lithography,
imprinting or reverse dialysis, have been explored to align thdilsulbar structure

of collagen within collagen films. In particular, greetic fieldbetween 1.9 to 12 T
during 3690 minutesinduced ollagen fibrilsto align perpendicularly to the field
direction due to thenegative diamagnetimomentof the collagenU chains[199

206]. However, the supercduacting magnets required to induce alignment have a
high-costand therefore, iron oxide particles in combination with a low magnetic
field of 0.0001 T havebeen explored to align collagen fibrilsvith partially
satisfactory resultf207, 20§. Given thehigh cost of thisnagnetic fieldechnology

soft lithography has beemxploredfor redicating topographical patterns such as
grooves,pillars andholes[209, 210, even for cellencapsulatiorwithin patterns
[211]. Molecular imprinting[212-214] and high speed spinning methd@44, 215
havealso been used tdign collagen fbrils through theintroductionof high shear
forces during the collagempressionon a substrate. Both molecular imprintiragd

high speed spinning result in slightly misaligned collagen film due tofdke
collagen desiccationrequirement 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 dimensidi24.3 214.

Collagen films with or without gelatjmyaluronic aci¢icarbodiimidecrosslinked or
lamellaelike substructure exhibited similar properties to human cornea and
supported growth of human corneal epithelial caltgl stromal fibroblast§217-

219. On the other hand, collagen filmgere used to guideulmonary stem cell
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attachment and growtf22(, while same films functionalsd wi t h Fi col | E an
crosslinked with genipin supportetvi38 fibroblasts attachment and proliferation

[197]. Given that collagen filmean bewrappedto obtainsingle channel tus, they

have been foperipheralnerve regeneration with successfglurite outgrowtHrom

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

market as nerve guidance conduitsuch asNeur a Wr ap E, Neur oMendE
Neuw oMat ri x E, IR27u reduGireg n riyofibroblast infiltration while

guiding Schwann cell migration and axonal regrowth towards their distaltsarge

smaller than 4 cm in lengil223-225. Furthermoremagnetically aligned collagen

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

align human keratocytd202 or to maintain primary chondrocyt€203 in culture,

respectively.
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1.4. Assessment of the inflammatory response to collagdéased devices

Herein, host / macrophage response is discussed, as a function and extent of the
crosslinking density / method employed to stabilisellagenbased devices. The
extent of crosdinking can be assessed by denaturation temperature, quantification of
free amine groups, swelling, mechanical properties and / or resistance to enzymatic
degradation. However, denaturation temperature is custgrmaed to assess cress
linking density due to the simplicity and accuracy of the technique. Thus, herein we
define collagen materials that are slightly crtisked; moderately crosnked; and

heavily crosdinked as those that have exhibited denatoinaemperature of <65 °C;

65-70 °C; and >70 °C, respectively.

14.1. Methods for assessingn vitro inflammatory response to collagerbased
devices

Although numerous cells (e.g. macropha@&$3, monocytes[226, neutrophils

[227), leukocyted228 and dendritic cell$229) are employed to study the vitro
inflammation response to biomaterials, macrophages appear to be the preferred cell
population for collagefbased devices. This may be due to the determinant role of
macrophages in the resolution of inflanttaa and wound healing and the
availability of techniques to characterise macrophagepsplhilations and response
[230. To date, the most reliable macrophage sources are those isolated from human
peripheral blood mononuclear cells (PBM@49] and immortalised cell lines, such

as human derived leukemic monocyte cefieli(THR1) [52]; human leukemic
lymphoma monocytes cell line (U937113; 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 méaligrevent apoptosis; and
cryopreservation without detrimental effect on cell viability and differentid282,

233. Nonetheless, immortalised cell lines suffer from certain cell dysfunctions, such
as adapted growth in culture, reduced -cell interaction and decreasedofein
secretior{234.

Our understanding of the host response to colkbgesed materials is largely
attributed to experimental data on macrophage activation and polaridaigome(

1.3). Macrophages express different surface markers according to eaeh sub
population; M1 macrophages are positive for CD80, CD86 and CCR7, \wmtlIst
express CD163 and CD2(Q8&3, 46]. Furthermore, the different macrophage -sub
populations direct inflammation and tissue repair by secreting cytokines and other
reactive species. Specifically, M1 macrophages producenflfasnmatory cytokines
such as It1 U, -1 B -6, IL48, IL-12, IL-23 and TNFU, whilst M2 macrophages
secrete Iklra, IL-4, IL-10, IL-13, VEGF, TGFb and arginase[43-46]. M1
macrophages regulate inflammation and colldgased devices degradation the

secretion of nitrites, reactive oxygen species (ROS) and MME3:235.

20



Chapterl i Introduction

IFN-a
TNF- o IL-10

pr \
oY CD163

qq o CD204
o < O Coed L4 ILra CD206 N O e
O IL-13  IL-ligand
< © ~ cpss A AO
CCRT o o 0L
IL-1a, IL-1B, IL-6, IL-8, D163 A _

IL-12, IL-23, TNF-q, CD204 IL-10, Arginase, TGF-j,
NO, ROS, MMPs CD206 FBF-2, MMPs, VEGF
Pro-inflammatory A ) coss O O D Pro-wound healing

i Matrix deposition
Phagocytosis QA O& A cotez > p B> O T el
Pathogen killing AA A O e 0 > issue remodelling

O e IL-1, IL-6, IL-10, IL-12,
IL-1ra, IL-10, Arginase Tﬂiu
Anti-inflammatory Homeostasis

Immunoregulation

Figure 13. Macrophages polarized from MO (npolarised) to M1 (pre
inflammatory) or M2 (M2a, aninflammatory; M2b, homeostatic; M2c, wound
healing) depending on inducing signals. Each macrophage subpopulation expresses
different surface markers, cytokines, and reactive species. CD, cluster of
differentiation; FBF2, pufdomain RNAbinding protein; IFN, interferon; IL,
interleukin; LPS, lipopolysaccharide; MMP, matrix metalloproteinases; NO, nitric
oxide; ROS, reactive oxygen species; TGFb, transforming growth factor beta; TNF

a,tumournecrosis factor alpha; VEGF, vasauendothelial growth factor.
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1.4.2.1n vitro assessment of inflammatory response to collagdrased devices
Crosslinked collagerbased materials have been shown to preferentially alter
macrophage responge vitro (Table 1.1). GTA crosslinked decellulaised bovine
pericardium (norcommercial material) induced moderate fibroblast cytotoxicity and
THP-1 macrophage activation, which secreted higher amount ot TBRd 1L-6

than the norcrosslinked counterparf23€. Additionally, this same material altered
U937 macrophagemorphology (cell area reduction and disrupted membrane),
reduced attachment and viability, increased release einflaanmatory cytokines
(TNF-U and IL-6) and changed MMP pattern secretion-fegulated MMP1 and
downregulated MMP2 and MMR9), whilst BEDC crosslinked pericardium reduced

the release of prmflammatory cytokines, altered MMP pattern and induced
rounded macrophadgé13, which morphology has been recently associated with M1
macrophage$237]. Moreover, PBMCs released higher amount of TM&nd IL-6

than IL-10, when cultured on necommercial GTA crostinked porcine pulmonary
valves[238. With regard to reconstituted collagen materials,-oommercial EDC
crosslinked collagen sponges have been shown to increaséro resistance to
degradation by macrophages; however, these sponges promoted RAW 264.7
macrofhage aggregation to form FBGCs that gradually degraded the sg@3ges
When incubated with human primary monocytes / macrophages, commercially
availabe slightly crosd i nked ( HMDI ) porcine der mis
Implant, Covidien, denaturation temperature of6d0°C[110, 240, whilst its non
crosslinked counterpart has denaturation temperature e6/8C [241]]) induced

low amount of prenflammatory (TNFU, IL-1 b , -6, MCP-3, MIP-10) and anti
inflammatory (IL-1ra, CCL18, MIP4) cytokines, when compared to other synthetic

materials used for soft tissue repair, showing a low M1/M2 protein secretion index

22
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[242. Mor eover, Per mac ol b vinddukocyte aidbiity, di d n
activation and reactive oxygen species expression. When they were exposed to fresh
human peripheral whole blood, they behaved similarlyheirtnoncrosslinked
counterpart§22g. As EDC treatment, necommercial DHT crostinked collagen

sponges induced FBGCs formation, although the treatment increased the enzymatic
resistanc¢239.

Macrophage activation has also been associated with release of chemicals /
processing byproducts and surface modification. Specifically, reldasgproducts

from HMDI and EDC cros$ i nk ed porcine der mi s gr af
Coll aMendE FM | mplant, Bar d,[11@ 21¢})averer r at i O
associated with the increase of finflammatory (IL-1 b , -6, IL48) and vascular

(VEGF) cytokine expression of human PBM[243. However, a recent publication
questioned this tleey, as no crosBnking agent traces were detected by nuclear
magnetic resonance spectroscopy on conditioned media witbamomercial GTA

crosslinked collagen scaffold, and put forward the notion that the increase -of pro
inflammatory cytokine expressianay be induced by collagen surface modification

as a function of croslinking method employed113. Overall, crosdinking of
collagenbased devices has been shown to iedacpreinflammatory response:
macrophage activation and increase of-ipfmmatory cytokine release. Despite

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

by which crosdinking alters inflammation has not been etiated as yet.
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Table 11. In vitro inflammatory response associated with ciodsed collagen

based materials

Crosstlinking
Summary ofin vitro results References
agent
Alteration of macrophage morphology (cell ar
GTA reduction and membrane disruption)
(i.e. PeriGuard & Reduction of macrophage attachment and [113 236,
noncommercial viability 238
materials) Up-regulation of pranflammatory cytokines
Alteration of MMP secretion
Increase of enzymatic resistance
HMDI
Moderate ugregulation of preinflammatory and
(1. e. Pei [228 242
angiogenic factors/cytokines
non-commercial 243
No alteration of leukocyte behaviour or relea
materials)
of reactive oxygespecies
Increase of enzymatic resistance
EDC Up-regulation of prenflammatory and
(i .e. Co angiogenic factors/cytokines [113 239
& non-commercial Induction of rounded macrophages and 243
materials) macrophage aggregations that form FBGCs
degrade the scaffolds
DHT Increase of enzymatic resistance
(i.e. non Induction rounded macrophages and of
[239
commercial macrophage aggregations that form FBGCs
materials) degrade the scaffolds
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1.4.3.In vivo models for assessing host response to collagessed devices

In vivo studies assessing host response can be roughly grouped based on the animal
model employedTable 1.2. Small animal models are primarily utilised dssess

i nfl ammatory response to novel devices,
closed replicates of clinical msletoti ng.
collagenbased devices vivo characterisation is the subcutaneous implantation in
mouse o rat for up to a month in duratiq@1, 1127. 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 wol2W6 245. The rabbit

ear model hs also been used to study specific wounds, such as [24@sand
hypertrophic scarrinf247. Inflammatory response and wound healing are evaluated

by routine histological ralysis that is sometimes complemented with immuno
staining and evaluation of protein and gene expression levels. Cebaged
devices have been extensively assessed in large animal abdominal muscle model
repair with significant differences in the sizé the defect, time points and
characterisation method¥dble 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 lanima
Obviously, the type of the defect depends on the size of the animal;-gadkaless

defect is induced in small animd@48, 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 -teng response and
therefore early time pointdess 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 mark, 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, sheepaumkbspecies.
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1.4.4.1n vivo assessment of host response to collageased devices

Non-crosslinked (Table 1.3 acellular ECM tissue grafts have shown different host
response depending on their origin. Commercially available porcine small intestinal
submucosa (SI S; SurgisisE Soft Ti ssue
61-62 °C[110, 24Q)) and porcine bladder commercially available (MatriStem, Acell)

[20] or research gradgl12 251] promoted a dense mononuclear ceflltration,

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

M1) at week 2. At week-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 pefimplantation fibrosis were not observg20, 112 or the fibrous
tissue surrounding the implants was slight, less than 522%d). In the same way,

commercially available human, porcine and bovine dermis (Allo8efissue

Matri x, LifecCell, denaturation temperatu

Matrix, LifeCell, denaturation temperature 60 °@;6gi MendE Col | agen

Soft Tissue Reconstruction, TEI Biosciences, denaturation temperature[ 5BXIRC
demonstrated a dense mononuclear cell infiltration, higher M2 macrophage
population than M1, and no presence of FBGCs or encapsul2ipr253 258

259. However, dermis grafts showéawer cell infiltration, degradation and new
tissue formation than those of SIS and blad@6r 253 258 259, prolonging graft
remodelling over 12 montH258, 259. This longer degradation may be due to the
highe organisation and density of dermis compared to SIS or bladder. With regards
to reconstituted collagen materials, raosslinked materials have been shown to

be welttolerated, to promote tissue regeneration with minimal inflammatory

response[93]. Finally, the wound healing capacity (cell infiltration, new tissue
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deposition and neovascularisation) of rwwosslinked collagen materials have also

been confirmed in clinical settirj@6q.

32



Chapterl i Introduction

Table 13. In vivo resporse associated with creieked collagerbased materials.

The degree of crodmking regulates scaffold stability and host response.

Crosslinking

Summary of in vivo results
agent

In general, noncrosslinked collagen materials:
Relevant initial cell infiltration [20, 256,
High ratio M2/M1 macrophages 260267

Functional reconstruction, no encapsulation

Porcine SIS and bl adg [112

Non-cross A
Matri St e mE ocomneercial materialsyi nf 248
linked
Fast degradation and remodelliragio 257
Human, porcine and bovine dermis (i.,eSt r at t
or other non-commercial materials): [20, 253
Lower cell infiltration and oveextended remodelling| 259
over 12 months
Heavily crosslinked collagenbased materials (i.e.
Peri-Guard® & non-commercial materials): [21, 112
Reduced cell infiltration 249 251,
GTA
Low ratio M2/M1 macrophages 252 256,

Up-regulation of preinflammatory cytokines 263265

Foreign body responsd-ibrous encapsulation
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Crosslinking

Summary of in vivo results
agent

Slightly crosslinked collagenbased materials (i.e.
Permacol E) :
Reduced cell infiltration andrailar early recruitment o] [228
mononuclear cellthan its norcrosslinked counterpart 253-255
HMDI and less than nearosslinked SIS and bladder. 257-260,
Low degradation ratio, over 124 months (similar to 262,
noncrosslinked counterparts) 266-268
Prolonged presence of macrophages around scaff

Prolonged remodelling and tissuepport

Heavily crosslinked collagenbased materials (i.e.
non-commercial materials):
Poorcell infiltration and bw ratio M2/M1 macrophage
[21, 250
HMDI Up-regulationof IL-10 from FBGCs
269
Overprolonged presence of macrophages and FBC
Limited scaffold degradation over 2 yearstanic

inflammation and fibrous encapsulation

Slightly crosslinked collagenbased materials (i.e.
non-commercial materials):

EDC Relevant initial cell infiltration [112

Scaffold degradation and remodelling over 180 day 270273

New connective tissue replace degraded scaffolg
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Crosslinking

Summary of in vivo results
agent

Moderately and heavily crosslinked collagenbased

materials (i . e.-cothmérdiah M
materials): [20, 240
Reduced cell infiltratio 248,
Low ratio M2/M1 macrophages 253255
Limited scaffold degradation over 12 months 260

Prolonged presence of macrophages and FBGCsa@rn 262
scaffold

Chronic inflammation and fibrous encapsulation

Slightly crosslinked collagenbased materials (i.e.
non-commercial materials):
Moderate initial cell infiltration [274
Scaffold degradation and remodelling up to 12 mon

New connective tissue repladegraded scaffold

Genipin Heavily crosslinked collagenbased materials (i.e.
non-commercial materials):

Reduced cell infiltration [274,

Limited scaffold degradation at 12 months 275

Prolonged presence of macrophages and FBGCs ar

scaffoldand dironic inflammation
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Chemically crosdinked collagerbased devices demonstrated extended support on
the defect area overtime, when compared to thecnosslinked counterpartf27q.
Commercially available GTA crodimked tissue graftsTable 1.3 (PeriGuard®
Repair Patch, Synovis, denaturation temperature 8BL1() have been shown to
elicit chronic inflammation and typical foreign reaction, as evidenced by the ear
dense accumulation of mononuclear cells and the prolonged presence of
macrophages, FBGCs and fibrous encapsulation surrounding the if#:1an256

263. GTA crosslinked bovine pericardium grafts reduced M2/M1 macrophage ratio
during inflammation phase, as compared to-omsslinked graft§252. Moreover,
noncommercial GTA crosinked sheep collagen disks induced a massive
infiltration of neutrophils that secreted a high amount of {I]MCP-1 and IFNo,
recruiting and attvating macrophages. As a result, macrophages upregulatéd IL
and downregulated H10, IL-13, promoting FBGC formatiofi21]. Additionally,
commercially available GTA crodmked collagen sponges for guided bone
regeneration and guided tissue regeneration (BioMléhd t e n d E | Zi mmer
promoted ossificatiomn vivo, however, the incidence of mucosa tissue perforation
was increased277). 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 n{@égjalSimilar

to tissue grafts, nenommercial GTA crostinked collagen hydrogels denstrated

a reducedn vivo degradation (20% degradation after 6 weeks), whilst their non
crosslinked counterparts were largely degraded within a week. However, GTA
crosslinked hydrogels reduced cell infiltration and promoted a dense connective
tissue ayer with inflammatory cells around the hydrogel at an early $265&. The

nonthealing result of GTA croslinked collagen materials has been attributed to the

36

Dent



Chapterl i Introduction

toxicity of GTA residues[265 and the high crosknking density that prohibit
degradation and cell infiltration, even after 2 years of implantf#6§.

Slightly crossl i nked ( HMDI ) por ciTable1.3las dsplaggedP er ma
high resistance to degradation vivo and in clinical applications, maintaining

structural integrity for over 2 yeaf253 266. Permacol E has al so
induce early recruitment of mononuclear cells around the graft antedircell

infiltration than its norcrosslinked counterpart[259. However, this early
inflammatory cell population recruitment has been shown to be lower for
Permacol E-cras amkrean SI'S and porcine and h
Stratti ceE ®arespectively) Hodever, nhis responsasanormalised

between all grafts over extended perid@85 259. Regarding cell infiltration,
mononucl ear cell s wer e and ertlyerdiltrated thraugho u n d |
material pores; only 20% of implants were colonised at day 14 and the totality of

graft was colonised after 1 mor|ttb4, 255 258. At 90 days, Per mac:
higher amount of macrophages (RAM positive, specific antibody for rabbit
macrophages) and FBGCs than+4moossl i nked SIS graft (Sur gi
lower macophage recruitment than other crdisked porcine dermis graft

(Col |l aM254.dEAfter 90 and 180 days of i mpl
were surrounded by a new randomly amged 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 tisq@&3 255 257]. Al t hough Per me
demonstrated reduction of remodelling ratio, as-omssl i nked Strattic
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 crosinked (HMDI) dermal grafts (denaturation

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

cell infiltration and demonstrated a prolonged delay in wound hef2i®9. These

observations may be related to thellQ upregulation from FBGCs, which is known

to upregulate transcription of TIMP, preventing degdation by MMPs. This has

also been observed in heavily crdis&ked (HMDI) dermal sheep collagen digkxl]

and heavily crostinked (HMDI) bovine colagen type | disks[25(.

Decellularisation and delipidation process can also dramatically influence the
inflammatory profile of collagen grafts. SpecificallgMDI crosslinked porcine

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

(SDS)and nowwrossl i nked SIS (SurgisisE) have shown i
as compared to necrossl i nked coll agen grlaofdtesr mME$t r at t i
Per macol E-cressid nked P ¢228narbio sufgests that ROS

increase may be processidge pendent . Finally, Permacol E he
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 a®t [266268. Comnercially available HMDI

crosslinked porcine dermis (Zimm@rCollagen 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 d&8¥. It is

worth pointing out that these clinical studigere 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 comorbidifytiee patients?
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EDC has also been studied extensively witlvivo degradation and host response
depending on the tissue graft characteristicable 1.3. Commercially available
EDCcrosd i nked porcine dermis grafts (Coll a
degradation, with no degradation signs and no significant cell infiltration for over

180 dayq255. Further, CollaMendE ivetssuewiti a di
a large amount of macrophages and FBGCs at the implant interface at day 7,
reaching the highest cell amount by day 14. By day830these materials were
encapsulated within a dense collagenous tissue and FEEBC253]; encapsulation

and nonrconstructive remodelling layer were evidenced over 180 days, the longest
published time poinf240, 255. Regarding macrophage pol a
implants presented the lowest population of M2 macrophages (CD206+) and the
highest of M1 macrophages (CCR7H0]. EDC crosdinked porcine dermis has

been employed for human abdominal wall reconstruction and clinical data showed
similar recurrence to HMDI crodsked porcine dermis, largely attributed to poor

tissue integration and delay in wound heali2$0 262 281]. However, these

clinical studies did not assess inflammatory response in detail. Another
commercially available EDC cro$si nk e d SI'S (CuffPatcheE,
similar results to Coll aMendE; a higher
CCR7+) than M2nacrophages (CD163+) and a prolonged presence of macrophages
and FBGS over 16 weeks were reporf2dg. Interestingly, further investigations
demonstrated that the degree of EDC ctwdsng of nonrcommercial decellularised

porcine bladder modulated degradation rate, whilst it delayed the different stages of
reconstruate wound healing117. Specifically, the low dose EDC creksked

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 amalv collagenous connective tissue
deposition was evidenced up to 180 days. The high dose EDCliolass porcine
bladder (0.0033 mmol per mg of tissue) displayed the same tendency than the low
dose EDC with some delays in remodelling: low degradatiadagt63 and partial
degradation with new organised connective tissue by day1tg. Authors of this

study mentioned that the outstanding cellular infiltration and the remodelling
features are due to the slight crlis&ing degree and the fibroporous structure of
these materials. Certainly, the introduction oferconnected porosity (30 pm

pore size) in other synthetic bulk materials has been demonstrated to promote M2
macrophages and to increase integration of the mat¢pi@%. Although porosity

would be a relevant designing parameter modulating host response, it has not been
explored in deil for collagenous materials.

The same host response tendency than EDC-tnd®sl tissue grafts was observed

for EDC crosdinked collagerelastin sponges (necommercial material§70; the

low degree of EQ crosslinking (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 ctligking (0.5 mM EDC) impaired wound
healing, induced more macraaies and FBGCs, and scarring was evidef2éd.
Furthermore, low dos&DC crosdinked collagen conduits and sponges (on
commercial materials) have been shown to increase guidance of regenerating axons
through distal peripheral nerve sections without obvious macroscopic signs of
inflammation or neuroma formatid@71-273.

As with other crosdinking methods, genipin crodmking (Table 1.3 has been
shown to increase resistance to degradation for over a year afonumercial

collagen materials, which delayed wound heali2g@4, 275. 0.00625, 0.05 and
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0.625% genipin was used to crdsk bovine pericardium tissue grafts. 0.00625%
genipin crosdinked grafts were unable to elicit tissue regeneration due to premature
degradation and lack of cell support. 0.05% genipin dinked grafts promoted a
denselayer 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 degaded and replaced by connective tissue after 12 months. In contrast,
0.625% genipin crosknked grafts presented more inflammatory cells; less graft
degradation; and less tissue replacement; limited graft surface degradation was
observed even after 12 mihs[274]. Ribose has also been used commercially to
crosslink 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 we¢kgg.

Overall,in vivo studies demonstrate that host response depends crotsinking

density and methods employed. Indeed, slightly elioked with HMDI, EDC or
genipin collagerbased 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 clioked collagerbased materials
promote a pronflammatory response (macrophage activation, predominant M1
macrophage population and increase of-ipfammatory cytokine release) that
results in impaired wands or fibrous encapsulation. Despite the extensive
investigation into alternative crofisking 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 ts$uesitro 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 |
and type Il, respectively; and the main origin of these tissues are poraimes lor
human[12]. However, the tissue origin is one of the major drawbacks for clinical
translation of these collagen products beeanfsbatchto-batch variability, disease
transmission, immunogenic reactions, microbial or virus contaminations and cultural
or religious issuef283. For these reasonextensive research has been performed to
extract collagen fromn 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
supplementatiorwith 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 19p#R6-288; however, these strategies did

not incrase 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
U (HI F GHRb) 1289 1290. Macromolecular crowding (MMC) has also been
shown to enhance ECM deposition in cell culture, mainly collagen tj21) 292].
Interestingly, MMC and hypoxia condition has been demonstrated to increase

synergistically the ECM protein depositi{izf3 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 drawback®95. Transgenic
microorganisms (bacteria and yeasts) have been inggsdigdue to their
glycosylation capacity; however, the yield of this approach is below 260[ 28§

298 and their proteolytic resistance is lower than native collagen, even when
collagen was expressed with a thermally stable triple helical stru@@é: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 modificationg300, 307].

Regarding collagen extractiomammalian or fish tissues have a fibrillar structure
with different amounts of covalent crelssks, which are makes difficult the
collagen extraction. To this end, solubilisation using neutral salted, diluted acid with
or without enzymes and alkaline sbbns are used to isolate different types of
collagen. However, not all treatments can break native collagenlorkssdilute

acids only disassociate intermolecular ctlisiss between triple helices (aldimide
bonds) while enzymes, such as pepsin, deassociate mature and more stable
crosslinks (ketoimine bonds), increasing extraction yie[@s 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 immuresponse due to a selectively cleavage of the non
helical N and G telopeptides, removing the antigeni@®erminant segment that is
located in the telopeptides locat§8i04-306. Finally, solubilised collagen needs
purification steps (salt precipitation, filtration or centrifugation and dialysis) to

eliminate collgen telopeptides, protein aggregates, other proteins and proteoglycans,

43



Chapterli Introduction

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 quay hazard tests, disinfection with sodium hydroxide and final product

sterilisation treatments are performed whilst these treatments affect collagen stability

[307, 309.

44



Chapterl i Introduction

1.6. Collagen crosdinking

The hierarchical assembling of the collagen molecules provides structural stability
and mechanical resilience to the collagrsed tissues. Additionally, the collagen
packaging is stabilised by weak interactions and strong intermolecularlioksss
thatcontributes to mechanical and enzymatic stahbjlig}. Collagen type | has four
crosslinking types, two in the helical region and anere 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 cro$isks between two different molecules result in héadthil
bonding along fibrilsknown as aldimide bridgg809. However, the natural cross
linking mediated by lysyl oxidase would not ocaarvitro [8] and, consequently,
reconstitutedforms of collagen can lack sufficient strength and may disintegrate
upon handling or collapse under the pressure from surrounding fissuo.
Furthermore, the rate of biodegradation has to be customised based for the specific
application. Thus, it isoften necessary to introduce exogenous elioksg
(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 alsetédrmine tissue regeneration rftd, 31( (Table

1.4). The fundametal principle of exogenous collagen crdisking is the formation

of covalent bonds between collagen molecules using chemical or natural reagents
biological crosdinkers or physical methodsvhich generally link either to the free

amine or carboxyl graps of collagen
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Table 14. Mechanical properties of collagdrased devices as a function of cross

linking method and conformation.

Crosslinking Stress  Strain  E Modulus

Type Ref.
method (MPa) (%) (MPa)
[311-
Skin - 1-27.5 | 30-180 4.6-20
314
[315
Tendon - 5-86 5-22 1.91800
Native 317]
tissue 0.12- [318&
Cornea - 7-9 0.1-11.1
0.25 320
[321
Cartilage - 0.51.0 7-10 05-0.9
327
0.020- 0.001- [323
Non-crosslinked 25-30
0.027 0.100 327
0.010- 0.004 [323
Glutaraldehyde 25-30
0.188 0.100 327
Hydrogel 0.010- 0.002 [327,
EDC-NHS 20-40
0172 0.125 32§
Biomaterial
[324,
0.005 0.00t
Transglutaminas 3040 329,
0.010 0.002
330
[14,
Fibre | Non-crosslinked | 0.2-4 12-40 1-5 331,
337
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CrossHinking Stress | Strain  E Modulus

method (MPa) (%) (MPa)
[14,

Glutaraldehyde | 8-60 27-53 3-47
337]]
[14,

EDC-NHS 1-4 23-65 1-4
337
[14,
Genipin 4-60 1543 2-500 333
334
[197,

Non-crosslinked | 1.58 1950 1.58
335
[197,

Glutaraldehyde | 8-48 3-11 100-1000
334

Film

[337,

EDC-NHS 4-20 30-60 5-35
33§
[197,

Genipin 3.515 5-18 35130
335
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1.6.1. Chemical crosdinking

The most widely used chemical crdsking agents are aldehydes (e.g.
glutaraldehyde, GTA)113, isocyanates (e.g. hexamethylene diisocygndiMDI)

[22g, and carbodiimides (e.qg. -ethyl3-(3-dimethylaminopropyl)carbodiimide,
EDC) [339. All these agents have been employed to induce different extensions of
collagen crosginking, which depends on the processing parameters {ind@sg
concentration and incubation time) and the ctodsng 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-gelymerisation capacity, since these
agents could crodmk high amounts of amines from lysine and hydroxylysine
residues, including those that are reldgiviar apart[339-341]. However, unreacted
GTA or hydrolytic or enzymatic degradation products may remainspewifically
bound to the matrix even after exhaustive rigsithereby 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 formd@43 344 and the short halife of the
isocyanate group in water ensures that reactive groups will not be released from the
treated surface over extended time peri@ds, 346.

On the other hand, carboxyl groups of aspartic and glutamic acid residues from
collagen chains can be used to ctliss collagen through acylzdes([269 347-

352 and carbodiimide$§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 remowpioglucts, foreign cross
linking mdecules 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, lessusceptible to calcificatiof856, 357].

Although chemical crosknking agents are widely used in collageased industry

and the research field, chemical cris&ing is associated with alteration of the
normal wound healing, even at low concentration. High elinksg densities are
associged with numerous shortfalls as a function of the chogsng density /
method, including cytotoxicityf15, 16], calcification[17, 358 359 and foreign
body responsd20, 31(. Therefore, natural and synthetic moieties have been
advocated as alternatives to these common agents; the tafesmaost commonly
reported are acyl azide (e.g. diphephosphorylazide, DPPALE|; photareactive
agents (e.g. rose Bengd6(; riboflavin [361]); carbohydrates (e.g. ribo$867,
glucose[363) and plant extracts (e.g. genipi864, 365; oleuropein[366]; and
myrica rubra[331]). And, more recently, branched polyethylene glycol (PEG)
polymers with vaious molecular weight and functional residues have been promoted
to crosslink collagenbased devicef367-37(. Despite the extensive investigation
into alternative crosBnking methods, no deep biological studies have been reported

as yet.
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Figure 14. Chemical crosdinking of collagen reactionsi Part 1. GTA:
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1.6.2. Physical crosdinking

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

its by-products, dehydrothermg22, 181, 371-374] and UV irradiation{22, 375378

have been assessed. Both treatments increase mechanical and proteolytic stability
only slightly and have also been associatath veollagen denaturation during
processing. Dehydrothermal treatment uses high vacuum and temperatures over
100°C for several hours to promote severe collagen dehydration. Consequently,
formation of interchain crosdinks is induced as a result of condation reactions

either by amide formation or esterification between carboxyl and free amino and
hydroxyl groups respectivelyFigure 1.6). Prior to heat treatment, collageased
materials are exposed to vacuum to remove as much water as possible to avoid
collagen denaturationf22]. After dehydrothermal treatment, the heiocoil
transition temperature is ireaised, enhancing the thermal stability of collagen
without altering its triple helical structufd81]. Regarding UV crosbnking, this
promotes bonds by free radical formation on tyrosine and phenylalanine residues,

which in collagen are few. For that reason, UV cilodang efficiency is considered

negligible. The mechanism causes the formation of the hydroxyl radicf\} (@irh

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

NH-C’E-‘CO), which can interact to form a creksk (Figure 16) [375 374.
Moreover, UV irradiation is efficient for the introduction of crdis&ks which is
especially useful for treatment of collagen solutipBgg. The efficiency of the
reaction depends mainly on the sample preparation, the irradiation dose and time of
exposurg379. It has been reported that UV irradiation of wet collagen fibres causes

rapid insolubility[38(] and increases theknsile strengtfh381].
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1.6.3. Biological crosslinking

Mimicking the in vivo collagen cross¢inking, a more recent crodmking strategy

used tissudype transglutaminase for catalysing covalent cliogsng of ECM
proteins in a C& dependent manndB8238€. Specifically, the transglutaminase
reaction catalyses acyl donation from thearboxamide group (glutaminyl residue)

to the Jamine group, resulting in the-glutamyklysine stabilising isopeptide
between poteins Figure 1.6) [387]. Collagenrbased 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 nechanical and biological stabilif$24, 387, 38§,.
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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 doseg[329331]; 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 variablelcrkisg) / biological

effect on collagesbased devicegFigure 1.7 and Table 1.5. For example, amino

acid analysis indicates intensive reaction of ethylene oxide with lysine and
hydroxylysine residueg§389 and simultaneously necessitates appropriate- post
treatment steps to avoid cytotoxicity9(. Irradiation methods have been shown to
induce both crosknking, albeit weak, and polypeptide chain scission and in
collagenbased device$391-393. Formation of crossinks is attributed to ree
radicals formed on aromatic amino acid residues (e.g. tyrosine and phenylalanine).
However, these free radicals may initiate degradation of collagen dtaiB94

39€. In the case of 70kGy irradiation, for example, damaging effects are induced on
both mature and immature cregiks [397]. Given that such methods do not
introduce any foreign substances, either as residual molecules or as compounds

formed duringn vivodegradation, they are considered biocompafitile348 399.
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Figure 1.7. Schematic summary of the effects of different sterilization methods on

structural, mechanical and biological stability of collagpased devices.
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1.7.1. Ethylene oxide

Ethylene oxide has been used extensively to sterilise colagsed devices with
very reliable/reproducible results, subject to appropriate aeration step to
minimise/eliminate residual ethylene oxide; to avoid cytotoxic-sitkcts; and to
comply with rgulatory limits [39(]. Ethylene oxide has been shown to decrease
helix stability of noncrosslinked, glutaraldehyde crodmked and hexamethylene
diisocyanate crosnked collagen scaffolds, evidenced by reduction in shrinkage
temperaturg389. 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 deriveda$iolds [399. Furthermore, ethylene oxide
sterilisation induces a lower rate of degradation as compared tctenlised
collagenous material{389 or other sterilization method$400, 401]. The
osteoirductivity of collagen type | and partially purified bone morphogenetic protein
scaffold has also been shown to be reduced after ethylene oxide sterilisatidé@ at 37
for 4h and at 58 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 profd@9d. In addition,
ethylene oxide has a minor influence on collagetuced platelet aggregati¢p40Q;

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 fildasts and endothelial cells have
been shown to exhibit normal morpholo¢401]. It is worth pointing out hat
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

oxidedf fusi vity into[4the devicesd structure

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 availdb#, it induces
chain scission in neorosslinked, glutaraldehyde crodmked and hexamethylene
diisocyanate crosknked dermal sheep collagen, resulting in a decrease of tensile
strength and high strain modulus valid89. 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 thedrated specimens than in the control
specimens. The authors attributed these changes testlicdural alterations in the
collagen matrix, caused by the irradiation, and concluded that gamma irradiation
sterilised bone allografts may be more predispasedracture[412. Similarly,
gamma irradiation, at 2 Mrad (20kGy), has been reported to have nencd in the
guarterstaggered 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 obserd], both indicative of a compromised
triple helical conformatiofl0]. Another study that assessed the influence of 25 kGy
(2.5 Mrad) on mechanical, physicochemicahda biological function of
glutaraldehyde crodmked tendon xenografts showed that the irradiation did not
affect the ultimate tensile stress, but affected response tetdomgcollagenase

degradation and thermal denaturation temperature. Of significguortance 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 andradiated

tissue graft§414]. These results indicate that gamma irradiation may have a surface
effect, whilst the bulk properties of the tissue graft remeaffected. 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 t[g<i5

With respect to bone gitaf a dosalependent 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 beerselved 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 eff[dd€y. Other
studies have suggested that gamnmmadiation (0 and 1.0 kGy) brings about
simultaneously chain degradation and ci#ogsng in fish and porcine gelatin and
collagen in protein concentration and irradiation dose dependent mpti@r
Indeed, it has been reported that irradiation dosage of 1 Mrad (10 kGy) is less
damagingto the collagen peptide backbone, whilst at higher dosage, although
pronase resistance was observed, significant damage was clearly demonstrated,
under enzymatic digestion, to norosslinked and chemically crodsked collagen.

The authors suggestedutimn on the interpretation of data from enzymatic assays
and longterm experiments for functional changes assessniddf]. The
osteoinductivity of collagen type | and partially purified bone morphogenetic protein

scaffold was reduced considerably after sterilization by gamma irradiation at 2.5

62



Chapterl i Introduction

Mrad (25 kGy), with cokgen 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 sponge®1]. These results
indicate that irradiation comprased 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 acidPLA) 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 recurrencgdl9.

A recent study demonstrated that gamma irradiationndidinduce 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, @akerin 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
cytocompability of the crosslinked collagen scaffolds, indicating that aspects like
cost, safety and practicality of use may be taken into account in the choice of
sterilisation method42(. Gamma irradiation in inert environment (e.g. argon,
nitrogen, vacuum) as means to minimise oxidation has also been prdgésdkd

However, argon gas protection of gamma irradiated (2.5 Mrad)fdezgn canine
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boneACL-bone allografts demonstrated reddcmechanical properties and slight
hypervascularity, as compared with the rioradiated grafts at 12 months post
implantation[422, 423, possibly due to free radical prodwct and associated chain
scission, thus questioning whether the use of argon gas protection is actually

necessary.

1.7.3. Ebeam 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 methodsbeam has been shown to affect the structural
properties of scaffolds composed of extracellular matrix. Specificallyeaen
sterilisation has been shown to decrease the uniaxial and biaxial maximum strength,
stiffness and dissipation energy, increasing edtiog capacity or altering porous
structure in urinary bladder matrix, bone or ten{lg®n, 405 424]. Moreover, when
porcine small intestinal submucosa (SIS) samples wemlisgd with ethylene
oxide, gamma irradiation andb®am 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 degradatibne-peam
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, butathdesreased

after 28 days in culturd42y. To minimise material degradation bybeam,
irradiation dose, temperature of irfation 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-beam sterilisation at 25 or 35 kGy. Temperature and
defatting procedure was shown to be ineffectiveetiucing degradation phenomena,
and the decrease in mechanical properties was similar for both irradiation doses
[424. However, it has been shown thatbeam sterilised extracellular matrix
scaffolds (derived from porcine urinary bladder) are able to maintain mechanical
strength and ability after 12 month of storage at room temperature or refrigerated
conditions, following ebeam sterilisatiorj42€. Finally, ebeam 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, thsudy demonstrated that-beam treated
tendons did not promote a recovery of the biomechanical function and authors
concluded that -®eam 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 collage28 429, radioprotectant (e.g.-tysteine, N
acetylL-cysteine, Lcysteineethylester) utilisation has been proposed to reduce
radiation damage. It is hypothesised that reducing the presence or viability of free
radicals, with prdreatment of the device with radioprotecting free radical
scavengers, will reduce the damaging effects of iatawh [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 radical42§. Although the use of thiourea as a radioprotectant has been shown
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to significantly improve biochemical and biomechanical propeif irradiated bone

[428 compared to bone irradiated without thiourea, ¥ast majority of studies
assess the sterilisation efficacy of radioprotectants, rather their beneficiary effects on
the properties of the devicg437. Performing irradiabn (50 kGy), on
radioprotectant prireated 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 (k8y) [433. Moreover, free radical
scavenging has been compared with exogenous chemicaliokasg techniques in

order to stabilize matexis prior to irradiation. After gamma anebeam irradiation

at 25 and 50 kGy, samples crdsked with Lethyl3-(3-dimethylaminopropyl)
carbodiimide showed higher strength and higher resistance to enzymatic degradation
than scavengereated and unpratéeed samples. Although free radical scavenging
treatment with ascorbate and riboflavin showed protective effects up to 25 kGy
[405. Further studies demonstrated that combination of exogenousliokess and

free radical scavenged rabbit tendons increased mechanical properties and
degradation resist@e compared to crod$isking or scavengetreated only[434].

This increase in stability of the irradiated treated samples was validated successfully
in a rabbitin vivomodel and a dynamic bioreactor system, which combined dynamic
loading and collagenase degradat{@35. It is worth pointing out that there is
limited literature about the biological effect of radioprotectant techniques on the
biological behaviour of medical devices arbrefore 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 freedical 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 dehm irradiation and toxicity issues
associated with ethylene oxidesidues. The nesegrading effect of gas plasma
sterilisation was evidenced to be as minimal as ethylene oxide and less significant
than gamma irradiation, using SIPRAGE assays[40(0. 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 differenf40(. One of the distinct advantages of plasma
sterilisation is that can be achieved at low temperatures (<50°C), preserving the
integrity of temperature sensitive polymde36. An important characteristic of
plasma sterilisation is the limitation of efficacy to only thin materials, as argriadat
covering the microorganisms, including packaging, will slow down the process
[437]. Another limitdion 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 glesischarge system (5W for 5min)
effectively sterilised nowlegradable and biodegradable, moand multifilament,

naural and synthetic sutures (except plain and chromic catguts) without changing
mechanical propertiegl39. Although the preliminary results are promisi@gtQ,
detailedin vitro andin vivo studies are still to be carried out. No data has been found
regarding to the influence of gas plasma on mechanical properties of cdiiagmoh

devices.
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1.7.6. Peracetic acid

Peracetic acid sterilisation is an alternative method for tissue banks wyhbrfiese

of avoiding denaturation phenomena associated with gamma laeaheirradiation.
Peracetic acid has been shown to be an efficient way to disinfect cellaged
electrespun films, skin grafts, tendon grafts, and small intestinal submucosa withou
producing harmful reaction residuBl1-44¢. Another study has demonstrated that
peracetic acid treatment is as efficient on virus inactivation as gamma irradiation
[447]. 2.5% peracetic aciteated amnion showed the highest moisture vapour
permeability and oxygen permeability, the highestsile strength and the lowest
sulphur content and thickness; however collagen types V and VII were preserved
best in the control (nesterilised) groud406. Other studies have shown that the
structural integrity of tendon grafts was maintained after 0.1% peracetic acid
sterilisation, although the collagen fibrigmtternwas 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 biaxeggsh of porcine bladder
tissue[443. It is worth pointing out tat norcytotoxic response was observed with
0.1% peracetic acitteated tendon graft after appropriated rinsing gié41].
Peracetic acid has also been used successfully as a decellularisation sterilisation

method[444].

1.7.7. Ethanol
Ethanol is a common sterilisation methods for collagased materials, such as

films [197], sponge$239, 448 449, fibresand tissue graft274, 275 450, prior to
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in vitro andin vivo experiments. Reconstituted collagen forms are usually imoherse
into 70% between 15 and 30 minutgkd7, 239 449, whilst tisse graft are
sterilised with gradual increase in ethanol concentration from 20 to 75% over a
period of 4 hour$274, 275. Data tedate indicate that ethanol sterilisation does not
degrade porcine pericardium; whilst denatorattemperature and tensile strength
were slightly increased and enzymatic degradation was unaffgt®&d Ethanol
treatment kghtly increased porosity, but did not affect biomechanical properties and
cytocompatibility of equine tendon graftf451]. A contradictory to these
observations study demonstrated that ethanol sterilisation of sericin scaffold resulted
in significant chages in pore size and mechanical properties, resulting from
shrinkage of the scaffolf452. A study that assessed the influenaf different
sterilisation methods on then vivo osteoinductive properties of partially
demineralised bone matrix demonstrated that the osteoinductive properties were not
reduced after ethanol sterilisation and 3 and 6 weeksimpp&intation, ethanol
sterilised bone graft showed osteoclastic and osteoblastic activity and new bone

lamellae formation adjacent to the implanted bone §4aff.
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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 ¢hg@bility to fabricate 3D
implantable devices that closely imitatee architectural features of native tissue
supramolecular assembljesffer control over cellulafunctions (e.g.attachment,
growth, migration, differentiation, leage commitment) at theane and micro-

scale biointerface and, ultimately, direct neotissue formation. However, there are
significant challenges thahould be addressed to enable abial translation and
commercialiation. For example, collagen extraction protocols need teceedatch
to-batch variability and a better understanding of how the extraction parameters
influence reconstituted scaffolds is required. ®sembled collageimased devices
should gain sufficient mechanical resilience and degradation resisteundst
modulating inflammatory response through a morevpoand healing scenario. All
fabrication methods need to provide readiymdtionaligtion opportunities to aid
tissue repair. Moreover, sterilization and scalability should also be incorporated into
the cevelopmental plans for the production of industredévant prototypes. These
challenges are likely to be surmounted over the years as the promise of clinical
translation and commercialization of these grebrebking technologies is
compelling. In this ontext, the overall goal of this project was to develop an optimal
type | collagen film capable of modulating macrophage response. It was
hypothesised that the modulation e, during and post fabrication parameters
(e.g.collagen extraction, film faication, crosslinking, sterilisation)will induce a
collagen film with sufficient mechanical and enzymatic stability, avoiding toxicity

and ultimately reducing primflammatory macrophage activation.
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To achieve this goal, the thesis project was divided three phases-igure 1.8):
collagenextraction and purification (Phase 1), scaffold fabrication and dnossg
(Phase II), and scaffold sterilisation (Phase Ill). Each phase has its specific

hypothesis and objectives that we ventured to validatsrner

71



Chapterli Introduction

Film Sterilisation: Phase Il
Treatment vs Stability

Film Fabrication:
Cross-linking vs Phase I
Macrophage Response

’

NaCl Pepsine
CH,-COOH

HCI Collagen Extraction:
’ 7_rfarl‘lvulswo Method vs Phase |
et Macrophage Response

Optimal Collagen Film
for Wound Healing

Figure 1.8. Thesis @erview. The project developed herein is composed of three
different researciphasescollagenextraction and purification (Phasé IChapter2),
scaffold fabrication and crodmking (Phase II'T Chapter 3), and scaffold

sterilisation (Phase Iil Chapter4).
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1.8.1. Phase | (Gapter 2)
Overall aim: To assesshe influence oflifferentcollagenextractionmethods on the
structural, biochemical biophysical and biologicapropertiesof collagenbased

devices

Hypothesis: The usage of acetic acid or hydrochloric acid, pepsin and salt
precipitation during collagetype | extraction can affect theollagen ultratructue

andenzymaticstability, andcanmodulatethein vitro macrophage response

Specific Objectives:
1. To extract collagen usingcetic acid and hydrochloricia, pepsin and salt
precipitation.
2. Toassess the structural, biochemical, biophysical and biological properties of

collagenbaseddevices as a function of the extraction method used.

1.8.2. Phasdl (Chapter 3)
Overall aim: To assess the influence of different collagen chogsng methods on
the structural, biochemical, biophysical and biological propertieoltdgenbased

devices.

Hypothesis: The collagenchemicalcrosslinking method used can affettte fibrillar

structue, free amine contentenzymatic and mechanical stability, amd vitro

macrophage responseatfllagenbasedlevices.
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Specific Objectives:
1. To crosslink collagen devices using different crdsiking methods.
2. To assess the structural, biochemical, biophysical and biological properties of

collagenbasedevices as a function of the crdsking method used.

1.8.3. Phasdll (Chapter 4)
Overall aim: To assess the influence of different collagéegrilisationmethods on
the structural, biochemical, biophysical and biological propertieltdgenbased

devices.

Hypothesis: Physical and chemicaterilisationmethod used can affect thellagen
ultrastructure free amine content, enzymatic and mechanical stability, and

macrophage responsécollagenbasedevices.

Specific Objectives:
1. To sterilise collagen devicesing different sterilisation methods.
2. To assess the structural, biochemical, biophysical and biological properties of

collagenbaseddevices as a function of the sterilisation method used.
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Chapter 2: Collagenextraction

Sections of this chapter have been published at:
Delgado LM, Shologu N, Fuller K, Zeugolis DAcetic acid andoepsin result in
high yield, high purity and low macrophage response collagen for biomedical

applications Biomedical Materials2017;12(6):0650009.
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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 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. phospéatsolubilisation, albeit simple and
economical, it is of low yield, as most tissues contain little amount eéstkctable
collagen[3, 4]. Dilute acids (e.g. acetic acid, hydrochloric acid), although they can
break intramolecular crosdinks (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 soluts (e.g. sodium hydroxide, sodium sulphate)
are employed7, 8]. However, alkaline extracted collagen has several disadvantages
(e.g. high hydrolgis level, hydroxyl amino acids are destroyed) that reduce its
applicability in food and medical industrig®]. 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 fwlical ends, the antigenic P
determinant is removgd.3, 14].

Salt precipitation is amherent 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 concentrafib8]. For example, sodium chloride at 0.9

M and at acidic pH has been used to purify collagen type | from pojt@herat

[12] and boving20] tendons. Collagen type Il has been extracted using 5 M sodium
chloride at neutral pH from articular cartilage of calf 1¢g%] and 0.7 to 0.9 M

sodium chloide at acidic pH from chicken cartilagé?]. Collagen type Il fron
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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 alkalingspbrr 1.2 to 3.0

M sodium chloride at neutral pf23, 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
| pepsn / salt precipitated collagen exhibited low inflammatory profid®] or
similar in vivo inflammation response to the ntreated contro[26]. On the other
hand, collagen sffalds produced from hydrochloric acid / pepsin induced
granulomatous inflammation up to 8 months after implantaiityh and a dense
infiltration of inflammatory cells was observed for up to @dys[28]. However,

other studies have demonstrated that collagen extracted using hydrochloric acid /
pepsin promoted a similar lom vivo inflammation response to the nteated
control [29, 30Q]. 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
inflammaton 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
collagenbaseddevices. 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 -Jilgimeh

(Ireland), unless otherwise stated.

2.2.2. Type Icollagen isolation

Collagen extraction was based on wedtablished protocolg32, 33] with slight
modifications see Appendix R for further optimisation deffggure 2.1 summarises

the extraction process of the different collagen preparations used in this study.
Briefly, the tendons were dissected from the surrounding fascia-nufieal
(Freezer/Mill 6870, SPEX SamplePrep, USA) and washed with 1X phosphate
buffered salie (PBS) solution. The milled tendons were either dissolved in 0.5 M
acetic acid or 0.003 M HCI under orbital agitation for 72 h at 4D@e to the
different acid strength, the concentrations were adjusted to obtain a solution-at pH 2
3 which is known to & more efficient dissociating intermolecular crbsks
(aldimine type)[3]. Enzymatic digestion (when used) was carried out using pepsi
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 usesl) wa
performed using salt precipitation at 0.9 M NaCl, as collagen type | precipitates at
this acidic pH and specific salt concentratifiB]. Precipitated collagen was
collected after centrifugation (16,800 g at 4 °C for 20 min) r@slspended in 1.0

M acetic acid or 0.006 M HCI. 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 HCI. Dialysed collagen

solutions were then freezried (Virtis Advantage 2.0, USA).
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l’ Acetic Acid
Dissection and washing
1 Acetic Acid +
Cryo-milling
1 Acetic Acid +
Extraction and Acetic Acid + +
precipitation
1 Hydrochloric
Filtration Acid ;
Hydrochloric .
1 Acid
Dialysis Hydrochloric .
| Acid
Collagen solution Hydrochloric o -
Acid

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-@&S8&EE) was used

to assess the purity of the produced collagen preparations, as has been described
previously[33-35]. Freezedried samples were dissolved in 0.5 M acetic acid at 1
mg/ml. 0.1 mg/ml ommercial type | bovine collagen (Symatese Biomateriaux,
France) was used as control / standdite samples were neutralised using NaOH

and denatured at 95 °C for 5 min. Subsequentlyséimeples were loaded onto 5 %
running and 3 % stacking acrylamide gels and run using th&kBibProtean II®
system (BieRad Laboratories, UK). Gels were stained with the SilverQuest® kit
(I'nvitrogen, USA) foll owing tdanalyssaoh uf act
gels was performed using a gel analyser plugin of ImageJ 1.48v software (National
Institutes of Health, USA). Collagen bands(]) and Ux(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 | collagen was quantified using
ninhydrin assay, as has been described previg86)yBriefly, 3 mg of each sample
were mixed with 20Qul of deionized water and 1 ml of running buffer, which
contained one part of 4 % (w/v) ninhydrin irethoxyethanol and one part of 200
mM citric acid with 0.16 % (w/v) tin (II) chlode 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 pl of 50 % isopropanol. Tubes were vortexed and the absorbance of the
developed purple colour was read at 570 nm. Glycine, at @iffesoncentrations,

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
(DSG60, Shimadzu, Japan), as has been described prev[@d§yBriefly, 20 mg

of each freezalried collagen sample were incubated in 1X PBS at room temperature
overnight, blotted using filter paper to remove water excess and sealkominium

pans. Samples were subjected to a single constant heating ramp at 5 °C/min in the
range of 2890 °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 previouslj38]. Briefly, 5 mg of each collagen sample were incubated at

37 °C for 3, 6,9 and 24 h in 0.1 M T#4Cl and 5 mM CaGClat pH 7.4 containing

50 U/ml of reconstituted bacterial collagenase typer Clostridium histolyticum
Subsequently, centrifugation at 10,000 g for 5 min was carried out; supernatant was
discarded and the pellets were fredried. Scaffold degradation (% weight loss)

was determined from the weight of remaining scaffolds afteageliase 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 pré8®usly
40]. Briefly, human derived leukemic monocyte cells (FHPATCC, USA) were
grown in RPM#1640 supplemented with 10 % foetal bovine serum (FBS), 1 %
penicillin / streptomycin. 20Qul of each collagendution (1 mg/ml) were placed

into each well of 24vell 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 vgeeded onto collagen
films at a density of 26 x fOcells per crh Mature macrophagike state was
induced by treating cells with phorbol -b®yristate 13acetate (PMA) at 100 ng/ml

for 6 h. Subsequently, adherent cells were washed with HBSS and incubtited
supplemented media at 37 °C, 5 % £d 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, proliferatiaoiiet
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 thegi® an elongation factor
that compares the length of major axis with the length of minor axis of a cell. A
perfectlyround cell has a R factor of 1 while an elongated cell has R factor greater
than 2.5[41]. Proliferation was assessed using Quiaif E Pi coGr eenE dsD
(Invitrogen, USA), while celmetabolic activity was measured by 2 h incubation at
37 °C with 10 % alamarBl{e (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 (}Lb, IL-4, IL-6, IL-10, IL-12p70, IL-:13, TNFU
VEGF) were measured using Meso Scale Discovery (RMSDUSA)

el ectrochemoluminescense assay as per ma

supernatants of each sample and supplied standard curve were incubated on MSD
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platesfor 2 h followed by a wash. Then, plates were incubated with detection
antibody solution for 2 h. The plates were

QuickPlex SQ120 instrument (MSD, USA).

2.2.8. Statistical analysis

Numerical data are expressed as meatafidard deviation. Statistical analysis was

performed using MINITAB® (version 16.2, Minitab Inc.). One way analysis of

variance (ANOVA) followed by Fisher's pesbc test were employed after

confirming normal distribution from each sample population (AsaieDarling

nor mal ity test) and equality of variances
homogeneity of variance). Ngrmarametric statistics were used when either or both

of the above assumptions were violated and, consequently, KiWsliss, for

multiple comparisons, test was carried out. Statistical significance was accepted at

< 0.05.
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2.3. Results

2.3.1. Collagen purity assessment

SDSPAGE (Figure 2.2a) and complementary densitometric analysis of k()

and Ux(1) bands Figure 2.2b) revealedthat significantly moref{ < 0.05) collagen

came into solution when AA was used (as opposed to when HC was used). For both
AA and HCpreparations, the use of pepsin significantly increaged.001) yield.
Pepsin decreased the crdisgs of the AAP andAASP collagen (in comparison to

AA and AAS, respectively), as evidenced by reductiofr and gbands(Table 2.J).

The use of salt didot increased > 0.05) yield or purity.
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Figure 22. SDSPAGE (a) and complementary densitometric analysiggf) and

(1) bands (b) revealed that significantly morep (< 0.05) collagen came into
solution when AA was used. The use of pepsin, independently of the acid used,
significantly increasedp(< 0.001) yield. Bpsin also reduced the crds¥s in the

AAP and AASP (as compared to AA and AAS, respectively), as evidenced by the
reduction inb and gbands. Salt precipitation did not appear to induce a significant

effect.
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Table 21. Correponding densitrometric analysis of type | 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 #dagen 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
o) 23.3+0.7| 9615 5.9+ 3.2 05+04* | 1.1+0.3*
b1+ 12b | 33.8x0.6 47.1+16 | 474+1.7 | 114+1.3* | 106+ 0.6*
Ui+ U| 422+15| 39.2+13| 42.4+39 | 863+ 1.5* | 86.3+0.6*
Impurities 0.7+0.3 41+04 4.4+0.9 1.8+0.3* 20+0.2*

Collagen extraction with hydrochloric acid

Bands Control HC HCS HCP HCSP
) 23.3+0.7 79+19 4.7+25 15+02# | 4227
b1+ 1206 | 33.8£0.6 | 153+2.1 10.6 £ 25 170+ 1.2 | 20.1 + 18#
Ui+ U | 422+15| 67.1+33 75.1+4.0 | 77.6x1.0# | 699+ 25
Impurities 0.7+0.3 9.6+2.0 9.1+15 4.0+0.2# | 5.8x0.7#
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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 gFogin® (2.39)

and data obtained revealed that the highest % of free amines, for both AA and HC
treatments, was detected for the AAP and the HCP graup®(05). DSC was used

to assess the denaturation temperature / extend otlorkisg (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
degradationKigure 2.3c) and data obtained revealed no significant differenges (

0.05) between the treatments.
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Figure 2.3. (a) The AAP and te HCP groups exhibited the highest % free amipes (

< 0.05). (b) The AAP group exhibited the lowest denaturation temperagure (

0.05). (c) No difference in resistance to collagenase degradation was observed

between the groupg ¢ 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 preparatiotisced some
macrophages to adopt an elongated morphology at both time peigtse( 2.4).
Macrophage aggregates (5 or more cells) were also formed on TCP, LPS and all
collagen preparations at both time pointsg@re 2.4). At both time points,
significanty more elongated macrophages were observedfofilms rather than on
theHC films (Figure 2.53).

Although DNA quantification analysis revealed that HC treatments exhibited
significantly lower(p < 0.001)cell proliferation to the respective AA treatmeats

both time pointsKigure 2.5b), no significant differenceg > 0.05) were observed
between the groups in metabolic activigggure 2.5c).

Cytokine secretion analysi§ifure 2.6 and Figure 2.7) revealed minimal / below
detection limit release of W4, IL-6, IL-12, IL-13 and 11-:10 and considerable release

of IL-1b, TNF-Uand VEGF at both time points. The secretion of T&nd VEGF

was significantly increase (< 0.001) from day 1 to day 2.PS activated cells
exhibited significantly highe(p < 0.001)levels ofIL-1b and TNFU at both time
points, when compared to TCHC treatments exhibited significantly highgr <

0.001) IL-16 and TNFUto the respective AA treatments at both time points. Within
the HC treatments, the HCP treatment induced sigmfig higher(p < 0.001)

release of TNFJat both time points.
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Figure 24. 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 b&@um.
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Figure 25. (a) Cell morphology analysi®f the phase contrast imagekowed
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 lowgp < 0.001) cell proliferation to the
respective AA treatment$c) No significant difference¢p > 0.05) were observed

between the groups with respect to metabolic agtiv
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Concentration (pg/ml)

Figure 2.6. Multiplex ELISA on pre and anti inflammatory cytokines of THR
cells cultured on distinctollagen extractiongor 1 and 2 daysCytokine profile
release analysis revealed tHd€C treatments exhibited significantly high@r <
0.001) IL-16 and TNFU secretionto the respective AA treatments at both time

points.
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Figure 2.7. Multiplex ELISA on pre and anti inflammatory cytokines of THR
cells culured on distinct films for 1 and 2 days. Multiple comparison tests for every

pair of conditions (*p < 0.05, ns: not significant).
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24. Discussion

The term 6collagend is used to epitomis
collagen genes form 28 mao and heterotrimeric molecules) of glycoproteins with

a characteristic [GKHX-Y], 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 % of the human skin, bone (organic matter),
cartilage, tendon and cornea and is primarily responsible for the mechanical integrity
and specific function of these tissyd2-57]. This abundance of collagen in human
tissues has prompted scientific research and technological innovation into its
utilisation as a scaffold fabrication materia8-64]. Indeed, bovine and porcine skin
and tendon tissues are widely used to obtain collagen lfyfee most abundant
collagen family member. Traditionally, dilute acidic solutions (acetic acid or
hydrochloric acid) are used to disassociate aldimine dmdss and dilute acidic
solutions and proteolytic enzymes (e.g. pepsin) are used against thee matu
ketoimine crosdinks, resulting in higher yieldsLl0-17] and lower immune response
[65-76]. Salt preitation 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 biomatealdagen
baseddevices are frequently associated with foreign body response. Although
exogenous crodiking has been customarily blamgdr-80], several studies have
suggested that other factors may also be respondide example, profound
differences were observed in foreign body response of the same implant
(hexamethylene diisocyanate crdisskked dermal sheep collagen), when it was
assessed in rats and mice and within different strains of rats and8tjcé&Non

denatured and necrosslinked collagen provoked completely different foreign body
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reaction to gelatin[82]. Substantial biophysical, biological and immunologica
differences were also observed between different commercially available collagen
preparationg83], 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 t@ssess 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 macrophagresponse on collagen scaffolds. To eliminate species varigbRjty

84], all experiments were conducted using collagen extracted from porcine tendons.
Starting with yield ad 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 acibdigher yield and purity resulted from

the lactic acid, followed by the AA, citric acid and Hi&5]. 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 collg@@nThis may be due to the

acid concentration; previous studies have shown that maximum yield for collagen
extracted from the skin of hybrid cath Clarias sp.was obtained when 0.7 M AA

was used; the yield was reduced at higher AA concentrd@dhs

The use of pes, due to its capacity to break mature crlasks, brought more
collagen into solution, as has been reported repeatedly in the litefatuig].
Further, pepsin, having removed the {p&ptides regions that are involved in cross

linking [88-90], resulted in collagen preparations with less clivds (asevidenced
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by reducedb and gbands in the AAP and AASP, as compared to AA and AAS,
respectively), with higher free amirmntent and lower denaturation temperature,
especially for the AAP groupn other words, pepsin induced higher disassociation

of collagen ultrastructure and removed both telopeptides, reducing molecular
stability and lengttwhich justify the lower denaturation temperatuResistance to
collagenase digestion was not able to detect any differences between the treatments,
possibly due tahe 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 collagef91-93], whilst papain was not as efficient (yield wise) in
comparison to pepsi®4-96].

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 @ddsnduced more
macrophages tadopt an elongated morphology. Elongated macrophage morphology
is associated with transition from M1 (round morphology:ipftammatory) to M2
(elongated morphology; antiflammatory) phenotypg97] and cell aggregates
indicateforeign body respons®8]. Such heterogeneous macrophage response has
been reported as a function of different collagen eliokg\g methods[39] and

when macrophages were exposed to polyethylene partici88fe Macrophage
phenotype variations may be responsible for this variable resf@n<s€0-102.

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 ai@streatments exhibited
higherIL-1b and TNFU to the respective AA treatments at both time poifitse

observed DNA reduction may be related to the increased U Mffease, which has
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been associated with inducing apoptosis of adherent macrophage onebi@sat
[103 104. These differences may be attributed to the strength of the acids and the
variation of surface reergy or hydrophilicitythat they can cause. As hydrochloric

acid is a strong acid, the H@loleculesinstantlydissociate into ions andherefore,

higher amount of anions remain in the collagen network in comparison with the
acetic acid. This fact couldive a higher negative charge to the HCI collagen
formulations that is highly interesting beuae surface energy and charge were
found to induce different macrophage respof$@5 106. The sensitivity of
macrophage to surface charge has been also confirmed with endocytic assays with
positive and negatively charged partic[d®7-109. Although AAP increased the
amount of free primary amine which are known to increase the positive charge
balance and to affect macrophage respdis€)], our data do not reveal any
influence on the macrophage morphology or cytokine release.

The different macrophage resportsn also be attributed to the different extent of
crosslinking that results in different amounts of collagen released in the media,
which has been shown to induce differential mononuclear cell activatioriro

[111]. We feel that pH could not be the reason, as HBSS was used for rinsing
following sterilisation and its pH is beeen 7.1 and 7.4.

On the other hand, this study has some limitations regattiegassessment of
macrophage adhesion and collagen degradatissisted by macrophage&or
example, a recent publication demonstiatieat macrophage polarisation can be
controlled through integrimediated interactions between THFAnacrophages and
coll agen matri x. hasapeta wleto indoce 82 phenotypd) 2 b 1
wher eas i nhibiting i ntegrinnotr 1. mechani sn

Moreover, macrophages are known to degrade collagen matrix and it could have an
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effect on their polarisation as a recent study showed that U937 macrophages
recognise/respond to collagenrfildamage within tendofil13 and collagen debris
[114. Collagen degradation coulde compeed between conditions by direct
staining of the collagen film or by SEFSAGE 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. eneral, 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 reguthte activation of mitogeactivated
protein kinases and Akt, which potete macrophage apopto$isly. Furthermore,

salt increase could lead to inhibition of endotexiduced stress fibre polymerisation

in vivo[11§.
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25. Conclusions

Collagenbaseddevices 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 suggestah high yield, high purity, low in innate crebsking density and

low in secretion of IL1b and TNFUcollagen can be extracted using pepsin in acetic

acid.

154



Chapter2i Collagen Extraction

2.6. Reference

[1] Browne S, Zeugolis DI, Pandit A. Collagen: Findiagsolution for the source.
Tissue Eng Part A 2013;19:149494.

[2] Zeugolis DI, Raghunath M. Collagen: Materials analysis and implant uses. In:
Ducheyne P, Healy KE, Hutmacher DW, Grainger DW, Kirkpatrick CJ, editors.
Comprehensive Biomaterials: Elsevig011. p. 261278.

[3] Friess W. Collagenbiomaterial for drug delivery. Eur J Pharm Biopharm
1998;45:113136.

[4] Gross J, Highberger JH, Schmitt FO. Extraction of collagen from connective
tissue by neutral salt solutions. Proc Natl Acad Sci U S A 19557.

[5] Cliche S, Amiot J, Avezard C, Gariepy C. Extraction and characterization of
collagen with or without telopeptides from chicken skin. Poult Sci 2003;8%693

[6] Pacak CA, Powers JM, Cowan DB. Ultrarapid purification of collagen type | for
tissue engineering applications. Tissue Eng C 2011;1-88%9

[7] Hattori S, Adachi E, Ebihara T, Shirai T, Someki I, Irie S. Altedated collagen
retained the triple helical conformation and the ligand activity for the cell adhesion
via alpha2betal intgin. J Biochem 1999;125.67#B84.

[8] Yoshimura K, Terashima M, Hozan D, Shirai K. Preparation and dynamic
viscoelasticity characterization of alkalblubilized collagen from shark skin. J
Agric Food Chem 2000;48:68500.

[9] Yang H, Shu Z. The extractioof collagen protein from pigskin. J Chem
Pharmaceut Res 2014,6:6887.

[10] Skierka E, Sadowska M. The influence of different acids and pepsin on the
extractability of collagen from the skin of Baltic cod (Gadus morhua). Food Chem

2007;105:13022.306.

155



Chapter2i Collagen Extraction

[11] Nalinanon S, Benjakul S, Visessanguan W, Kishimura H. Use of pepsin for
collagen extraction from the skin of bigeye snapper (Priacanthus tayenus). Food
Chem 2007;104:59801.

[12] Zeugolis DI, Paul RG, Attenburrow G. Factors influencing the properties of
reconstituted collagen fibers prior to saffsembly: Animal species and collagen
extraction method. J Biomed Mater Res A 2008;86A:892.

[13] Rubin AL, Pfahl D, Speakman PT, Davison PF, Schmitt FO. Tropocollagen:
Significance of proteas@educed altertons. Science 1963;139:3B.

[14] Kuznetsova N, Leikin S. Does the triple helical domain of type | collagen
encode molecular recognition and fiber assembly while telopeptides serve as
catalytic domains? Effect of proteolytic cleavage on fibrillogenasd on collagen
collagen interaction in fibers. J Biol Chem 1999;274:3688388.

[15] Muralidharan N, Jeya Shakila R, Sukumar D, Jeyasekaran G. Skin, bone and
muscle collagen extraction from the trash fish, leather jacket (Odonus niger) and
their charactezation. J Food Sci Technol 2013;50:110613.

[16] Ran XG, Wang LY. Use of ultrasonic and pepsin treatment in tandem for
collagen extraction from meat industry-pyoducts. J Sci Food Agric 2014;94:585
590.

[17] Aukkanit N, Garnjanagoonchorn W. Temperatieffects on type | pepsin
solubilised collagen extraction from silviene grunt skin and its in vitro fibril self
assembly. J Sci Food Agric 2010;90:262632.

[18] Deyl Z, Miksik I, Eckhardt A. Preparative procedures and purity assessment of

collagen poteins. J Chromatogr B 2003;790:22%5.

156



Chapter2i Collagen Extraction

[19] Zeugolis DI, Panengad PP, Yew ES, Sheppard C, Phan TT, Raghunath M. An
in situ and in vitro investigation for the transglutaminase potential in tissue

engineering. J Biomed Mater Res A 2010;92:13300.

[20] Zeugolis DI, Paul RG, Attenburrow G. The influence of a natural dnolsisig

agent (Myrica rubra) on the properties of extruded collagen fibres for tissue

engineering applications. Mater Sci Eng C Mater Biol Appl

2010;30:196195.

[21] Barnes CP, PembleW, Brand DD, Simpson DG, Bowlin GL. Crefisking
electrospun type Il collagen tissue engineering scaffolds with carbodiimide in
ethanol. Tissue Eng 2007;13:159805.

[22] Deyl Z, Miksik I. Advanced separation methods for collagen parent -alpha
chains, the polymers and fragments. J Chromatogr B 2000;733:3

[23] Kleinman HK. Isolation of laminki and type IV collagen from the EHS
sarcoma. J Tissue Cult Meth 1994;16:-23B.

[24] Dixit SN, Stuart JM, Seyer JM, Risteli J, Timpl R, Kang AH. Type IV
Collagens: Isolation and characterization of 7S collagen from human kidney, liver
and lung. Coll Relat Res 1981;1:5886.

[25] Holladay CA, Duffy AM, Chen X, Sefton MV, O'Brien TD, Pandit AS.
Recovery of cardiac function mediated by MSC and interletRinplasnd
functionalised scaffold. Biomaterials 2012;33:13(814.

[26] Thomas D, Fontana G, Chen X, Satagues C, Zeugolis DI, Dockery P, et al.

A shapecontrolled tuneable microgel platform to modulate angiogenic paracrine

responses in stem cells. Biomateriad.4;35:87578766.

157



Chapter2i Collagen Extraction

[27] Kishore V, Uquillas JA, Dubikovsky A, Alshehabat MA, Snyder PW, Breur GJ,
et al. In vivo response to electrochemically aligned collagen bioscaffolds. J Biomed
Mater Res B Appl Biomater 2012;100:4@08.

[28] Garcia Y, Wilkins B, Ctighan RJ, Griffin M, Pandit A. Towards development

of a dermal rudiment for enhanced wound healing respoBsematerials
2008;29:857368.

[29] Kanda N, Morimoto N, Ayvazyan AA, Takemoto S, Kawai K, Nakamura Y, et
al. Evaluation of a novel collagégelatn scaffold for achieving the sustained release
of basic fibroblast growth factor in a diabetic mouse model. J Tissue Eng Regen Med
2014;8:2940.

[30] Maeda M, Kadota K, Kajihara M, Sano A, Fujioka K. Sustained release of
human growth hormone (hGH) fromltagen film and evaluation of effect on wound
healing in db/db mice. J Control Release 2001;77261

[31] Hong Y, Takanari K. An elastomeric patch electrospun from a blended solution
of dermal extracellular matrix and biodegradable polyurethane foab@dminal

wall repair. Tissue Eng C 2012;18:1232.

[32] Zeugolis D, Paul R, Attenburrow G. Extruded collagetyethylene glycol
fibers for tissue engineering applications. J Biomed Mater Res B Appl Biomater
2008;85:343352.

[33] Zeugolis D, Paul R, Atteurrow G. Posselfassembly experimentation on
extruded collagen fibres for tissue engineering applications. Acta Biomater
2008;4:16461656.

[34] Satyam A, Kumar P, Fan X, Gorelov A, Rochev Y, Joshi L, et al
Macromolecular crowding meets tissue engimgeby selfassembly: A paradigm

shift in regenerative medicine. Adv Mater 2014;26:33234.

158



Chapter2i Collagen Extraction

[35] Kumar P, Satyam A, Cigognini D, Pandit A, Zeugolis D. Low oxygen tension
and macromolecular crowding accelerate extracellular matrix deposition in human
correal fibroblast culture. J Tissue Eng Regen Med In Press.

[36] Ward J, Kelly J, Wang W, Zeugolis DI, Pandit A. Amine functionalization of
collagen matrices with  multifunctional polyethylene glycol systems.
Biomacromolecules 2010;11:303301.

[37] Zeugolis D, Raghunath M. The physiological relevance of wet versus dry
differential scanning calorimetry for biomaterial evaluation: A technical note.
Polymer Int 2010;59:1403407.

[38] Helling A, Tsekoura E, Biggs M, Bayon Y, Pandit A, Zeugolis D. In vitro
enzymaic degradation of tissue grafts and collagen biomaterials by matrix
metalloproteinases: Improving the collagenase assay. ACS Biomater Sci Eng In
Press.

[39] Delgado LM, Fuller K, Zeugolis DI. Collagen creagsking - Biophysical,
biochemical andbiological response analysis. Tissue Eng Part A In Press;Epub.

[40] Fuller K, Gaspar D, Delgado L, Pandit A, Zeugolis D. Influence of porosity and
pore shape on structural, mechanical and biological properties of-pajyrolactone
electrospun fibrous saffolds. Nanomedicine 2016;11:1603040.

[41] Chen S, Jones Ja, Xu Y, Low¥ Anderson JM, Leong KW. Characterization

of topographical effects on macrophage behavior in a foreign body response model.
Biomaterials 2010;31:3473491.

[42] Hulmes D. Buildingcollagen molecules, fibrils, and suprafibrillar structures. J

Struct Biol 2002;137:20.

159



Chapter2i Collagen Extraction

[43] van der Rest M, Garrone R, Herbage D. Collagen: A family of proteins with
many facets. In: Kleinman H, editor. Advances in Molecular and Cell Biology.
GreenwichConnecticut: JAI Press Inc; 1993. p61.

[44] Kielty C, Grant M. The collagen family: Structure, assembly, and organization
in the extracellular matrix. In: Royce P, Steinmann B, editors. Connective Tissue and
Its Heritable Disorders: Molecular, Genetiand Medical Aspects. Second ed.
Hoboken, NJ, USA: John Wiley & Sons, Inc.; 2002. p.-2329.

[45] Hulmes D. The collagen superfamity Diverse structures and assemblies.
Essays Biochem 1992;27 497 .

[46] Bella J. Collagen structure: new tricks fromvary old dog. Biochem J
2016;473:10011025.

[47] Shoulders M, Raines R. Collagen structure and stability. Annu Rev Biochem
2009;78:92958.

[48] Brodsky B, Persikov A. Molecular structure of the collagen triple helix. Adv
Protein Chem 2005;70:36€339.

[49] Brodsky B, Ramshaw J. The collagen tripleix structure. Matrix Biol
1997;15:545654.

[50] Bailey A, Paul R, Knott L. Mechanisms of maturation and ageing of collagen.
Mech Ageing Dev 1998;106:36.

[51] Bailey A. Molecular mechanisms of ageing in conivectissues. Mech Ageing
Dev 2001;122:73555.

[52] Kadler K, Holmes D, Trotter J, Chapman J. Collagen fibril formation. Biochem

J 1996;316:111.

160



Chapter2i Collagen Extraction

[53] Kadler K, Hill A, CantylLaird E. Collagen fibrillogenesis: Fibronectin,
integrins, and minor collagens arganizers and nucleators. Curr Opin Cell Biol
2008;20:49501.

[54] Eyden B, Tzaphlidou M. Structural variations of collagen in normal and
pathological tissues: Role of electron microscopy. Micron 2001;323287

[55] Starborg T, Lu Y, Kadler K, HolmelS. Electron microscopy of collagen fibril
structure in vitro and in vivo including thre&@mensional reconstruction. Methods
Cell Biol 2008;88:312845.

[56] Kalamajski S, Oldberg A. The role of small leuecimeh proteoglycans in
collagen fibrillogenesigviatrix Biol 2010;29:24&53.

[57] Reed C, lozzo R. The role of decorin in collagen fibrillogenesis and skin
homeostasis. Glycoconj J 2002;19:228b.

[58] Glowacki J, Mizuno S. Collagen scaffolds for tissue engineering. Biopolymers
2008;89:338344.

[59] Antoine E, Vlachos P, Rylander M. Review of collagen | hydrogels for
bioengineered tissue microenvironments: Characterization of mechanics, structure,
and transport. Tissue Eng Part B Rev 2014;20@33

[60] Wallace D, Rosenblatt J. Collagen gel systemnsiistained delivery and tissue
engineering. Adv Drug Deliv Rev 2003;55:163649.

[61] Pawelec K, Best S, Cameron R. Collagen: A network for regenerative medicine.
J Mater Chem B 2016;4:6484196.

[62] Ramshaw J. Biomedical applications of collagensiodnBd Mater Res B Appl

Biomater 2016;104:66675.

161



Chapter2i Collagen Extraction

[63] Thomas D, Gaspar D, Sorushanova A, Milcovich G, Spanoudes K, Mullen A, et
al. Scaffold and scaffolftee selfassembled systems in regenerative medicine.
Biotechnol Bioeng 2016;113:1185 63.

[64] Abbah S, Delgado L, Azeem A, Fuller K, Shologu N, Keeney M, et al.
Harnessing hierarchical nano and micrefabrication technologies for
musculoskeletal tissue engineering. Adv Healthc Mater 2015;4:24988.

[65] Lynn A, Yannas |, Bonfield W. Antigenicity anchmunogenicity of collagen. J
Biomed Mater Res B Appl Biomater 2004;71:334.

[66] Na G, Butz L, Bailey D, Carroll R. In vitro collagen fibril assembly in glycerol
solution: Evidence for a helical cooperative mechanism involving microfibrils.
Biochemisty 1986;25:95866.

[67] Gelman R, Poppke D, Piez K. Collagen fibril formation in vitro. The role of the
nonhelical terminal regions. J Biol Chem 1979;254:11Y4745.

[68] Ishikawa H, Koshino T, Takeuchi R, Saito T. Effects of collagen gel mixed with
hydroxyapatite powder on interface between newly formed bone and grafted achilles
tendon in rabbit femoral bone tunnel. Biomaterials 2001;22-1634.

[69] Alam M, Asahina I, Ohmamiuda K, Takahashi K, Yokota S, Enomoto S.
Evaluation of ceramics composedt dlifferent hydroxyapatite to tricalcium
phosphate ratios as carriers for rhBigPBiomaterials 2001;22:164B551.

[70] Yamada N, Shioya N, Kuroyanagi Y. Evaluation of an allogeneic cultured
dermal substitute composed of fibroblasts within a spongy collagatrix as a
wound dressing. Scand J Plast Reconstr Surg Hand Surg 1995:29211

[71] Hsu F, Chueh S, Wang Y. Microspheres of hydroxyapatite/reconstituted

collagen as supports for osteoblast cell growth. Biomaterials 1999;2019381

162



Chapter2i Collagen Extraction

[72] Rodrigues CSerricella P, Linhares A, Guerdes R, Borojevic R, Rossi M, et al.
Characterization of a bovine collagbpdroxyapatite composite scaffold for bone
tissue engineering. Biomaterials 2003;24:49897.

[73] Rosenblatt J, Rhee W, Wallace D. The effect ofageln fiber size distribution

on the release rate of proteins from collagen matrices by diffusion. J Control Release
1989;9:195203.

[74] Rosenblatt J, Devereux B, Wallace D. Injectable collagen assensitive
hydrogel. Biomaterials 1994;15:9895.

[75] Wells M, Kraus K, Batter D, Blunt D, Weremowitz J, Lynch S, et al. Gel matrix
vehicles for growth factor application in nerve gap injuries repaired with tubes: A
comparison of biomatrix, collagen, and methylcellulose. Exp Neurol 1997;146:395
402.

[76] Pontz B, Meigel W, Rauterberg J, Kiihn K. Localization of two species specific
antigenic determinants on the peptide chains of calf skin collagen. Eur J Biochem
1970;16:5654.

[77] McPherson J, Sawamura S, Armstrong R. An examination of the biologic
responseto injectable, glutaraldehyde crelasked collagen implants. J Biomed
Mater Res 1986;20:9B807.

[78] Ye Q, Harmsen M, van Luyn M, Bank R. The relationship between collagen
scaffold crosdinking agents and neutrophils in the foreign body reaction.
Biomateials 2010;31:9198201.

[79] van Putten S, Ploeger D, Popa E, Bank R. Macrophage phenotypes in the

collageninduced foreign body reaction in rafscta Biomater 2013;9:650@510.

163



Chapter2i Collagen Extraction

[80] Delgado LM, Bayon Y, Pandit A, Zeugolis DIo crosslink or not tocross

link? Crosslinking associated foreign body response of collagased devices.
Tissue Eng Part B Rev 2015;21:2383.

[81] Khouw I, van Wachem P, Molema G, Plantinga J, de Leij L, van Luyn M. The
foreign body reaction to a biodegradable biomateliférs between rats and mice. J
Biomed Mater Res 2000;52:43816.

[82] Ye Q, Harmsen M, Ren Y, Bank R. The role of collagen receptors Endo180 and
DDR-2 in the foreign body reaction against rowsslinked collagen and gelatin.
Biomaterials 2011;32:1339350.

[83] DeLustro F, Condell R, Nguyen M, McPherson J. A comparative study of the
biologic and immunologic response to medical devices derived from dermal
collagen. J Biomed Mater Res 1986;20:-10%9.

[84] Angele P, Abke J, Kujat R, Faltermeier H, Schum@nNerlich M, et al.
Influence of different collagen species on physibemical properties of crosslinked
collagen matrices. Biomaterials 2004;25: 284U 1.

[85] Liu D, Lin Y, Chen M. Optimum condition of extracting collagen from chicken
feet and its chracteristics. AsiarAust J Anim Sci 2001;14:1638644.

[86] Ratanavaraporn J, Kanokpanont S, Tabata Y, Damrongsakkul S. Effects of acid
type on physical and biological properties of collagen scaffolds. J Biomater Sci
Polym Ed 2008;19:94952.

[87] Kiew P,Don M. The influence of acetic acid concentration on the extractability
of collagen from the skin of hybrid Clarias sp. and its physicochemical properties: A

preliminary study. Focus Mod Food Ind 2013;2:11238.

164



Chapter2i Collagen Extraction

[88] Woodley D, Yamauchi M, Wynn K, Mechani@, Briggaman R. Collagen
telopeptides (crosknking sites) play a role in collagen gel lattice contraction. J
Invest Dermatol 1991;97:58685.

[89] Kalamajski S, Liu C, Tillgren V, Rubin K, Oldberg A, Rai J, et al. Increased C
telopeptide crosknking of tendon type | collagen in fiboromoduluheficient mice. J

Biol Chem 2014;289:188788879.

[90] Tamiya M, Tokunaga S, Okada H, Suzuki H, Kobayashi M, Sasada S, et al.
Prospective study of urinary and serum cilogsed N-telopeptide of type | collagen
(NTx) for diagnosis of bone metastasis in patients with lung cancer. Clin Lung
Cancer 2013;14:36369.

[91] Stenman M, Ainola M, Valmu L, Bjartell A, Ma G, Stenman U, et al. Trygsin
degrades human type Il collagen and is expressed and activated in mesdgchyma
transformed rheumatoid arthritis synovitis tissue. Am J Pathol 2005;167117P¥9

[92] van Deemter M, Kuijer R, Harm Pas H, Jacoba van der Worp R, Hooymans J,
Los L. Trypsinmediated enzymatic degradation of type Il collagen in the human
vitreous. MolVis 2013;19:15941599.

[93] Cassel J, Kanagy J. Studies on the purification of collagen. J Res Nation Bureau
Stand 1949;42:55%65.

[94] Bakar J, Hartina M, Hashim D, Sazili A, Harvinder K. Collagen extraction from
aquatic animals. 2010.

[95] Hashim P,Mohd Ridzwan M, Bakar J. Isolation and characterization of
collagen from chicken feet. Int J Biol Biomol Agric Food Biotechn Eng 2014;8:250

254.

165



Chapter2i Collagen Extraction

[96] Song W, Chen W, Yang Y, Li C, Qian G. Extraction optimization and
characterization of collagen from thentyof softshelled turtle Pelodiscus sinensis.

Int J Nutr Food Sc 2014;3:27278.

[97] McWhorter FY, Wang T, Nguyen P, Chung T, Liu WF. Modulation of
macrophage phenotype by cell shape. Proc Natl Acad Sci U S A 2013;110:17253
17258.

[98] Yahyouche A, Zhida X, Czernuszka JT, Clover AJ. Macrophagediated
degradation of crosslinked collagen scaffolds. Acta Biomater 2011:226.8

[99] Xing S, Waddell J, Boynton E. Changes in macrophage morphology and
prolonged cell viability following exposure to polyethyke particulate in vitro.
Microsc Res Tech 2002;57:5529.

[100] Buchacher T, OhradancWepic A, Stockinger H, Fischer M, Weber V. M2
polarization of human macrophages favors survival of the intracellular pathogen
Chlamydia pneumoniae. PLoS One 2015;0043593.

[101] Féréol S, Fodil R, Labat B, Galiacy S, Laurent VM, Louis B, et al. Sensitivity
of alveolar macrophages to substrate mechanical and adhesive properties. Cell Motil
Cytoskeleton 2006;63:32340.

[102] Sridharan R, Cameron AR, Kelly DJ, Kearnéy , O6Brien FJ.
based modulation of macrophage polarization: A review and suggested design
principles. Materials Today 2015;18:3825.

[103] Brodbeck WG, Shive MS, Colton E, Ziats NP, Anderson JM. Interletikin
inhibits tumor necrosis facta@lphainduced and spontaneous apoptosis of

biomaterialadherent macrophages. J Lab Clin Med 2002;1 398D

166

Bi

oOma



Chapter2i Collagen Extraction

[104] Chen S, Jones JA, Xu Y, Low HY, Anderson JM, Leong KW. Characterization
of topographical effects on macrophage behavior in a foreign bopgrmss model.
Biomaterials 2010;31:3473491.

[105] Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials.
Semin Immunol 2008;20:8600.

[106] Damink LHHO, Dijkstra PJ, van Luyn MJA, van Wachem PB, Nieuwenhuis
P, Feijen J. Crosslinking fodermal sheep collagen using hexamethylene
diisocyanate. J Mater Sci Mater Med 1995;6:434.

[107] Gustafson HH, HolCasper D, Grainger DW, Ghandehari H. Nanoparticle
Uptake: The Phagocyte Problem. Nano today 2015;165487

[108] Yu SS, Lau CM, ThongaSN, Jerome WG, Maron DJ, Dickerson JH, et al.
Size and chargalependent nospecific uptake of PEGylated nanoparticles by
macrophages. International Journal of Nanomedicine 2012:B¥39

[109] Oh N, Park -H. Endocytosis and exocytosis of nanopartidle mammalian
cells. International Journal of Nanomedicine 2014;%531

[110] Makino K, Yamamoto N, Higuchi K, Harada N, Ohshima H, Terada H.
Phagocytic uptake of polystyrene microspheres by alveolar macrophages: effects of
the size and surface propesti®f the microspheres. Colloids and Surfaces B:
Biointerfaces 2003;27:339.

[111] Orenstein SB, Qiao Y, Klueh U, Kreutzer DL, Novitsky YW. Activation of
human mononuclear cells by porcine biologic meshes in vitro. Hernia 2010;14:401
407.

[112] Cha BH, S SR, Leijten J, Li YC, Singh S, Liu JC, et al. Integiediated
Interactions Control Macrophage Polarization in 3D Hydrogels. Adv Healthc Mater

2017;6:Epub.

167



Chapter2i Collagen Extraction

[113] Veres SP, Brennarierce EP, Lee JM. Macrophatyjee U937 cells recognize
collagen fibrilswith straininduced discrete plasticity damage. J Biomed Mater Res
A 2015;103:397408.

[114] Londono R, Dziki JL, Haljasmaa E, Turner NJ, Leifer CA, Badylak SF. The
effect of cell debris within biologic scaffolds upon the macrophage response. J
Biomed Mate Res A 2017;105:2102118.

[115] Kerby GS, Cottin V, Accurso FJ, Hoffmann F, Chan ED, Fadok VA, et al.
Impairment of macrophage survival by NaCl: Implications for early pulmonary
inflammation in cystic fibrosis. Am J Physiol Lung Cell Mol Physiol
2002;283L188-L197.

[116] Cuschieri J, Gourlay D, Garcia I, Jelacic S, Maier RV. Hypertonic
preconditioning inhibits macrophage responsiveness to endotoxin. J Immunol

2002;168:1389.396.

168



Chapter3i1 Collagen Crosginking

Chapter 3: Collagen crosslinking

Sections of this chapter have been published at:
Delgado LM, Fuller K, Zeugolis DI Collagen Crosd.inking: Biophysical,

Biochemical, and Biological Response Analy3issue Eng Part A. 2017;23(9

20):10641077.
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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 andtoleteted
degradation productd-5]. In addition, collagefased materials provide biological
cues that support cell attachment, proliferation and growth, ultimately promoting
functional repair and regeneration of tissues and organs/o [6, 7]. Exogenous
crosslinking methods, primarily chemical in nature, are customarily used as a means
to control the mechanical stability and the degradation rate of collzapged
biomaterials. However, chemical crdsking of collagen is associated with a
predominant pranflammatory macrophage response, inhibition of macrophage
polarisation, reduced cell infiltration, increased -prlammatory cytokine
expression and delayed wound healing, resulting in cytotoxicity, reduced
biocompatibility and pefimplarntation fibrosig[7-10].

The mechanism behind the inflammatory and wound healisigorse to collagen
crossl i nking is stildl poorly wunderstood. Macr o]
responsed cell type, with cruci al role 1 n co
regeneration phases following implantatigdl]. Interestingly, recent studies
indicate that macrophage response can be modulated by the physicomechanical
properties of an engineered scaffold and, in particular, the architefi@al3],
topographical14] and chemica[15] properties that can be variably affected as a
function of the crostinking method employed.

Macrophage phenotype switching is controlled by numerous factors, including
disease and disease state, drugs, growth factors, cytokinegkohesn hormones,

cell shape, scaffold present and its propeitie&s21]. Through direct interactions
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[12] and via released byroducts[22], crosslinked collagen devices directly
modulate macrophage responsevitro. M1 marophages (pranflammatory or
classically activated) are activated by bacterial lipopolysaccharide (LPS), tumour
necrosis factotd (TNF-U) and interferoro (IFN-2) to stimulate the secretion of large
amounts of pranflammatory interleukin (e.g. H1 U, -1b,l -6, IL-8, IL-12, IL-

23) and TNFU cytokines, reactive oxygen species and matrix metalloproteinases to
attack and phagocytise pathogens or foreign mg2@p5]. M2 macrophages (anti
inflammatory or alternatively activated) are activated byJLUL-10 and I1-:13 or a
combination of these, to produce-1ra, IL-4, IL-10, IL-13, vascularendothelial
growth factor (VEGF), transforming growth factdr (TGFb), arginase and
scavenging molecule$23-25]. Critically, M2 macrophages display differential
functions according to the cellular sphenotype [e.g. anthflammatory (M2a),
homeostatic (M2b) and pmwound healing (M2c)]. In instances that macrophages
fail to remodel the substrate tw 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 relatedpertimplantation fibrosis and foreign body
responsg26, 27], often encountered with heavily cregsked collagen devices. The
mechanism behind this transformation is unclear, however, hydrophobicity, ionic
chage and soluble fusion mediators (e.g. receptor activator of nuclear factor kappa
B ligand, macrophage colosstimulating factor, TNFJ, IL-1, IL-4, IL-13) are
believed to be important in the formation of foreign body giant {28k

Customarily used collagen cretssking approaches, such as glutaraldehyde (GTA)
and 1-ethy}3-(3-dimethylaminopropyl) carbodiimide (EDC), have been associated

with cytotoxicity [29, 30], calcification[31, 32] and foreign body respon$8, 33].
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To this end, the use of alternative methods [ruttinched polyethylene glycol
(PEG) polymerd34, 35] and plant extracts (e.g. genipin (GES)p], myrica rubra

[37], oleuropein (OLE]38]] has been advocated as a means to exharechanical

and enzymatic stability, whilst reducing cytotoxicity. However, their immune
response has yet to be assessed. Herein, the structural, physical and biological
properties of nostrosslinked (NCL) and GTA, EDC, 4arm PEG succinimidyl

glutarate(4SP), GEN and OLE crodmked 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). 4arm polyethylene glycol (PEG) succinimidyl glutarate (4SPw M
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 -8ignh

(Ireland), unless otheige stated.

3.2.2. Type Icollagen isolation

Bovine type | collagen was extracted from Achilles tendons by adapting a previously
described protoco[39]. Briefly, the tendons were manually separated from the
surrounding fascia, crymilled (Freezer/Mill 6870, SPEX SamplePrep, USA) and
washed wh 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, pepsirfr@ém porcine gastric mucosa) was added in the solution at
ratio of 80 U/mg of mille 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), centrifugatn and resuspension 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/pD] and collagen purity was
assessed using sodiutiodecyl sulphate polyacrylamide gel electrophoresis (SDS

PAGE) followed by silver staininpt1] (Figure 3.1).

173



Chapter3i Collagen Crosdinking

Figure 3.1. The purity of the extracted type | collagen was assessed using sodium
dodecyl sulphate polyacrylamide gel electrophoresis (BBSE) followed by
silver staining.SDSPAGE analysis revealed the purity of the extracted collagen

solution (left lane) was ~ 96 %, similar to commercially available BD Biosciences

(right lane) type | collagen (~ 97 %).
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3.2.3. Collagen film fabrication

Typical protocols for the fabricatioof collagen films were followed42], with

slight modifications. Briefly, the pH of the collageplution was adjusted to ~ 7.3
using 1.0 M NaOH and 10X PBS. Crdsking was conducted as per established
protocols Table 3.7) in order to obtain about 80% free amine reductibime 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 31. Crosslinking methods employed to stabilise collagéms in order to
obtain about 80% free amine reductidmeatmentsnoncrosslinked collagen film
(NCL), collagen films crosfinked with glutaraldehyde (GTA), carbodiimide (EDC),

4-arm PEG succinimidyl glutaratdSP), genipin (GEN) and oleuropein (OLE)

Crosstlinking
agent
NCL No crosslinker in 1X PBS -
GTA 0.625 % in 1X PBS [36]

50 mM EDC / 10 mM Nhydroxysuccinimide (NHS)
EDC in 50 mM 2 (Nmorpholino) ethanesulfonic [36]

acid (MES) in 1X PBS

4SP 1 mM in 1X PBS [43]

GEN 0.625 % in 1X PBS [36]

5.0 % in 1X PBS
OLE (After activation with 0.5 U/mb-glucosidase [38]

at 25 °C for 2 hours)
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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 Hitachi4®0 Scanning Electron
Microscope (SEM, Hitachi, UK). Prior to SEM analysis, collagen films were
incubated in 1X PBSwernight, dehydrated in ascending ethanol concentrations (50
%, 70 %, 90 %, 96 % and 100 %) and gotdhted (Emitech 650X Sputter Coater,

Emitech, UK).

3.2.5. Quantification of free amines

Free amines were quantified using ninhydrin assay, as has ésarbdd previously

[44]. Briefly, ~ 3 mg of each film were mixed with 2@0 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 (Il) chloride at
pH 5.0. The mixtures were incubated at 95 °C for 30 min. The reactiosto@sed

by cooling down in ice and the addition of 250 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
(DSG60, Shimadzu, Japan)s &as been described previougly]. 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

177



Chapter3i Collagen Crosdinking

were then hermetically sealed in aluminium pans and were subjectediriglea s
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

Resistace 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 CaGlat pH 7.4. Subsequently, the films were incubated in 10 U/ml
bacterial collagenase type I\Clpstridium histolyticurjy reconstituted in the same
buffer. After 24 hours of incubation at 37 °C, centrifugation was carried out
(10,0009 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 mechanicaproperties

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 atcontact 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 bek 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 supplemextwith 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 163c&0s/cnf and incubated at 37 °C, 5 % €0

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. Califeration was assessed using
Quanti TE PicoGreenE dsDNA kit (I'nvitrogen
guidelines. Cell metabolic activity was assessed after two hours incubation at 37 °C
with 10 % alamarBIu® (Invitrogen, USA), as per manufacturer's paml. Cell
metabolic activity was expressed in terms of % reduction of alamé&rBind
normalised considering metabolic activity of cells in tissue culture plastic (TCP) at
each time point as 100 %. Cell viability was evaluated using Live/Daaday.
Briefly, samples were incubated in HBSS withuM calcein and 2uM 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 (redglls 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 (FHPATCC, USA) were grown in

RPMI-1640 supplemented with 10 % FBS, 1 %ip#lin and streptomycin. Cells
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were seeded onto the various samples at 26 xdl®/cnf and mature macrophage

like state was induced through treatment with phorboimyf#state l3acetate
(PMA) at 100 ng/ml for 6 hours, as has been described previqd39].
Subsequently, adherent cells were washed with HBSS and incubated with
supplemented media at 37 °C, 5 % Dd 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 secti®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 vathAls EZ 2.0.0 software.
Inflammatory cytokines (Ik1b, IL-4, IL-6, IL-8, IL-10, IL-12p70, 11-13, TNRU,
VEGF) were measured using Meso Scale Discovery (MSD, USA)
el ectrochemol uminescense assay, as per
supernants 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
Me s 0 E Qu BQILRORnsteiment (MSD).

The potential effect of released / degradation@uaucts of crostinked collagen

films was investigated using the prenditioned media. Crodmked films were
incubated in supplemented RPIW640 media at 37 °C and 5 % &for 6 days prior

to be exposed to cells. THPcells were seeded at 26 x*Bells/cnf with 100 ng/ml

of PMA for 6 hours. Subsequently, plastéidherent cells were washed with HBSS

and incubated with preonditioned media at 37 °C, 5 % e@nd 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, ateation
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 varéan
(ANOVA) followed by Fisher's podtoc test were employed after confirming
normal distribution from each sample population (AndefSaning normality test)

and the equality of variances (Bartlett
variance). Nonpametric statistics were used when either or both of the above
assumptions were violated and, consequently, Kredkalis for multiple
comparison analysis was carried out. Statistical significance was accepied at

0.05.
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3.3. Results

3.3.1. Structural characterisation

Non-crosslinked collagen films (NCL) and crodsmked collagen films with
carbodiimide (EDC) and-4rm PEG succinimidyl glutarate (4SP) were colourless
and totally transparent, glutaraldehyde (GTA) and oleuropein (OLE)-bn&gsg
made the films yellow / brown and senmiansparent and genipin (GEN) cross
linking resulted in dark blue and totally opaque filnksg(re 3.2. SEM analysis
revealed that NCL and 4SP crdsked films maintained the fibrillar structure of
collagen, which wasidhinished in EDC, GTA, GEN and OLE crebsked 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 crbsking induced a yella /
brown hue and GEN crodisking resulted in dark blue hue. SEM analysis revealed
that only NCL and 4SP cro$isked films maintained the fibrillar structure of
collagen. Treatmentsnon-crosslinked collagen film (NCL), collagen films cross
linked with glutaraldehyde (GTA), carbodiimide (ED@arm PEG succinimidyl

glutarate(4SP), genipin (GEN) and oleuropein (OLE).
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3.3.2. Quantification of free amines

Collagen crosginking involves the formation of covalent bonds between the free
amine or carboxyl groups of collagen with the crlosking agent; reduction in free
amines can be used as a crlsiing efficiency indicator. A significantp(< 0.001)
decrease in free amine groups wasserved for all crosknked collagen films
(Figure 3.3. Among the crosinked 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 amifggife 3.3).
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Figure 3.3. Quantification of free amine group of collagen films crtisked with
glutaraldehyde (GTA), carbodiimide (EDC¥-arm PEG succinimidyl glutarate
(4SP), genipin (GEN) and oleuropein (OLE); raosslinked collagen film (NCL)

was used as control. *: Denotes significant differenrec (0.05) from the control

group (NCL).
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3.3.3. Quantification of denaturation temperature
DSC analysis revealed thall acrosslinking methods, but EDCp( > 0.05),
significantly increasedp( < 0.001) the denaturation temperature of the produced

collagen films, as compared to the NCL filnksgure 3.4).
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Figure 34. Denaturation temperature measureddifferential scanning calorimetry
(DSC) of collagen films crosinked with glutaraldehyde (GTA), carbodiimide
(EDC), 4-arm PEG succinimidyl glutaratedSP), genipin (GEN) and oleuropein
(OLE); noncrosslinked collagenfiim (NCL) was used as control. *: Denotes

significant differenceg < 0.05) from the control group (NCL).
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3.3.4. Quantification of enzymatic degradation

In vitro enzymatic degradation analysisiqure 3.5 revealed that NCL, EDC and

OLE films were almet 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 incubatioooltdgen films
crosslinked with glutaraldehyde (GTA), carbodiimide (EDC),-adn PEG
succinimidyl glutarate (4SP), genipin (GEN) and oleuropein (OLE);-anoss
linked collagen film (NCL) was used as control. *: Denotes significant differgnce (

< 0.05) fom the control group (NCL).
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3.3.5. Quantification of mechanical properties

Stressstrain curves consisted of a small toe region, a region of steeply rising stress
and a long region of constant gradient until fractérguyre 3.6. GEN stabilised

films exhibited the highestp < 0.001)force at break, stress at break and E modules
values, whilst EDC crostinked films exhibited the highesp (< 0.001) strain at
break valuesTable 3.2. EDC stabilised films exhibited the lowegi € 0.001)

force at breakstress at break and E modules values, whilst GTA dnoesd films

exhibited the lowest(< 0.001) strain at break valueBaple 3.2.
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Figure 36. Tensile test stressirain deformation mechanism of the produced
collagenfilms. Stressstrain curves consisted of a small toe region, a region of
steeply rising stress and a long region of constant gradient until fracture. Treatments:
non-crosslinked collagen film (NCL), collagen films cro$isked with
glutaraldehyde (GTA), arbodiimide (EDC), 4arm PEG succinimidyl glutarate

(4SP), genipin (GEN) and oleuropein (OLE).
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Table 32. Mechanical data of the produced collagen films. The higlpest@.001;

+) force at break, stress at break, strain aalbend E modules values were obtained
from the GEN, GEN, EDC and GEN crdgsked films, respectively. The lowegp (

< 0.001; #) force at break, stress at break, strain at break and E modules values were
obtained from the EDC, EDC, GTA and EDC criisked films, respectively.
Treatmentsnoncrosslinked collagen film (NCL), collagen films crodisked with

glutaraldehyde (GTA), carbodiimide (EDC3-arm PEG succinimidyl glutarate

(4SP), genipin (GEN) and oleuropein (OLE).

Crosstlinking Force at Stress at Strain at E Modulus
agent break (N/cm) break (MPa) break (%) (MPa)
NCL 0.35 N 0.120 N40. 82 0.64 N
GTA 0.26 N 0.13 N5.77 N| 3.51 K
EDC 0.23 N|0.03 N|{51.60 f0.08 N
4SP 0.40. XN 0.08 N 15. 22 0.45 N
GEN 5.59 N|3.28 N|[16.49 |20.21 f
OLE 1.22 N 0.41 N 15. 46 2.02 N
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3.3.6. Human skin fibroblast response

Phase contrast microscopy analysis revealed that hekmaribroblasts maintained
their spindleshaped morphology, independently of the cilodsng method and
culture time Figure 3.7). By day 7, DNA quantificationHigure 3.8A; only OLE
was significantly higherp( < 0.00]) to the norcrosslinked control],cell metabolic
activity (Figure 3.8B) and cell viability Figure 3.8C) assays revealed no apparent

differences between the nanosslinked and crosdéinked groups§ > 0.05).
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Day 1

Day 3

Day 7

Figure 3.7. Phase contrast microscopic images of human skin fibroblasts cultured
onto crosdinked collagen films for 1, 3 and 7 days. Human skin fibroblasts
maintained their spindishaped morphology, independently of the treatment and the
time in culture.Treatments non-crosslinked collagen film (NCL), collagen films
crosslinked with glutaraldehyde (GTA), carbodiimide (EDCH¥-arm PEG
succinimidyl glutarat€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 creksked collagen films after 1, 3 and 7
days of culture. Cellular proliferation was assessed through DNA concentration
quantification(A). Metabolic activity was assessed using alamarBI(B®Cellular
viability was assessed via Live/Dead®). Treatments: nowrosslinked collagen

film (NCL), collagen films cros$inked with glutaraldehyde (GTA), carbodiimide
(EDC), 4arm 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 aggregateg(re 3.9. Cells grown on TCP, LPS and

NCL exhibitedsignificantly higher jp < 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 highemp(< 0.001) DNA concentration than cells grown

on GTA, EDC, 4SP, GEN and @L (Figure 3.10A). GTA crosslinked films
induced the lowestp(< 0.00]) cell metabolic activity at both time points, TCP, LPS
and OLE induced the highegt € 0.00]) cell metabolic activity at day 1 and TCP,
LPS, GEN and OLE induced the highgstc{0.00]) cell metabolic activity at day 2
(Figure 3.10B. GTA crosslinked films induced the lowest cell viabilitp (< 0.007)

at both time points, no significant difference was observed between EDC, 4SP, GEN
and OLE at both time point&igure 3.100.

When THR1 cells were seeded on the various substrates, no significant diffepence (

> 0.05) in secretion of Hlbeta, I-:8, TNFalpha and VEGF was detected between
NCL, 4SP and genipin groups at both time poiiigyre 3.11and Figure 3.12).
Cytokine release of H4, IL-6, IL-12, IL-13 and I-:10 was below the detection limit

for all treatments for both time point&igure 3.11). Cytokine release from cells
seeded on GTA films was very lowigure 3.11) due to the low cell number
(Figure 3.100.

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
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OLE, formed agoegates Figure 3.13. All crosslinking treatments exhibited
significantly higher § < 0.05) DNA concentrationFigure 3.14A) and metabolic
activity (Figure 3.14B than the NCL counterparts, whilst no significant difference
(p > 0.05) was observed in celliability (Figure 3.14Q. With respect to
inflammatory cytokine release, only peenditioned media with GTA and OLE
crosslinked films significantly increasedp(< 0.05) IL-8 releasgFigure 3.15), in
comparison to the necrosslinked samples. No signidant difference f > 0.05
was detected for VEGF, TN&lpha and ILlbeta between the treatmenEgire
3.195. Cytokine release of H4, IL-6, IL-12, IL-13 and I-:10 was below the

detection limit for all treatment${gure 3.15andFigure 3.19.
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Day 2

Figure 3.9. Phase contrast microscopic images of THEells cultured onto cross
linked collagen films for 1 and 2 days.hd macrophages adopted a round
morphology and formed aggregates, independently of the treatment andntime i
culture. Some elongated cells were also detected (indicative examples are
highlighted using arrows). Treatmentspon-crosslinked collagen film (NCL),
collagen films cros$inked with glutaraldehyde (GTA), carbodiimide (ED@)arm

PEG succinimidyl gluteate (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 cellsonto crosdinked collagen films after 1 and 2 days of
culture. Cellular proliferation was assessed througiNA concentration
quantification(A). Metabolic activity was assessed using alamafB(@. Cellular
viability was assessed via Live/D&a@C). Treatments:non-crosslinked collagen
film (NCL), collagen films crosg$inked with glutaraldehyde (GTA), carbodiimide
(EDC), 4-arm PEG succinimidyl glutarat@tSP), genipin (GEN) and oleuropein
(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (R8¢ used as

controls. *: Denotes significant differenge € 0.05) from the control group (NCL).
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Figure 3.11 Multiplex ELISA on pre and anti inflammatory cytokines of THR

cells cultured on distinct films for 1 and 2 days. The bar represents the average.
Treatmentsnon-crosslinked collagen film (NCL), collagen films crodisked with
glutaraldehyde (GTA), chodiimide (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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Day 2

Day 1

IL-1beta
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TCF * * * ns * * *
LPS * * * * * *
NCL * * ns * *
GTA * * * *
ED( * ns *
4SP * *
GEN *
OLH
TNF-alpha

TCPLPSNCLGTAEDC4SP GENOLE
TCF * * * ns * * *
LPS * * * * * ns
NCL * * pns * *
GTA * * * *
EDC * * *
4SP ns *
GEN *
OLH
VEGF

TCPLPSNCLGTAEDC4SP GENOLE
TCH * * * * ns * ns
LPS * * * * * *
NCL * ns ns * ns
GTA * * * *
ED( ns ns ns
4SP ns ns
GEN ns
OLH
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TCPLPSNCLGTAEDC4SPGENOLE
TCF * * * ns * * *
LPS * * % * * ns
NCL * * ns ns ¥
GTA * * * *
EDC * 0% *
4SH ns *
GEN *
OLH

IL-1beta

TCPLPSNCLGTAEDC4SP GENOLE
TCF * * * nS * * *
LPS * * * * * *
NCL * * ns * *
GTA * * * *
ED( * ns *
4SP * *
GEN *
OLH
TNF-alpha

TCPLPSNCLGTAEDCA4SP GENOLE
TCF * * * ns * * *
LPS * * * * * nS
NCL * * ns ¥ *
GTA * * * *
EDC * * *
4SP ns *
GEN *
OLH
VEGF

TCPLPSNCLGTAEDC4SP GENOLE
TCH * * * NS ns ns ns
LPS * * * * * *
NCL * ns ns * ns
GTA * * * *
ED( ns ns ns
4SP ns ns
GEN ns
OLH
IL-8

TCPLPSNCLGTAEDC4SP GENOLE
TCF * * * nS * * *
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Figure 3.12. Multiplex ELISA, multiple comparison tests for every pair

conditions (*p < 0.05, ns: not significant). Treatmentwn-crosslinked collagen

of

film (NCL), collagen films crosg¢inked with glutaraldehyde (GTA), carbodiimide

(EDC), 4-arm PEG succinimidyglutarate (4SP), genipin (GEN) and oleuropein

(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were used as

controls.
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TCP

LPS

Figure 3.13. Phase contrast microscopic images of THeells cultured for 2 days

with preconditioned media from the crebsked 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: nesrosslinked collagen film (NCL), collagen films cross
linked with glutaraldehyde (GTA), carbodiimide (EDC}adn PEG succinimidyl
glutarate (4SP), genipin (GEN) and oleuropein (OLE). Tissue culture plastic (TCP)

and LPS stimulated TCP (LPS) were used as clsntro
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Figure 3.14. THP-1 cells cultured with preonditioned medidrom the crosdinked
collagen films after 2 days of culture. Cellular proliferation was assessed through
DNA concentration quantificatior(A). Metabolic activity was assessed using
alamarBlu€ (B). Cellular viability was assessed via Live/DB(). Treatments:
noncrosslinked collagen film (NCL), collagen films crodimked with
glutaraldehyde (GTA), carbodiimide (EDC¥-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 diffengrce (
0.05) from the control group (NCL).
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Figure 3.15. Multiplex ELISA on pre and anti inflammatory cytokines of THR

cells cultured with preonditioned medidrom the crosdinked collagen films after

2 days of cultureThe bar represents the average. Treatmerds:crosslinked
collagen film (NCL), colagen films crosdéinked with glutaraldehyde (GTA),
carbodiimide (EDC)4-arm PEG succinimidyl glutarat@SP), 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). Treatmentson-crosslinked collagen

film (NCL), collagen films cros$inked with glutaraldehyde (GTA), carbodiimide
(EDC), 4-arm PEGsuccinimidyl glutarate(4SP), genipin (GEN) and oleuropein
(OLE). Tissue culture plastic (TCP) and LPS stimulated TCP (LPS) were used as

controls.
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