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Abstract

Decellularised xenografts are an inherent component of regenerative medicine. Their
preserved structure, mechanical integrity andfusictional composition have well
established them in reparative medicine for a diverse range of clinical indications.
Noneheless, the scattered results obsewitld tissue grafts in clinics makes patent that
the ideal tissue graft does not exist yetisTimotivates the investigation of alternative
sourcesof xenografts Herein,we investigated the potential of an underedigated
tissue graftsource porcine peritoneum / mesothelium, as biomaterial for tendon tissue
engineering, as wound healing maaeend as steroell delivery vehicle.

In order to assegbe potential of decellularised porcine peritoneum (XenoNENs a
material for tendon tissue engineerinvge correlated its properties to a commercially
available collagen matrix (TenoGlide®). Xen&ME presented lower crosmking

ratio (p < 0.05), higher mechanical properti@s<0.01), lower coefficient of frictionp(

< 0.01) and highemp(< 0.05) cytocompatibility with human tenocytes than TenoGlide®.

In addition, XenoMEME exhibited lower f < 0.05) immune response than TenoGlide®
with macrophages. Collectively, these data support the use of Xen&MEMendon
tissueengineering.

To assess porcine peritoneum wa®und healing biomaterialive compared the
biochemical and biological properties oktlnly two commercially available porcine
mesothelium grafts (Meso Biomatrix® antenoMEME  Puracol® Ultra ECM) to

traditon a |l | y used wound heal i ng grafts ( Er
Matri St emE, porcine wurinary bl aodlagenr/) an
oxi di sed regenerated cellulose). The End

the highestf < 0.05) solublecollagen and elastin content. The MatriStem® had the
highest p < 0.05) FGFb content, whilst the Meso Biomatrix® had the higipest0(05)

TGFD 1 and VEGF content . A-bpkcific mseructare iarad| s S
composition. The En 8ionfapix®nhEd sanmedhuclei residuaMe s o
matter. All tissue grafts showed similgr ¥ 0.05) response to enzymatic degradation,
whereas the PromogrBn was not compl et 8 bngd wab eogplaetye d b
degraded by el astase. T h &(p <P0.06) parrgeakdity & s h o
bacterial infiltration. The PromogranE s
THP-1 attachment and growtAll tested materials showed significantly lowpr<0.05)

TNFU expression than t hedtePiracgl® bluwapECM T h e

promoted the highestp(< 0.05) number of micreessel formation, whilst the

XXi



Promogr anE pt<id.65).Joiotly thaseé data confer that porcine mesothelium
has thepotential to be used as a wound healing material

Finally, we assessed the potential mércine peritoneumX e n o ME) Mkl other two
commercially available extracellular matidased biomaterials[a collagen /

gl ycosami nogl ycan s c a fuidoDredsingjal portiree qurinarff ~ Ma t
bl adder ( )Yeashuman@dipese Berived stem cell delivery vehiBleth tissue
grafts induced significantlyp( < 0.01) higher human adipose derived stem cell
proliferationin vitro over the collagen scaffold, espalty when the cells were seeded on

the basement mdmane side. Human adipose derived stem cell phenotype and trilineage
differentiation potential was preserved in all biomaterials. In a splinted wound healing
nude mouse model, in comparison to sham, bierreds alone and cells alone groups, all
biomateridss seeded with human adipose derived stem cells showed a moderate
improvement of wound closure; a significantly € 0.05) lower wound gap and scar
index; and a significantlyp(< 0.05) higher proportionfanature collagen deposition and
angiogenesis (thkighest,p < 0.01, was observed for the cell loaded at the basement
me mbr ane Xeno ME ME-loaged bionmaierial giadps retained nhore cells

at the implantation side than the direct injection grayen though they were loaded
with half of the cdk. Therefore, thee resultsfurther advocate the use of extracellular
matrix-based biomaterials (in particular porcine peritoneum) as human adipose derived
stem cell delivery vehicles.

Altogether, this stdy supports further preclinical and clinical intrgation on porcine
peritoneum as biomaterial for the fields assessed, whilst the positive results observed

encourage further analysis in other scenarios of regenerative medicine.

Keywords
Tissuegrafts, Xenograft,Biomaterials,Porcine peritoneum,Tendon tissue engineering,

Wound healingStem cell delivery
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Introduction

Part of this chapter kdbeensubmitted for publicatian

CapellaMonsonis, H& Zeugolis, D. I. (2Q0). Decellularised xenografts in regenerative

medicine: From processing to clinical applicatiotenotransplantation, Submitted



Chapter 1
1.1. Project rationale and objectives
Although decellularised xenograftspresent a valuable alternative and are extensively
used n several regenerative medicine applications, they still face limitations and scattered
results. Therefore, further efforts in the understanding and development of xenografts
researching alternag sourcesand their investigation in alternative regenieet
medicine applications is required. Decellularised porcine peritoneum is a readily
availablebiomaterial sourcéi.e. waste from meat industry, similarity between human
and pig tissuesyvhich gdhers few studies and has been only applied in soft tissue
engineering. Therefore, we ventured to investigate its potential in three different

applications:

Phase 1 Decellularised porcine peritoneum as tendon barrier biomaterial

Adhesions in tendon still represent a burden that has not response in orthapgedic s

where mechanical barriers are a potential option iacjnecal models but have not

reached the clinics. We hypothesised that decellularised porcine peritoneutn,itdue
preserved characteristics and integration of a basement membrane, witltgrira
formation of an epithelium which prevents adhesion formation. Objectives:
A To characterise the biochemical (e.g. composition, free amines), biophysical (e.g.
structue, coefficient of friction) and biological (e.g. enzymatic degradation)
propertiesof porcine peritoneum and compare them to a commercially available
collagen scaffold employed as a tendon barrier in clinics.

A To assess thm vitro response of porcine pemeum to various cell types (e.g.
human dermal fibroblasts, human tenocytes, otages) and compare it to a
commercially available collagen scaffold.

To assess the formation of a functional epithelinmitro on both sides of the porcine

peritoneum ad collagen matrix.

Phase 21 Decellularised porcine peritoneum matrix as a biomadrial for wound
healing applications

Porcine mesothelium preserves ECM structure and biofunctional molecules such
basement membrane markers and growth factors, which ptestipbadvantages for
wound healing applications but has not been tested to tids €herefore, we
hypothesised that the properties of decellularised porcine peritoneum would result

suitable for wound healing applications. Objectives:
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A Assess the biochewdl and biological properties of the only two commercially
available decellularisegorcine peritoneum products and compare them to those
observed in established wound healing products.

A Assess the response vitro of relevant cells types for wound healigadult
dermal fibroblast and macrophages) to decellularised porcine peritoneum and
compare them to established wound healing products.

A Assess the angiogenic potential of decellularised porcine peritoinewitro and

ex vivoand compare them to establidheound healing products.

Phase 3 Decellularised porcine peritoneum as stem cetlelivery system

Stem celbased therapies, although having proven their potential in clinics, still face
major drawbacks such as poor cell localisation, where biomateaiadis particularly
tissue grafts, pose an attractive and emerging option for this Emerefore, we
hypothesised that decellularised porcine peritoneum is a suitable biomaterial for adipose
derived stem cells (ADSC) delivery system. Objectives:

A Assess theeffect on ADSC response and phenotype by decellularised porcine
peritoneum. Comparthese effects to those observed in a decellularised porcine
urinary bladder and a collagen scaffold.

A Assess the potential of porcine peritoneum as stem cell delivery leidahan a
splinted full thickness wound model in athymic mice and compare it thvth

observed in a decellularised porcine urinary bladder and a collagen scaffold.

1.2. Background

As result of injuriesnddiseases, 4.5 million reconstructsgrgeriesare performed every
year in the United Statealone with billions associated healdte expenditurgl].
Chronic woundsfor examplecostUS$37 billion to the United States healthcare system
every year[2]. Advances incell-basedtissue engineering and regenerative medicine
aspire to provide therapeutic treatments for injuries asebdies and to reduce the cost of
their treatmentsindeed, mmerous studies have shown the potentilcell-based
therapies to treat different diseas@scluding cancer, neurodegenerative disorders,
endocrine system related disordeardiovascular diseses and tmduceregeneration of
soft and hardtissues[3-7]. Despite the tremendous progress shown in-lded
therapies, several risks and limitatiatdl need to be addressi] 9], including the loss

of most cells after deliverjd0, 11] poorcell engraftmentt thesite of interesfl12], the

need of large amounts of cells and efficient systems to culture[it&nthe inefficacy
3
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to bridge large gaps of tissue and the lack of mechanical staldiify All these
limitations can be potentially addressed by the appropriate selectionclofical
indication specifiddiomaterial.
An ideal biomaterial for tissue engineering applications should guarantee
cytocompatibility, maintain appropriatedesiredcellular functiors and phenotype for the
specific applicationinduce tissue growtland provide mechanical support uritilis
absorbed and replaced by natural extracellular matrix (ECM). Synthetic biomaterials can
be tailored to obtain desired topographical, mechanitemaal and morphological
propertieg15, 16] howeveytheydo notsupport cell attachment and bioactivity due to
the lackof functional domaing cell recognition sitesnd often induceforeign body
response andcuteinflammation[16-18]. On the other hand, natural biomaterials present
biological compatibility and functionality due to the&ll recognition motifs that promote
cell adhesion, proliferation and differeni@ and advances in chemistry through
provision of elegant crosslimg systems offer control over mechanical stability and
biodegradatiorf19, 20] However, natural biomateriagse ofinconsistent composition
andhigh variabilityas afunction of source or batd21-24]. Independently on whether
the biomaterial isnatural or synthetic in origimnd despite the significant strides in
engineeringcurrently available scaffdl fabrication technologiegoorly imitate thein
vivo architecturemechanical properties amdmpositonal complexity of native tissues.
Considering thatlecellularised graftelosely imitate the biophysical, biochemical and
biological milieu of the tissaito be replacedhey canovercomeall the aforementioned
limitationsof natural and synthetic scalfis and ultimately provide functional reparative
therapiesas long as issues associated with imnmejextion and availabilityin the case
of allografts are addressed.
Undeniably, issue grafts aren inherent part oftissue engineering angkgenerative
medicinewith numerous productseingclinically availablefor a diverse range alinical
indications(Table 1.1). Herein,we discuss advancements airditationsin xenograft
developmenandhow processing steps (e decellularisation, crosslinking, sterilisation)

affect their properties artifferentiate success from failuie their clinical applications

1.3. Processing of tissue grafts

Each processg step in the developmental cycle of a tissue graft can influence its
mechanical, chemical and biological features, determining the success or failure of the
implant[25-27]. It is therefore an active field of delopment, as evidenced by numerous

registered processing protoc@sg. Tutoplast® (RTI Biologicg?8], BioCleanse® (RTI
4
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Sumical)[29], dCELL® Process (Tissue Regenj2P], Tecnoss@&Tecnoss®]25]) that
is also welregulated (i.e. FDA provides guidance on medical devices containing
materials from animal sourcgl], any product related on xenotransplantation in humans
[32], and specific documentation for registering newly developed materials of animal
origin [33]). The general steps necessary to manufacture a tissue graft and the associated
quality control checkpoints are sequaty summarised ifrigure 1.1. In this sectionwe

provide an overview of these processing steps.

1.3.1. Donor and tissue selection

Porcine and bovine tissues are primarily used in biomedical field, although studies have
been carried out using also equii3d, 3], ovine[36], caprine[37], kangaroQ[38],

buffalo [39] and ostricH40]. The properties of thergft depend not only on the species,

but also on théreed, ag@41] and tissue sectidAd2, 43]from where the graft is collected.
Among all animal sources, the pig is preferred due to its albtiredailability, similar

size to human tissues, relative low cost of breeding and extended knowledge of its
physidogy [44-48]. Bovine tissues, although have shown similarities to human tissues
[48, 49] in general, their size in adult animals is not appropriate for use in humans and
breeding associated expenditure signifipamicreases the value of goods, creating
reimbursement issues.

Advancements in molecular biologgdgenetic edition has allowed for the development

of genetically modified animals as source of organs or tissues. Most of these studies are
carried out irdomestic pigs to prevent the immune rejection of the g&diswhere site

specific nucleases are employed to prevent the presence of the Gal epitope in the donor
cel |l s by i nlsgalactesytiarisiergse énhyo, b1] Several studies have
demonstrated safety and efficacy in preclinical models for[SRir63] liver [54], cornea

[55] and kidney[56] between genetically modifiegigs and nofhuman primates (in
combinationwith immunosuppressive drugs) and clinicebls are expected in the
coming years.

The age of the animal can also influence the characteristics and properties of the tissue
graft. For example, the level of crtis&s is agedependenf57] and influences, among
others, the thermal stability and maadircal properties. In addition, the agelueihces
cell-binding site458, 59] impacting on cellular behaviour and phenotypeitro andin

vivo [60, 61] For instance, in pig pancreas islets xenotransplantatiahd treatment of
diabetes, islets from adult pigs present higher resistameeitoo degradatia and higher

neovascularisation potential due to the presence of a mature[£Mmall intestinal
5
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submucosa (SIS) has also been showpresent different mechanical, structural and
biological characteristics, as well as M2 macrophagaune response and remodelling
potential as a function of the stage of maturity of the [@8s63]

Screeningf the donor islso necessary before harvesting a graft. Although screening of
human patients is relatively easy due to availability of medical re¢é4disthis safety
netis not necessarily available in anirdatived grafts that harbour highkssof infection

of multiple pathogenf65, 66] but not so much of viral contaminaf®§]. The FDA has
stablished guidelines on infectious diseases in xenotransplantation to prevent asid contr
interspecies disease transmission with full instructiorts @recautions that should be
carried out during animal breeding and tissue harvefiig

1.3.2. Decellularisation, crosslinking, sterilisation and preservation

Once the xenograft donor and tissue source have been chosen, its processing follows a
sequential order that includdecellularisation, crosslinking (optional), sterilisation and
presenation using a vasety of techniques and agen®able 1.2. Decellularisation of
tissuegrafts should have minimal effect on the integrity, microstructure, composition and
biological acivity of the ECM, whilst removing all cellular material and reducing
antigens that could trigger immune respdi§d. Cellular remnants contain domains that
are recognised as foreigmtterand trigger immune respong®, 71]and, although ECM
components are highly preserved ampospecies[72-76], decellularised ECM
components can also elicit immunespense [77] that can induce macrophage
polarisation to M1 or M2 phenotypgg0]. Classically, the presence of cdIr8] and/or
cellular materia[71] promotes M1 inflammatory respong®, 80] whereas effectively
decellularised scaffolds are related to M2 phenof@0e82]. However, recent studies
suggest that decellulardscaffolds promote a combined M1/M2 macrophaggnotype,
involving adaptative immunity[83, 84] and triggering remodelling. A typical
decellularisation process involves the lysisceflular matter with physical means or
chemical agents, followed by separatafrcellular matter from the ECM with enzymes

and finally removal of cell matter and debris with deterg8ts
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Table 1.1. List of commercially available xenografts for clinical applications, their psiecgssteps and the clinical scenarios where they are applied.
n.d: not disclosed

Product Manufacturer Species Tissue Decellularisation | Crosslinking Sterilisation | Clinical target(s)
4 BONEE MIS Implants , , ,
XBM Technologies Ltd Bovine Bone High temperature No Gamma Bone, dentistry
Artegraft® Artegraft® Bovine | Carotid artery Chemical Dialdehyde I_:’ropylene oxide Cardiovascular
starch in ethyl alcohol
Avalust Medtronic Bovine | Pericardium No GTA and quwd‘ g:he_rmcal Chemical
AOAE sterilisation
Bio-Oss® Geistlich Bovine Bone High temperature No Gamma Bone,dentistry
Biogide® Geistlich Porcine Dermis n.d. No Gamma Bone, dentistry
CardioCel® Admedus Bovine | Pericardium ADAPT® GTA ADAPT® Cardiovascular
Carpentier Edwards XenolLogi
Edwards . : Bovine | Peri@ardium 91 GTA GTA Cardiovascular
. Lifesciences Ther makFi
Perimount
Chemical (salts, acids
Col |l am Davol Inc. Porcine Dermis detergents and EDC ETO Hernia
hydrogen peroxide)
Chemical (salts and
Conexa® Tornier® Porcine Dermis detergents) and No n.d. Tendon
enzymatic (Gal epitope
CorMatrix Co_r Matrix Porcine SIS n.d. No ETO Cardiovascular
Cardiovascular
Creos . . .
Nobel Biocare | Porcine n.d. n.d. No n.d. Bone, dentistry
Xeno Protect
Cuf f Pa|l Organogenesis| Porcine SIS n.d. EDC Gamma Tendon
Endobon® | Zimmer Biomet | Bovine Bone High temperature No n.d. Bone, dentistry
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Product Manufacturer | Species Tissue Decellularisation | Crosslinking Sterilisation | Clinical target(s)
Hollister , Chemical (osmotic .
Endof o Woundcare® Ovine | Forestomach gradient and detergent No ETO Woundhealing
EZ Derm Molnlyck_e |—_|ea|th Porcine Dermis n.d. Aldehyde Aldehyde Wound healing
Care Limited
GenOs OsteoBiol® Equine Bone High temperature No Gamma Bone, dentistry
Tecnoss®
Kerecis Fish
Omega3 Kerecis Ltd Dermis Physical No n.d. Wound fealing
(Cod)
Wound
Matri S : Chemical (PAA, .
/ Gent ACell® Porcine Bladder ethanol and dbD) No E-beam Wound healing
yaigr']% Autotissue Equine | Pericardium Chemical (DOA) No Chemical Cardiovascular
Medeor® DSM Porcine |  Dermis OPTRI XE No ETO Her”fl’(i;e”don’
. Mesq DSM Porcine | Peritoneum OPTRI XE No ETO Soft tissue
BioMatrix®
Miromatrix® Perfusion. Chemical
Miromesh® : Porcine Liver (detergents) and No E-beam Hernia
Medical Inc .
enzymatic
mp3® / OsteoBiol® . : .
Genos Tecnoss® Porcine Bone High temperature No Gamma Bone, dentistry
OASIS® Cook® Biotech | Porcine SIS Chemical (PAA) No ETO Wound healing
Chemical (Basic, . .
PeriGuard® Baxter Healthcare Bovine | Pericardium | ethanol and propyleng GTA Ethanol and Hernia, cardiac

Corporation

oxide)

propyleneoxide

surgery
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Product Manufacturer | Species Tissue Decellularisation | Crosslinking Sterilisation | Clinical target(s)
Per mac . . :
Zi mmer Tissue Science Hernia, wound
Laboratories Porcine Dermis Enzymatic HMDI Gamma healing, tendon,
EnduraGen / . :
: Covidien soft tissue
Pelvicol®
Pr i mat| TEIBiosciences| Bovine | Foetal dermis n.d. No ETO Wound healing
ProCol® LeMaitre® Bovine Mese_n teric Chemical GTA Gamma Cardiovascular
Vascular vein
Enzymatic,chemical
Protexa® Tecnoss Porcine Dermis and physical at low No Gamna Hernia, soft tissue
temperature
Re st orn Depuy Synthes| Porcine SIS n.d. No E-beam Tendon
SIM .
Pericardial St Ju?neCMedlcaI Bovine | Pericardium No GTA n.d. Cardiovascular
Patch '
LifecCel Chemical (detergents
Stratt . Porcine Dermis and enzymati¢Gal No E-beam Hernia, soft tissue
Corporation .
epitope)
, Integra , , , .
Surgimend® . . Bovine | Foetal dermig Chemical No ETO Hernia
LifeSciences
Surgisis® / .
Biodesign® /| Cook® Medical | Porcine SIS Chemlcal_(PAA and No ETO Hernia, nerve
hypotonic rinses)
AxoGuard®
SynerGraft® CryolLife Bovine Ureter Hypo_tonlc and No n.d. Cardiovascular
100 enzymatic (nucleases
Tarsys® IOP Inc Porcine SIS n.d. No ETO Soft tissue
TlssuEeMend Stryker® / TEI Bovine | Fetal dermis Chemical No ETO Tendon
Biosciences
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Product Manufacturer | Species Decellularisation | Crosslinking Sterilisation | Clinical target(s)
Toronto St. Jude Medical Porcine | Heart valve No GTA GTA Cardiovascular
SPV® Valve Inc.
Tutobone® | Tutogen Medical| Bovine Bone Chemical (Hypotonic, No Gamma Bone
solvents, HO»)
Tutonatch® Hernia, wound
P RTI Biologics® | Bovine | Pericardium Tutoplast® No Gamma healing, soft
Tutomesh® :
tissue
UNI TE
Biomatrix / Svnovis Equine | Pericardium n.d UltiFix Ethylene Wound healing,
OrthADAPT y q A Process dichloride Tendon
E
Veritas Baxter Heqlthcare Bovine | Pericardium Chemical (Acid) No E-beam Hernia, soft tissue
Corpordion
.XCM Ethicon Porcine Dermis OPTRI XE No ETO Hernia, tend_on,
Biologic® wound healing
XenMatrix Davol Inc. Porcine Dermis AquaPur e No E-beam Hernia
. . Skin, wound
Xenoderm MBP Porcine Dermis n.d. HMDI Gamma healing
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Figure 1.1. Sequential processing of any tissue xenograft from any source (exemplified with pig cardiac tissue), along with qualithedapoints
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Crosslinking is a proceswhich ends with an interconnection between molecules.
Although it occursn vivo as a posttranslational modification of proteins via enzymatic
and norenzymatic mechanisms, the native crosslinking of tissue grafts may be
insufficient and previous decelarisation process may compromise E€Mhechanical
propeties and stability upon implantation. Therefore, exogenous crosslinking can be used
to increase mechanical properties and the reabsorptioninimee/o [86]. However,
crosslinking decreases the number of available recognition cues for cell attaemahent
degradation products can elicit cytotoxic|87, 88]and calcification89], particularly
thoseelicited by chemical agenf80, 91] This has motivated reseaiiclo natural agents
[92-95], bearingalways in mind that thieleal crosslinker should BEzonomicaleffective
and with minimal side effects.
Sterilisation aims to reach a sterility assurance level (SAL), referring to the likelihood of
bioburden present after the sterilisation; where a recemd@d level for devices in
contact with blood is SAL 1®[96]. Theuseof xenografts carries the risk of pathogen
tramsmission between specjewhich makes necessary tregplication of effective
sterilisation methods at the final stages of their processing. The ideal sterilisation
technique must be safe, easy to use and effe&@@am, chemicals and high temperatures
should be employed with caution as they have the patettidisrupt and denature the
ECM structure, making them unsuitable for the sterilisation of tissue g&#tsma or
E-beam ionizing radiation, ethylene oxide (ETO) or peracetic acid (RAA)n genal
preferred for tissue graft sterilisatioms ISO sandards for medical devices are already
established97]. Nonetheless, they als@an compromise thpropertes oftissue grat
[98-100]. Therefore, other methods such as supercritical carbon di¢SweQ) are
being explored as alternativesith promising results tdate[101-103].
The effects that the preservation and the damadf storage have on a tissue graft are
commonly overlooked and not specified in the protocols, however they can affect the
structure and therefore the properties of a decellularised[$jéff The most extended
techniques for the preservation of acellular tissue grafts freeze drying and
cryopreservationFreeze dryig results in stablenaterials thatan be further sterilised
with physical irradiation methods or ETO. However, during the process crystal nucleation
occurs, which may damage the ECM structtinas,paraneters such as temperatared
cooling speedshould be closely monitored and appropriately optimig@@4, 105]
Lyoprotectants that protect the tissue from the crystals growth can be used, although they
may also affect the ECM structure and its biomechanical piepefl06].

Cryopreservation is a cooling process in wet state in the presence of cryoprotectants.
12
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Table 1.2. Summary of decellularisation, crosslinking, sterilisation and preservation methods and agents employed for the prdissssrgyafts

Method / agent

Mode of action

Examples of tissues

Decellularisation

Drawbacks

Application methods

Immersion / mechanical agitation

Incubation at determined conditions
time and agitation
Thin tissuesieedshort times at high
agitation, thick tissues require long
periods at midle agitation

SIS, urinary bladdetendon, dermis
[113, 114] pericardiunf115],
amniotic membranfL16], urinary
bladder117]

Most employed method
High amount of reactivies needed

Perfusion

Distribution of decellularising agent
t hr ou g hvasculalue u e
Constant or gradual pressure
Indicated for wholehighly
vascularisesrgans

Heart[118, 119] lung, trache§120],

liver [121, 122] kidney[122, 123]

SIS[124], skeletal muscl§l25] and
skin [126]

The gotimal protocdis still elusive
Shear forces are likely to damage tl
basement membramef t i s
vasculature
Not efficient in dense ECM tissues|

Physical

methods

Freezing thawing

Crystals formed during the decrease
temperature brea
and merbrane

Tendon[127], cartilage[128], skin
[129], lung[130], artery[131],
intervertebral dis¢132], spleer[133],
nerve[134], SIS[135], corned136]

Can damage tissue graft ECM anc
structure, affecting its mechanical
properties

13
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Method / agent

Mode of action

Examples of tissues

Drawbacks

Sonication

Ultrasounds facilitate thpenetration

of decellularising agents and destrg

cell 6s membr an

Larynx[137], trached138],
myocardium[139]

Itaffecst i ssueds ECM
Attention must be paid to pH,
temperature and conductivity

Supercritical carbon dioxide

High-transport and inert gas that
promdes cell removal without
interacting the ECM

Aorta[140], adipose tissug41],
tendon[142]

It affects GAG and growth factor
content

Chemical agents

Alkaline (sodium hydroxide,
ammonia, calcium oxide) and acid
agents (deoxycholic acid, peracetic

acid, acetic acid)

Solubilisation of cyteol and
disruption of nucleic acids

Pericardiun{115], corned143],
kidney[144], bladde{145], amniotic
membrang116], artery[146], urinary
bladder{117], tendorbone interface

[147], tendon148], liver [149]

It affectsthe integrity of ECM
components

Detergents

Solubilisation ofcell membranes and
brealage ofinteractions between
DNA, protein and lipids

Norionic (TritonX100)

Attack the interaction of lipids with
other lipids angroteins

Aorta[150], aortic valve[151], liver
[152], umbilical vein[153] or annulus
fibrosus[154]

Lower capacitythan othemethods to
remo\e cellular material

lonic (SDS, TritonX200)

Include cationic or anionic group
Effective at solubilising membran

Liver [152], annulus fibosus[154],

proteins

nerve[155]

Denaturing agenthatnegatively
affect ECMcontent

14
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Method / agent

Mode of action

Examples of tissues

Drawbacks

Zwitterionic (CHAPS, 810)

Detergents that combine properties
both ionic and notonic detergents

Cardiac vesseld 56], heat [157],
lung [158]

Negative effect in ECM

Hypotonic and hypertonic solutiong
(NaCl 1.5 M, \aCI 3 M)

It lyses cells through osmotic pressu
It cannot remove cell remnants

SIS[159], corned160], aortic valve
[151], cartilageg[161]

Ineffective on their owo remove cell
debris

Alcohols and solvents (Isopropanol
ethand, tributyl phosphate)

Cell lysis by dehydratiarprecipitaton
of remaining DNA and dabilisation
of lipids

Adipose tissu¢l62], corned163],
temporomandibulgjoint disc[164],
tendon[148], cartilage[161]

It affects mechanical propeies and
ECM structure

Chelators (EDTA, EGTA)

Isolate calcium and magnesium ion
necessary for fibronectin and collagg

cell binding

Liver [165], trached166]

Not effective on their own

Enzymatic agents

Cleaving of specific substrate and

Proteases i . .

recognition motifs of proteins

. Cleaves cell _adhesmn proteins on t Kidney [144], skin[26], aortic vave Prolonged exposures result in ECN
Trypsin carboxyl side of the amoacids )
. ) [151], annulus fibrosufl54] damage
arginine and lysine

Cleave collagen type IV and .

Dispases fibronectin Corned136, 167] skin[168] It disrups ECM components of the
o basement membrane
Employed to remove egielium layers
Collagenase Cleave specific sites of different Aortic valves[169] It causes severe damage on ECM

collagen types
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Method / agent

Mode of action

Examples of tissues

Drawbacks

Nucleases

Hydrolyse the bonds of ribonucleic
and deoxyribonucleic acid chains;
endonucleases cleave the interior
bonds and exonucleases taripet

terminal ones

Correa[167], muscleg170]

Ineffective on their own
Concernsaasimmune response trigge

Ugalactosidase

Cleaves GAGs present in the ECM
(reduction of Gakpitope)

Pericardiun171, 172] anterior
cruciate ligamenf173]

Reduction of GAGs
It affects mechanical properties

Lipase

Hydrolysis of lipids present in the
tissue

Amniotic membrang¢l74]

Physicalcrosslinking

Ineffective on itsown
Requires the use of solvents

Crosslinking

Free radicals produced by irradiatio

intramolecularly

UV radiation for bonds from aromatic amirexcid Bovine pericardiunjl75]
residuals
Removal of bound water and
Dehydrothermal formation of ester and amide bond Skin[176]

Physical crosslinkers are not effectiy
in tissue grafts and are rarely
employed
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Method / agent

Mode of action

Examples of tissues

Drawbacks

Chemical agents

Glutaraldehyd¢GTA)

Reacts with primary amines
generating intra and intermoleculat
bonds, reaction between an aming
group and an aldehyde group from
lysine or hydroxylysine or through
reaction between twoontiguous

aldehydes

OesophaguplL77], liver [178],
amniotic membranfl79],
pericardium[90], aorta[180, 181]
aortic valve[180]

Cytotoxic effects, acute immune

reaction upon implantation and
calcification

Detoxification with glycinds advsed

1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)

Activation of carboxyliogroups from
aspartic and glutamic acid residue
followed by a reaction with primary
amines from lysine, forming an amig
bond

SIS[182], pericardiunf183, 184]
skin[185], heart valve$186],

Lower crosslinking efficiency than
GTA

Inflammation effects ahcalcification,

but at a lower extent than GTA

Epoxy compounds (HDMI,
polyglydicyl ether)

Epoxy compounds form bonds
betwe@ amino, carboxyl and hydroxy
groups

Skin[187, 188] aorta[189],
pericardium92]

Lower efficiency than GTA and ED(
Related to cytotoxicity and
inflammation

17



Chapter 1

Method / agent

Mode of action

Examples of tissues

Drawbacks

Natural agents

Genipin

Other polyphenols (Procyanidins,
epigallocatechin gallate)

Polyphenols carbonyunctional
groups react with primary free aming

Pericardiun95], trached190],
cartilage[191], annulus fibrosugl92],
liver [178].

Lower efficiency than chemical agen
High cost

or through the formation of a nitroge
irinoid and a further aromatic
monomer

Cartilage[191], arteried193], heart
valves[194]

Early stage of research
Low crosslinking efficiency

Sterilisation

Physical sterilisation

Gamma irradiation

Electronbeam

lonising radiation (gmma and

Tendon[195], cartilageg[100], lungs
[196]

High doses negatively affeEICM
structure and nahanical properties

electron beam) damages the nucle

acids of the pathogens directly or
indirectly throughradiolysis of water
and production of hydroxyl radicals

Tendon[197, 198]
ligament [199], bone[200]

Low penetratiorcapacity in dense
ECM tissues
It affects ECM structure and
mechanical properties
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Method / agent

Mode of action

Examples of tissues

Drawbacks

Supercitical carbon dioxiddScCQ)

High penetration and transport
capacity, while inert, serves as a me
to wash off pathogens without
interacting with ECM

Meniscugq101], tendon201], heart
[102], lungs[103]

Low efficacy onits own, but great
potental in combination with other
chemical agents
Early stage of research
It affeds ECM stucture

Chemical sterilisation

Ethylene oxide (ETO)

Microbicidal, fungicidal and antiviral
activity based on the alkylation of
nucleic acids and enzymes

Bladder[202], cartilage[100], liver
[149], skin[203]

Lower penetrability than physical
agents
Requires complex equipmen

Peracetic acid (PAA)

Powerful oxidising agent which is
bactericidal and fungicidal at low
dilutions

Cartilage[100], liver [149], urethra
[204], nerve[205], tendon206],
trached207], SIS[208]

Cytotoxic without appropriate rinsing
It affects cell viability
It partially crosslink ECM

Gas plasma

Charged gas which contains the sal
proportions of anions and cations,
interacting with the metabolites of

microorganisms byxidation/
reduction processes

Bone[209, 210] corneg112]

Early stage of research
It affecs ECM structure

19



Chapter 1

Method / agent

Mode of action

Examples of tissues

Drawbacks

Preservation

Freeze drying

Sublimation process that results in @
and stable grafts

Arteries[104], heart valve$§l106],
nerve[105]

Formed nmicleation crystals affect
ECM structure and mechanical
properties
Lyoprotectaints can be usebut
compromise cytocompatibility

Cryopreservation

Cooling process in wet state in the
presence of a cryoprotectants soluti

Tendon[211], aorta[107], heart
valves[108]

Long preservation times negatively
affect ECM structure and mechanic
properties
Cryoprotectants can elicit cytotoxicit
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Cryopreservatiohas been shown fwreserve the functionality of tissue grdft67, 108]
but cryoprotectants may inducecgitotoxicside effec{109].
In the processing of a tissue graft, once each step has been finalissgetbament of its
efficacy and effects on the material have to be assessed. Efficacy of decellularisation is
generally assessed through histology and DNA quantification, whereN30ng / mg
dry tissue is considered a safe threshidil0]. The degree of crosslinking can be
calculated by quantifying the free amines or denaturation tempefatire Counting of
colony forming units (CFU) / ml after sterilisation can be employed to Gikuhe
reduction on the number of viable microorganigri?]. Also, effects of the processing
steps on the ECM strugte and the mechanical properties of the grafts must be analysed,
followed by classian vitro andin vivo compatibility assays and specific assays for the

specific future applicadn of the tissue graft

1.3. Xenografts in clinical indications

Many xenogafts are ommerciallyavailable forvariousclinical indications.Table 1.3
summarisesn vitro, in vivo and clinicaldata that have been obtaineddete with
commerciallyavailable xenograftdn this section, we disesadvances and shortfalls of

xenogafts per clinical indication.

1.3.1.Soft tissue

Porcine dermiss extensively useth hernia and abdominal wall repd#12]. Although
crosslirking provides desirable properties for hernia repair (e.g. longer durability, more
stable mechanical properties in early stages of healmg}slinked xenografts are
associated withscattered resultgomplications(e.g. mechanical failure, disintegratip
infection) and gathetthe highest number FDA reporf213]. Therefore,crosslinked
xenografts in hernia repair require further improvement of the crosslinking techniques,
implementing ddoxification steps or alternative crosslinking appfeee This can be
substantiated considering that ranesslinkedporcine dermainatrices have shown better
integration and mechanical properties after implantgd2di] and acceptable results in
clinics [214-217], which matchthe lower immune response obserweditro [218] and

in vivo [219]. Similar results have also been obtained in cases of infections, ndwere
crosslinled dermis[220] has shown superior outcomesdamsslinked porcine dermal
xenograft§221, 222] It is worth noting thatlthough the use of xegrafts is generally
accepted as safe in contaminatfiettls, this is still a matter of debate in the figRP3].

Porcine SIS is also considered as a suitable andvsstrial for hernia repain clinics
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[224, 22%5], matching the performance of synthetic med2@6]. However, it hasot
shown suitability when employed as abdominal wall reinforcement in challenging
scenarios, offering poor mechanical resilience ending in the discomfort of the patient and
complications[227]. This could berelated to its lower mechanical properties and
resigance to enzymatic degradatjovhen compared to other tissue sources like dermis
or crosslinked xenograff228].
Xenograftare also extensively usedwound treatment and skin replacem@29-232].
Crosslinked prcine dermigesulted inopposing conclusions late 19809 early 1990s
aspartial thckness wound dressiig33, 234] Laterstudes, howeverhave shown the
beneficial effects of porcine dermis as skin substitute in the treatment of dnuoins
surgical woundg4235, 236] More recently, detal bovine dermitias show positive
results as wound healing material in diabetic ul¢283-239], promoting faster healing
than other products such as allogeneic gf@#€]. This can be attributed to the lower
crosslinking content that results fiaster remdelling [62, 63] asin vitro [241] andin
vivo [242] studies supportPorcine SIS [243] and urinary bladder[244] are also
customarily employed in wound healing, where they hatiewn improved ad
acceleratedhealing of ulcerous wound245-247] and have showed similar or superio
performance tdiomaterials[248, 249]and allografts[250] and at a substantial lower
cost[251]. Also, ovine forestomact252], equine pericardiuni253] and everfish skin
[254] have shown promising results in small clinical trials, but furtheestigationis
required to demonstrate safety and efficacy.
In breast reconstruction, acellular dermal matricesuaeel extensivelj255-258] with,
in generallow rates of complicationf259-262], although some adverse effecesg(
infection, nerosis)have been reportdd63-265]. Similarly to skin replacement, positive
outcomes havelsobeen observeth breast reconstruction using foetal bovaermis
[266-268]. Other products such as bovine pericardi@®9, 270] porcine peritoneum
[271] and porcine SIS[272-274] have also been tested in small clinical trials with
acceptable outcomés breastreconstruction.
Despiteall these positive patient outcomah studies agrethatrandomsed clinical trials
with largernumber of patientare needetb further support the use of xenograftsait

tissue repair.

1.3.2. Tendon, bone and dentistry
Commercially available xenografts in tendon regeneration aigedas augmentation

systems.Tendon augmentation with porcine SIS leen related to failura clinical
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trials [275-277], with no improvemenin healingandmechanical progrties which was
associatedo the inefficient decellularisation artle consequent immune reacticas
reported inn vivostudieqd278, 279] Crosslinked xenografts, such as equine pericardium,
did not yield pogive outcomes in clinical trial§35, 280] which can be attributed to
crosslinkinginduced immune reactionBorcine dermisenograftye.g. Conexa®281,
282)) on the oher handhaveshownpositiveresultsin tendon augmeation [283-285],
possibly attributed to efficient decellularisation amdtrosslinking protocols and
selecting a tissue with appropriate composition and medlaresilience. In any case,
overall, no definitive tendon augmentation device seems to be availaBlghough
xenograftsplay a crucial role inrreparable defectaugmentaon, in moderate to large
injuries they have not achieved a satisfactory outcome
Bone xenografts provide an optimal microenvironment for cell adhesion, proliferation
and infiltrationin vitro andde novdbone generatiom vivo. Thisosteoinductive effect is
related to the preserved mier@nd macrestructure of the decellulariseaire together
with the partial preservation of ECM componef286]. Despite their high availability,
low costandgood mechanical and osteoinductive propertag; a few bone xenogfts
are available, which have shown limited positive clinical red@s§, 288] and as a
result, they arearely employed in orthopaedifZ39]. Nonethelessadvances in materials
sciences and tissue engineering have resulted in the development of composite materials
combining xenogeneic mineral matrix, synthetic and/or natural polymers, which have
been tested positively in clinical trigld90-292].
In dentistry,xenografts are used as befiieng materials with data tedate fiowing
superiority in clinical outcomes even owartologoudreatment§293]. These materials
are nomally deproteinised with high temperature processing, maintaining therathi
componentand microstructuref the bong294]. Bovine, mrcine and equin@ origin
grafts have shown positive results vitro [295], in preclinical models[296] and in
clinical setting [297-299]. Porcine non-crosslinked dermis has also been used
successfullyas augmentatioh contention system in cling trials [300, 301] largely
attributedto its integration with the surroundinsoft tissuewhich prevens the second

operation that synthetic materials require for rem¢{B@Z2)].

1.3.3. Cardiovascular
In cardiac graft replacement patching decellularised porcine SIS is one of the most
employed materigl303], but only few clinical studies can be considered in a class llI

relevance, and the reported class IV correspond to case series or smgBGdaR05]
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In addtion, high heterogenicityin responses has been observéabether with
considerable complicationsuch asnflammatory responsg06] and/or graft failures
[307, 308] These corplications were often related to high pressure conditions, which
could be indicative of the low performance due to insufficient mechanical properties of
the source of tissyeas observedh vitro [303]. Therefore, crosslinked materials with
enhanced mechanical properties, like bovine pericardium, that include processing steps
preventing crosslinkerelated complications(e.g. calcification [309]) have been
developed which have showmositive shorterm resultsin paediatric cardiovascular

applicationd309-311], but longterm assessmer# required
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Table 1.3. Indicative in vitro, in vivo and clinical studies of commerlgiavailable xenografts

Main findings

product studies studies studies

Xenograft In vitro In vivo Clinical

Clinical data: As haemodialysis access or lower extremity bypass, initial pesigsults
Artegraft® - - [317, 318] _ ) _ )
regarding primary and secondary patency values until 5 years, comparable to synthetic

A | (322] Clinical data Safetyfor aortic valve replacement in 686 patierg@ported in grospectivenon
val u - -
randomsed multicentre study, although bleeding rates increased ilotigeterm follow-up

In vitro: Promotel secreion of VEGF by periodontal ligament cells, but in a lower extent {
_ other xenogeneic bone grafts from porcine and equine origin

Bio-Oss® [295] - [298, 299] o _ _ _ o
Clinical data Increased osteogenesis and width of the alveolar pratmss or in combinatio

with autogenous tissue, withhigh (96%) survival of dental implants

In vitro: Closest mechanical propertissyoung aortic valves leaflets in a cpanative study
including other crosslinked materials

. [309, 331, High cytocompatibility and capability to promote the adhesion and proliferatio
CardioCel®| [329, 330] [309-311]
332] mesenchymal stem cells1§Cs)

In vivo: Effective delivery of MSCs in a mice infaed model, promotingegeneration an

integration of the tissue
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A lamb aortic valve replacement and pericardial pafobwed integration, remodelling a
absence of calcification after 7 months. Contrary, a vascular patch in pigs showed
calcificaion after 1 year

Clinical data Shortterm small studies have shown good performance and integration
material in repaired aortic valves of paediatric pati€bdstrary, 2 years follovup study of 101
infant patients with congenital heart diseadesaed some cases of &thickening, althoug

no calcification

Carpenter
Clinical data: Low incidence of valveelatel complications and deterioration in a retrospec
Edwards - - [321] _
. study on 2659 patients (70.7 + 10.4 years) after 20 years folipw
Perimount
In vitro: Presergéd higher mechanical properties and resistance to enzymatic degradatiq
other tissuesources and necrosslinked matrices
Elicitedan inflammatory response as per cytokine production by macropimages
In vivo: Subcutaneous models showed poor cell invasion, remodelling and neovasculal
Collamend | [218, 228, | [219, 334 higher inflammation and immuneesponse that necrosslinked matrices. Longer times
E 333] 336] resorption than other nesrosslinked matrices (up to 24 weeks in ratgrnia modelsn rats

have shown complications, seroma and inflammatory events. Soladarwere obtainenth a
rabbit model, khough with positive results in mechanical proper#fesature hernia pig modg
showed positive results in tissue mechanical propertiesiatiégration, although witbvidence)

of adhesions
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Conexa®

[337]

[281, 282]

[280, 284]

In vitro: High cytocompatibility with tencytes, allowing theighest adhesion, proliferation ai
promoting the expression of tenocyte markers compared to crosslinked materials

In vivo: A subcutaneous model in vervet monkeys showed the absence of inflammatory i
reaction thanks to the cleaviofithe Gal epitopelfgalactosidase processinty).a rotator cuff
augmentation model in vervet monkeys, prosdatemodelling in 6 months and prevedt
immune reaction

Clinical data Promoted pain relief and recovery of the motion and strengttotator cuff

massive tears itwo studesof 1 and26 patients

CorMatrix

[338-340]

[340-344]

[304-308]

In vitro: Suboptimal hemodynamic properties were obsérn a left heart simulato
Antimicrobial activity up to 6 days was granted after antibiotic impregnabemonstrateg
good cytocompatibility with MSE€

In vivo: Positive results in terms of remdiieg and functionality as cardiac patch in rat mod
In larger models (pig, dog, sheep) as myocardium and vascular graft has show
remodelling, prevention of calcification and low immunogenicity. As valve replacement i
showedsuboptimal mechanical and functional features

Clinical data: High heterogneity in responses has been obsenaul considerable
complications like inflammation response, patch failures or incomplete resorption.
complications were more related to hjglessure condition®ositive results have recently bg
reported only m small trials. Discouraging resultdnclude: 32 % recurrence in leaflg

augmentation, regurgitation and inflammatory response of paediatric repaired valve
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midterm followup. Histological data after paediatric heart surgery regghassociated fibrgis,

foreign-body reaction, necrosis and chronic inflammation

Cuf f Pa

[345,346]

[347, 348]

In vitro: Similar mechanical properties to crosslinked fresh equine peitca. Lower
mechanical properties than crosslinked dermal grafts
In viva: Abdominal wall models in rats showed adverse immune response apdlafikation

of macrophages

Endof o

[229, 232]

[232, 349]

[252]

In vitro: Retaired soluble compounds able to modulate proteases (MMPs and elastase
and to promote angiogenesis.

In vivo: Rotator cuff augmentation rdel in rats showed higher histological levels of repa
tendons than sham, but not mechanical nor functional ineprentFull thickness wound modé
in pigs revealed a better and faster remodelling than sham

Clinical data: Case series of 19 participaméeported a 506 closure of chronic wounds after
weeks, concluding with the potential of the material for thertreat of chronic wounds

EZ Derm

[233-236,
350]

Clinical data: Clinical data from the late 198 and early 1990s yieldsdattered results as fu
thickness wound dressinglore recent studiesf partiatthicknessand paediatriburns reporteg
a firm adherence which provided beneficial conditions to the healing process, like r¢

infections andevaporation, at a reducedst

Kerecis
Omega 3
Wound

[351]

[352]

[254, 353]

In vitro: Higher porosity, ell ingrowth and antbacterial properties due to the presence

omega3 than acommercially available decellularised dermis allograft

In vivo: Shownto besafe and effective in a dura mater regeneration pilot study in sheep
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Clinical data Doubleblindedand randonsed trial showed equal efficadiian decellulariset
porcine SISwith no adverse immune reactions to both xenogdreeing withrecent findings

in challenging ulcer woundsmall studies

Clinical data: Demonstrated healing enhancement in small case series of chronic wour

deep partial thickness burns. Healing potential and remodelling its fietieamced whe

MatriStem [244, 250, | employed as micronized matrigimilar performace (< 20% closure rate) to a fibroblas
e - - 251, 354 | cultured autograft at a considerably lower cost in the treatment of foot Ultigistly better
358] performance than allogeneic skin substitutes but atbstantial lower cost revealed by
multicentre study of 13(ID cases of diabetic foot ulce@mall series in the reconstruction
finger, vagina and urethra have shown promising results
Meso ] ] 271, 359] Clinical data Scattered results as singiage implat-based breasreconstruction materig
Biomatrix® regarding safety for this purpose (integration, inflammation, patient comfort)
Medeor® 1360] ] ] In vitro: Presence of soluble factors able to promote cell proliferation and invasion in a
extent tharother commercially available xenografts (dermis) and allografts (dermis)
Miromesh® - [361] - In vivo: Better integration and cell infiltration than a dermis xenogratft in a hernia modéd i
[243, 245, | In vitro: Retaired soluble compounds and growth factors ablertte cell proliferation an
OASIS® [230, 232, 232] 246, 248, | angiogenesis. Higher inflammatory (M1/M2 score) response by-Titin bovine dermis
241, 362] 249, 251, | human dermis and a collagen scaffold
363] In vivo: Full-thickness wound model in pigs revealecettdr and faster remodelling than sha
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Clinical data: Promotel better remodelling, lower inflammation and faster healing of ul
compared to other standards (i.e. wet dressings) combined with negative paesssin@wed
no complications. Data confirmedith histopathological studiesSimilar or impoved
performance than hydrogel products (i.e. hyaluronic acid or becaplermin) in means of
comfort and rate of healin@lightly better performance than allogeneic skin substitutes by

substantialower cost revealed by a multicentre studyL8f000 cases of diabetic foot ulcers

In vitro: At different crosslinking treatments, no relation betweerssinaking degree an

mechanical propertiesSuppored tenocytes adhesion, but Bbwer extent than other nel

OrthADAP crosslinked materials. ltidlinot promote the expression of tendon maskertenocytes
TE |/ (337, 345] ] [35, 253, | Clinical data: Promoted the healing of 75% in recurrentdiabetic foot ulcer®f 34 patients
UNI TE 280, 364] | after 12 weeks of treatmergonfirming the positive results observed in a previous study
Biomatrix patientsIn tendon repair, andxerse acute reach of one patient with an augmented Achil
tendon repaihas been repted, similar to another case series of 6 patients suffering irrepa
tears in rotator cuff
In vitro: Promoted VEGF production of periodontal ligament cells and angiogenes
Osteobiol® endothelial cells in a higher extent than a bovine bone xenograft
| GenOs [295] [296] [297] In viva Lower inflammatoryreaction in rats muscle implantation thamadloplastic material.

Clinical data: Snall studywith 15 patientsshowed aredudion of the hard tissue resorptiq

improving the outcomes after tooth extraction
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In vitro: Suboptimal hemodynamic oerties were observed in a left heart simulator. Clg

Peri 4® [228, 329, mechanical properties to young aortic valves leaflets in a comparative study includin
eriguar - -
J 333, 338] crosslinked meerials. Presents higher mechanical properties and resistance to enz
degradation thaather tissue sources (SIS) and fwwasslinked matrices
In vitro: Presergd higher mechanical properties and resistance to enzymatic degradatiq
other tissue sources édmoncrosslinked matricesSupporéed the adhesion and invasion
MSCs, fibroblast, tenocytes, etc., but at a lower extent than othecromslinked matriceg
cytotoxic events related to crosslinking. Ekdtan inflammatory response as per cytok
production by macrophages vitro
218, 228 In vivo: Subcutaneous models showed poeli invasion, remodelling and neovascularisat
’ ’ [219, 334, higher inflammation and immune response that-crasslinked matrices. Longer times
333, 337, [221, 222, _ _ _ _ _ _
335, 348, resorption than other nesrosslinked matrice(up to 24 weeks in rat$jernia models in rodent
Per madqg 345, 346, 283, 376 ) _ _ ) _
360. 365 366, 367, 282] and rabbits showedptimal mechanical properties performance, although poor resorptio
3’68] 369-375] fibrotic tissue formation. Similadlata were obtaineid tendon and vascular patch mod&kin

regeneration maals in rats revealed a very modest performance due to poor resorpti(
epithelisation
Clinical data Scattered results observed in pelvic wall repair (i.e. positive patient satisf
and graft performance compared to synthetic substitutes after folleas up versus relatiof
to complications and recurrence) and in herrepair of contaminated fields (i.e. posit

outcomes and no recurrence versus3806 recurrence and % rate of infection)Treatment
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of massive tears in rotator cuff showed imy@Ement in pain relief and shoulder functionality
small studies (5 antl0 patients)Breast reconstruction small case series showed an acce
outcome in skirsparing mastectomy regarding patient satisfaction scores and abse
complications.In eyelid repair it wasrelated to a higher rate of complications than o
xenografts and materials provoked by its stiffness and low resorption

Pri mat

[241]

[242]

[237-240]

In vitro: Lower M1/M2 macrophagepolarisationscore than other crosslinked and n
crosslinked xenografts

In vivo: Low immune and inflammatory response in a mice subcutaneous model. Mater
remodelled by day 14

Clinical data Several studies have shown a faster healing than stanfiaate and ther
materials such as SIS arinary bladdeiin diabetic ulcers, showing no complications an
complete integration. Similar results than those offered by allogeneic skin replacemen
also been reported

ProCol®

[312,313]

Clinical data: Failure of the graft as vessel replacement was reported in all implantatior
small study (6 patients) due to aneurism and thrombosis, where other trial of 32 patie

showed insufficient values gfimary patency in critical limkschemia repairs

Protexa®

[383]

[265]

In vivo: Positive immune response and integratadthough authors considered it performeg
a lower level tha a porcine SIS material
Clinical data: Showed good cosmetic results in a 48 patients comparative trial with the tit

mesh TILOOP®, but with higher rate of complications

32



Chapter 1

Resto

[337, 346,
368]

[278, 279,
347, 348,
373]

[275-277,
280]

In vitro: Elastic modulus comprised between human rotator cuff values, but lower streng
strain.Lower mechanical properties than dermaliwaat grafts in both tensilests and sutur,
pull-out testLower cytocompatibility with tenocytes than rorosslinked dermal grafts.

In vivo: Related to a M2 polarization and remodelling in an abdominal wall model in

although other studies in raltdiand mice alseeport an inflammatory reaction to the mate
due to ineffective decellularisation, which can be decreased with the use of autologours
tendon repaimodels(e.g.rotator cuff in rabbits and lambshowedan initial inflammatory
response and atier complete resorption, but without recovery of mechanical properties
Clinical trials: Negative resulterere obtainedh clinical trials the material did not improve th
healing and mechanical functionality of massive nor moderat®ratatff tears, wh a high rate

of complications like inflammation and immune reaction

SIM
Pericardial
Patch

[329, 338]

[320]

In vitro: Closest hemodynamic charactedstto normal aortic valves in a comparative stud
Clinical data: Low rate of early mortality and complications and positive haemodyi
performances such as effective orifice area indexmulticentre study of,024 patients of 72.

+ 9.0 years

Stratt c e

[218, 228,
360, 384,
385]

[334, 383,
384, 386
388]

[214-217,
220, 259
264]

In vitro: High rate of structure preservation amchilar resistance to enzymatic degradation t
native tissue, although lower resistance than other dermal crosslinked xen®yesitze of
soluble factors able to promote cell proliferation in a higher extent than other comme

crosslinked xenogifts (dermis) and allografts (dermis). Lower activation and productig
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inflammatory cytokines by mononuclear cells elicited than ardssii dermal xenograftg
Resistance to bacterial penetration due to compact structure

In viva: Lower inflammatory respnse and faster degradation and remodelling than crossl
dermal xenografts in subcutaneous models in rodents andrmpigsrnia modd in rats, it hag
shown a positive performance regarding integration, low inflammatory response a
mechanical prperties of the hernia repair, which was confirmed in an abdominal wall ref
monkeys

Clinical data Positive outcomes for hernia repdemonstrated at a shémnid-term, showing
elevated (>70%) success repair in high risk population and similar shtescovery ang
recurrence than those observed in synthetic partially absorbable nteshigsred resultsere
observed in breaseconstruction, where several studies point its safety and efficiency \
low rate of complications, and others repottigh incidence of complications (i.e. infectig
necrosis) and unsuitability for orstage implanbased breast reconstruction

Clinical data: Low rate of complications, high patient sadision and high objectiv

Surgmend
?2 - - [266-268] | satisfaction asissueexpander breast reconstructionsstadies of28 and 65 patient, and a
material forimplantbased reconstruction following skaparing mastectomy 118patiers
(224227 In vitro: Lower resistance to enzymaticgiadation than dermal xenografts and crosslin
o [218, 228, | [219, 335, ’ grafts. Sppored the invasion and growth of MSCs for stem cell delivery and elicits a |
Surgisis® 274, 389 o ) _ )
366] 366, 371] 302] activation and production of inflammatory cytokines by mononuclear cells than cross

xenografts
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In vivo: Lower mechanical performance in rat and rabbit hernia modafs ¢losslinked graft
at early stages, but a better resorption and mechanical stability of the repair at late
motivated by the remodelling of the tissue. This remodelling was enhanceddelnering
autologous MSCs

Clinical data: Suitability and afetywasdemonstrated for several hernia repairs (i.e. ingu
hiatal) in several clinical trials, showing no complications nor immune rejection up to 5
follow-up. Contrary, its unsuitalty as abdominal wall reinforcement in challenging popata
wasreported when placed in preperitoneal-$apb A small trialshowedpositive and promising
results in means of integration and aesthetics in nasal reconstri@iarclinical trials have
shown potential as nerve conduit in cubital tunnel syndronaeliagual nerve repair, wherm
complications and significant improvement in paimdfunctionalty were reportedsimilarly to

a collagen type | stablished product

Clinical data: High rate of complications reported as blood vessel replacement, incl

SynerGraft . . . _ . . .
® - - [314, 316] | thrombosis and aneurism dilatation, related to immune reactions provoked by an ine
decellularisation after histopathological study
Clinical data: Significant improvement of functionality in lower eyelid retraction surgery,
Tarsys® - - [272, 273] o ) ) _ )
no recurrence surgery, low rate of complications, no infections and satisfactory cosmetic
TissueMend| [340, 346, (340, 348] In vitro: Higher mechanical properties (suture gaudt) than SIS xenografts, but lower than ot
E 393] ' crosslinked dermal grafts. No improvement in the mechanical propdresved on augmente
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tendons with this material in @x vivomechanical analysigligh cytoompatibility with MSCs
for stem cell delivery purposes

In vivo: Encapsulation of the tissue was observed in an abdominal wall repair in rats, al
without an nflammatory reaction elicited by other crosslinked xenografts comgales beer
effectivdy used as a MSCs delivery system in an infarcted heart model in mice, imp

remodelling and angiogenesis

TutoBone®

[288]

Clinical data: A 10-year retospective study including 556 patieméportedinferior results tg

autografts in terms of cervical fusion, but similar to other alternative options and at a low

Tutomesh®

[388, 394]

[270]

In viva: Lower collagen deposition and nfemical properties in a rabbit ventral hernia re
than a dermal xenografh a rat Achilles tendon repair, it shedcapability to integrate and th
absence of host response, but with no functional nor mechanical aggessme

Clinical data: Breast recostruction in 24 patients supported the safety of the materia
technical efficiency, although postoperative seroma formation was reported as risk

Veritas

[228, 384]

[384]

[269]

In vitro: Studies on biochemical and biophysical properties have shown low ECM str
preservation, low thermal stability and low resistance to enzymatic degradation

In viva: Moderate inflammation in a full thickness abdoatidefect inmonkeys (higher than
dermal xenograft but lower to crosslinked xenografts), but a fast resorption

Clinical data: Retrospective multicentre study on 54 patients showed low rate of complicg

at a similar or lower level than those obseriedllogenet dermal matrix products
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In vivo: In a ventral hernia rabbit model, similar results in integration when compacgter

XCM
Biologic® two noncrosslinked dermal xenografts, although it did not show the optimal perforn
iologic
- J - [383] [280] regarding collagen deposition and mechanical properties
issue
Matri Clinical data: Higher pain relief and functionality recovery in rotator cuff massive tears
atrix
those teated with porcie SIS or equine pericardium in a study including 22 patients
In vitro: Lower preservation of ECMtructure and resistance to collagenase degradatior
XenMatrix other dermal xenografts and native tissue, and higher enzymatic degradability than cro
R [228, 384] [384] -
E xenografts

In viva: Severe inflammatory response by the host in an abddmwall defect in monkeys
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Vascular replacement xenografts (e.g. crosslinked bovine vein, bovine ureter) have
mainly resulted in failurg312-314]. These poor outcomes were related to inappropriate
processing, Wich resulted in insufficient mechanical properties to support the pressure
of the circulatory systerf815] and low antigememoval[316]. Having said that, recent
reports on bovine artery crosslinked with starch dialdehyde (as oppo&tAjohave
shown sitive results as haemodialysis acd@d¥]or as lower extremity bypa$318].
However, their implantation is not a generalised procedure, as their performance has not
improved synthetic grafting. Further efforts in the processing technokoyy
recellularisation of the grafts are needed to improve theruoutcome§319].
In the field of vale replacement, the use of the stented valves is a common procedure,
which utilises metal / polymeric stents and processed animal tissue (e.g. bovine or porcine
cardiac tissue processed wittutaraldehyde and antialcification solvent). Stented
valves wee established in clinical practice due to their effective performance in adult
patients and low rate of complicatiof820, 321]and reduced lorterm calcification
[322]. Stentless analogue valves have been also designed to obtain hemodynamic patterns
closer to physiological levels and are clinically availgBi23], demonstrating similar
clinical success to stentedemin a longerm basis and less complications in the early
stages after implantatiof324, 325] However, no reliable valve replacement graft is
available for paediatric patients with congenital heart dised82§], where
decellularisation and recellularisation is the main option to overcome the limitations that

tissue grafts present in valve refd@27, 328]

1.4. Conclusions aml future perspectives

The low availability of autologous and allogeneic tissues, coupled withrees in
decellularisation, crosslinking, sterilisation and preservatimave made numerous,
primarily, porcine and bovine xenografts commercially and clityicavailable for a
diverse range of tissue engineering and regenerative medicine applichatigeseral,
noncrosslinked graftgin particular, grafts from young animaldemonstrate better
resorption for tissues that do not require mechanical resligdosslinking, although
significantly improves mechanical properties, is often associatédinihune response
and calcificationimposing the need for development and assessment of new methods
Although preclinical and clinical studies have demonstratedhost casessafety and
efficacy, the fieldurgently requires randomised douHbdéinded clinical trials tcsafely
conclude on the potential of a specific xenograft for a specific clinical indication.

Considering the, unmatched by hurmaade devices, pisicochemical and biological
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similarity of xenografts thuman tissues, we believe that xenografts will continue gaining

pace in modern regenerative medicine.
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2.1. Introduction
In recent years, although significant stridegenbeen achieved in biomateripl®cessing
[1], we are still not able to develop implabl&devices that closely imitatetive tissue
architecture and compositi¢®, 3]. To this end, tissue grafts are favoureddiomedical
applications, as they preserve tissue architecture and composition and, as a result, they
offer superior biunctionality [4, 5]. Autografts and allografth] are extensively used
for tissue engineering applications, howevéneir limited availability triggered
investigation into the use of xenograf§. Advancements in decellularisation methods
enabled development of implantable devices with reduced risk of immunengaet
10], whilst still preserve the characteristieEnative tissues (e.g. tendfii, 12} tendon
bone interfacgl3], corneq14, 15] heart valvg16, 17) and organs (e.guhg[18, 19]
liver [20, 21] kidney[22, 23).
Decellularised tissue grafts are extensively used in hernia and wound H24}2g.
Augmentatior{30] and wrapping31] devices for tendon are also used to reinforcddan
tissues and prevent scar formation, respectively. Augmentation systems include synthetic
(e. g. Sport meshkgk), xenogeneic (e.g. Pern
devices, which are intenddd promote remodelling and provide mechanical support
during the healind30]. Current augmentation systems have been shown todpro
superior functional recovery than conventionahary repairs and are characterised by
adequate mechanical propertj@8, 32, 33] Decellularised pericardiuf34] and a cell
seeded PGA scaffoli85] have also shown promise as tendon sheaths. These wrapping
systems must limit adhesions formation and promotdirgi of tendon tissu¢36].
However, complications derivieom the disruption of the tendon sheath still represent a
major burden in orthopaedic surgery and no optimabomeems to be availabjal].
TenoGlide®, a collagen type | and glycosaminoglycans (GAG) scaffold, is clinically
available as a means to reduce the risk of adhesions and to promote[8H{liAdthough
promising results in reducing adhesiamgivo[38] are available, no clinical data support
its use as a tendon sheath substitute.
In this study, we ventured &ssess the biochemical, biysical and biological properties
of decellul arised porcine peritoneum ( Xel
and to correlate them to a commercially available tendon wrapping collagen matrix
(TenoGlide®, Integra Lifesciees, New Jersey, USA) to téstpotential as antiadhesion

barrier
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2.2. Materials and methods
2.2.1. Materials
The decellul arised porcine peritoneum ( Xe
LLC (Ohio, USA) in freezeadried state. The collagen matfixenoGlide®) was purchased
from Integra Lifesciences (New Jersey, USA) and was delivered in wet state in phosphate
buffered saline (PBS). All chemical and consumables were purchased from- Sigma
Aldrich (Ireland), unless otherwise stated.

2.2.2. Solubilityanalysis

To assess the presEnof soluble collagen, solubility assay was carried out, as has been
described previously89]. Briefly, samples were incubated at 1 mg dry weight of material

per ml of extragbn solution in 0.5 M acetiacid or in 1 mg ml pepsin (P6687, Sigma

Aldrich) in 0.5 M acetic acid overnight ati4 under agitation. Then samples were
analysed by SD® AGE and stained wi t h Sil ver Qu
(ThermoFisher Scientific), purified bovine collagen typ€BP2US, Symatese) was used

as control

2.2.3. Free amine analysis

Ninhydrin assay waswployed to quantify free amines, as has been described previously
[39]. Samples were weighed and incubated with 4 %yarin in 2ethoxyethanol and
citric acid 200 mM in 0.16 % tin Il chloride (pH 5.00atio 1:1, at 100C for 15 min.

The reaction was then stopped by adding 50 fropanol. Absorbance was then
measured using a plate reader (VarioSkan Flash SpectratiSgadvultimode Reader,

Thermo Scientific, Ireland) at 570 nm and the amount of freeeswas calculated.

2.2.4. Thermal analysis

In order to study the thermal properties of the materials, differential scanning calorimetry
(DSC) analysis was performed, as has been described prejigus#i0] Sanples were
incubated in PBS overnight and following blotting on filter paper to removeboand
surface PBS, they were placed in DSC alumrmipans. The denaturation temperature
was determined using the DSBD/60A, Shimadzu Scientific Instruments (UK). kHeg

was carried out at a constant temperature ramp of/ 5i€ in the temperature range 25

to 100 C. An empty aluminium pan was usas reference. Thermal denaturation was
recorded as a typical peak, and the onset and peak temperatures were rdoogiedtha

the transition enthalpy
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2.2.5. Collagenase degradation assay

Resistance to enzymatic (collagenase) degradation was assedsesikmeen described
previously[39, 41] Biological degradation of both maits by the collagenases MMP

8 (17101015, Gibco®) and MMP (C5138, Sigmaldrich) was analysed. Degradation
was assessed by weight loss after 4, 8, 12 and 24 h of incubation irI\ikid® MMR8
degradatia buffer. In summary, 5 mg of dry samples were batad in MMP1 and
MMP-8 at 50 U/ ml in trissHCI 0.1 M (pH 7.40) at 37C and continuous agitation at 150
rom for the different time points. Then, samples were centrifuged at 3,500 g at room
temperaturedr 10 min and the pellets freeze dried overnigliterreeze drying, weight

was recorded for each sample and relative weight loss was calculated.

2.2.6. Mechanical properties

The mechanical properties were assessed by tensile uniaxial test, as hdssoabed
previously[42]. Briefly, 1 x 5 cm strips for each material wencubated overnight in

PBS. The following date, the strips were quickly blotted on filter paper to remove non
bound surface PBS. A Z009 Zwick Tensile Tester (Zwick Roell, Ireland) was used. All
tests wee carried out at 20 m/min with a 0.1 N prdoaduntil the sample broke. Correct
clamping, absence of slippage and breakage in the middle of the sample was ensured
thorough the test.

2.2.7. Histology and immunohistochemistry

Samples were fixed in Tisslk@eezing Medium® (Leica Biosystems, Ireland}&i C

for at least 12 h. subsequently, transverse cryosectiongmof were obtained using the
CM1850 Cryostat (Leica Biosystems, Ireland). The samples were then stained with
haematoxylin and eosin, Picrosi us r ed and N§48]sms mmoudtesd usingi ¢ hr
DPX mountant (06522, Sigrraldrich, Ireland).

Immunohistochemistry of the sections was carried out for collagen type | (ab90395,
Abcam, USA), collagen type lll (ab7778, Abcam, USA), collagen type IV (ab6586,
Abcam, USA), elastin (ab21610, Abcam, USA), laminin (L939, Siguaaich, Ireland)

and fibronetin (F7387, Sigmaldrich, Ireland), as has been described previo[43Yy,

with slight modifications. Sections were bked for 1 h at room temperature in 5 %
normal goat seim (NGS) and 0.1 % Triton -£00 in PBS. Then, the sections were
incubated with the primary antibodies diluted in blocking buffer at 1:100 overnight at 4

“C, followed by 3 washes in PBS. Subsequentlgpsdary antibody solutions at 1:500
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were added (Alex&luor 488 goat anti rabbit and Alexa Fluor 555 goat anti mouse, Life
Technologies, Ireland) for 1 h at room temperature, followed by 3 washes in PBS. Nuclei
were stained with Hoechst (H1399, Invitrogéneland) at 1:5000 in PBS for 5 min at
room temperatr e . Finally, sections wer e mo u nt
Mounting Medium (F4680, Sigmaldrich, Ireland), left for 2 h at room temperature and
then stored at 4C. Images were taken with an inverfegrescence microscope (1X81,

Olympus, UK).

2.2.8.Scanning electron microscopy and atomic force microscopy analysis
Topography of both sides of XenoMEME and
drying. SEM analysis was conducted using the Hitacli7® scanning electron
microscope (Hitachi, UK) at 5.0kafter goldcoating of the samples (Emitech360X

Sputter Coater, Emitech, UK). AFM analysis was conducted using the Dimension 3100
(Veeco Instruments Inc., USA) and images were captured and analysdHa of scan

frequency and 1.0 V of amplitude getint.

2.2.9. Coefficient of friction

Tribological analysis was carried out to assess the coefficient of friction of both layers of
XenoMEME and of TenoGlideE. Sampwrappedi nc u
around a tube that was fixed with anhausedesigned tribometer (CSM Manufactured
Systems, UK) and analysis was carried out as previously described for soft tissue using

glass as static referengkl]. The samples remained hydrated throughout laéyais.

2.2.10. Cell response analysis

Primary adul dermal fibroblasts (DFs, ATCC®, UK) were expanded in Dulbecco's
minimum essential medium (DMEM) high glucose witlglutamine supplemented with

10 % foetal bovine serum (FBS) and 1 % penicillstregomycin (P/ S) at 37 C and 5

% CQ. Cells were seextl at passage 4, when they had reache®59% confluence.
Indirect cell cytotoxicity was assessed with conditioned media (CM) from each material.
XenoMEME and TenoGI ide E/cwéorle3andh tdays aithe d a
complete medium; at each timeipt the media were collected and acted as CM (CM1,
CM3 and CM7 for day 1, 3 and 7, respectively). DFs were then incubated for 1, 3 and 7
days with each of the different CM and assessment of metabtlidyaoiability and
proliferation were carried ouwith alamarBlue® (ThermoFisher, Ireland), LIVE

DEAD® (ThermoFisher, Ireland) and Quailit PicoGreen® dsDNA (ThermoFisher,
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Ireland) assays, respectivelyigure 2.1). For cell seeding on the materigtsgces of 1
cof both XenoMEME and TenoGlideE were st
and washed in PBS for 3 times. Then, they were placed at the bottom of the wells of a 24
well plate and kept in place using a silicone ring (Z504165, Sigitiach, Ireland). DFs
were then seeded on both sides of the peritoneum and on TenoGlide® at 50,000 cells
well and incubated at 3TC and 5 % C@ Medium was replaced every 3 days and cells
were cultured for 3, 7 and 14 days. Metabolic activity and viabilityevessessed Wit
alamarBlue® (ThermoFisher, Ireland) and LIVEDEAD® (ThermoFisher, Ireland)
assays, respectively. For morphology analysis, cells and samples were fixed in 4 %
paraformaldehyde (PFA, 158127, Sigarich, Ireland) in PBS for 15 min, then
washed with PBSand stained with rhodamirghalloidin (R415, Life Technologies,
Ireland) in PBS at 1:500 for 1 h. After washing with PBS, nuclei were stained with
Hoechst solution (see section 2.7) and the samples were imaged. Cell proliferation was
assessd through nuei counting with ImageJ (NIH, USA) and was also employed to
normalise metabolic activity. Alignment was quantified through Fast Fourier Transform
(FFT) and 90 ° correction of the image, whereas manual measurement of individual DFs
degree wasmployed to gantify the distribution of aligned cells.
Human tenocytes (TCs) were obtained from human flexor tendon, using the migration
approach. After expansion in complete medium, they were seeded at passage 4 on both
sides of XenoME M followidg the samd peoneduBel anddissessments
described above.
Both XenoMEME and TenoGlideE were seeded
4 % PFA, cryosectioned as described above and stained with DAPI to assess cell

penetration.

CM1

—_ = Conditioned medium ) Incubation of DF for1,3 and?
g » - - (CM) collection and refill » CM 3 ‘ days with each medium on TCP.
@ atdays 1,3 and7 Proliferation, viability and
metabolic activity analysis

Material DMEM
+10% FBS A

+1% PS oM 7

Figure 2.1. Schematic experimental design for materials conditioned media (CM)

analysis
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2.2.11. Immune response vitro analysis

Immune response was assessed as has been described pré¢dijudonocytelike

cells (THR1, ATCC, UK) were epanded in RPMIL640 medium supplemented with 10

% FBS and 1 % PS (SigmaAldrich, Ireland). Cells were seeded in-4@ll plates for

CM inflammatory response assessment or on the materials at 25,000 éelle/amiuce

the macrophage phetype, cells wer treated with phorbol 1&wristate 1l3acetate

(PMA, P8139, Sigmaldrich, Ireland) at 100 ngml for 6 h at 37C and 5 % C@ Non
attached cells were washed with PBS. The cells on the well plates were incubated with 2
days CM[45, 46]produced as described above for 1 and 2 days, whereas cells attached
on the materials were incubated with complete RBEBHO0 medium. As positive control,

cells were treated with lipopolysaccharides (LPS) fientoli (L2637, SigmaAldrich,

Ireland) at 100 ngml to induce inflammatory response. Metabolic activity was assessed
with alamarBlue® assay and normalised to proliferation, whilst proliferation was
assessed by nuclei counting after fixation in 4 % PFA and Hoechst stainiagsdss the
iImmune respons@ vitro, morphology of the cells was analysed after imaging cells with

an inverted microscope (CKX41, Olympus, UK) in the case ofiG@dibated cells or

after rhodamingohalloidin staining and imaging for THPcells attached tihe materials.
Images wereanalysed with ImageJ and the relative number of elongated cells was
calculated. The shape of the cells was described manually and the aspect ratio,
circumference and roundness were measured. Those cells with an aspect rairdonfe

3.0 and a circumfence and roundness superior to 0.5 were considered as round cells,
meanwhile the rest were considered as elongated. The formation of clusters was also
assessed, were only those containing 5 or more cells were considered.

To quanify the production of pranflammatory cytokines by THR cells, media from

each condition at days 1 and 2 were collected and stor@@® at. ELISA analysis of
cytokines was carried out employing DuoSet ELISA kits for human-UNRd 1L-6

(DY210 and DY206, respectively, R&D System UK) on NunewellMaxi S
ELI SA plates (ThermoFisher, I reland) as ¢
antibody solution was incubated in the wells of the ELISA plate overnight at roo
temperature. Then, 3 washing steps with 0.05 % m®26 in PBS and a blocking step

for 1 h with 1 % BSA in PBS were carried out. After other 3 washesplLl60thawed
medium samples were added and incubated 1 h at room temperature. Samples were then
wased and the diluted detection antibody was pipettedhe samples. After 1 h

incubation, other 3 washing steps were carried out followed by an incubation with
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streptavidinHRP solution for 20 min and further 3 washes were conducted.
Subsequently, substeasolution (1St e p E U | -ELISA, TiHeMBFisher, &land)
was added and allowed to develop for 20 min. 2 N sulfuric acid solution was added to

stop the reaction. Absorbance was read at 450 nm with correction at 540 nm.

2.2.12. Epithelium formationin vitro analysis

Mesothelial cells (MeTBA, ATCC, UK)were expanded in M199 medium supplemented

with 10 % FBS, 1 % IPS, 20 mM HEPES, 3.3 nM epidermal growth factor (EGF), 400

nM hydrocortisone and 870 nM bovine insulin (SigAldrich, Ireland). Cells were

seeded in 12 mm tranwell inserts with a polyesteme mbr ane of 4 &m
(CLS3460, Sigm&A | dri ch, Ilreland). XenoMEME (samp
and TenoGlide® were cut in 12 mm diameter pieces with a biopsy punch and placed at
the bottom of thé&ranswell insert, fixed with a silicone @ng (Z504165, SigmaAldrich,

Ireland) and cells were seeded in complete M199 medium at 25,000 cells / cm2; cells
seeded on the tramgell membrane were used as control. Medium was collected and
replaced every - days. At days 7, 14 and 21, the production sguge plasminogen
activator (tPA) and plasminogen activator inhibitor (PAI) was analysed with ELISA
(DY7449 and DY1786 respectively, R&D Systems, UK). At the same time points, cells
were fixed in 4 % PFA, atned with rhodamine phalloidin and Hoechst andged.

Seeded materials at the same time points were further processed in a tissue processor
(Excelsior AS, ThermoFisher, Ireland), embedded in paraffin blocks and transverse
sections of 5 thehaematoxylireandsebsa itoragsess thei morphabgy

the cell layer formed.

2.2.13. Flexor tendon barrier model in vivo

A model to test the potential of XenoMEM in vivo was developed through a pilot study
on adult New Zealand White rabbits, based in previous established models. All the
procedures werearried out under ethical approval of the Animal Care Research Ethics
Committee of the National University of Ireland Galway (NUI Galway). Briefly, animals
were anaesthetised with ketamine at 35/rkg and the digits of both hind paws were
shaved, cleaneaind sterilised. An incision on the zone Il of the 2nd and 3rd digits of the
paws was practised and the flexor digitorum profundus tendon was identified and fully
sectioned with a scalpel proximally to the vincula. The tendon was then repaired with a
modified Kessler core suture usingd%oraided polyester. The repair area was wrapped

employing either XenoMEM with the CT or BM facing the tendon, or with TenoGlide®,
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and the skin was sutured. PBS was applied after the repair in the negative control. The
sametreatment was applied in all surgery areas (4 per animal) of each rabbit, with n=3
per treatment. The paws of the animals were then casted employing a metal splint for one
week and a soft cast for the next week. For the rest of the study the paws vecastetht
allowing free movement of the digits. This protocol was supervised by orthopaedic
surgeons to better imitate the clinical practice of initial restraint and gradual gain of
movement. Animals were euthanised after 8 weeks and fingers were colladted a
employed either for mechanical analysis or histology. Mechanical analysis consisted of
tendon excursion, degree of flexion and uniaxial tensile tests. Fingers for mechanical tests
were fixed through the bone, and flexor tendon excursion distance ame dédlexion
in the proximal interphalangeal (PIP) joint were measured after applying a constant force
of 2 N on the flexor tendon and 0.5 N on the extensor tendon to ensure initial straightness
of the finger, by suturing the sectioned end of the tetaltime correspondent weight. For
tensile uniaxial test, flexor tendon was carefully excised from the finger and analysis was
carried out with a Z009 Zwick Tensile Tester (Zwick Roell, Ireland) at 20’ mm until
breakage with a reading load cell of 100 Where the tendons where fixed with a
hydraulic clamp system and maintained wet throughout the analysis. Force, stress and
strain at breakage were recorded, and Yo
fingers were fixed in 4 % PFA for 48 h and deded in 12 % EDTA and 2 % PFA
solution for 2 weeks. Then, fingers were processed through sequential steps of
dehydration in ethanol, xylene and paraffin in a tissue processor (Excelsior AS,
ThermoFisher Scientific, UK). Paraffin blocks containing thmgdir surgery area were
then sectioned and stained for haematoxylin and eosin.

2.2.14. Statistical analysis

Data were analysed using the IBM SPSS Statistics (IBM Analytics, USA) software.

St u d etast ahd onavay analysis of variance (ANOVA) followedyldmisher's post

hoc test were employed after confirming normal distribution from each sample population
(KolmogorovSmi r nov normal ity test) and equal.i
homogeneity of variance). For noormal distributions or different viance, Mann

Whitney U test and Kruskalallis test were employed to assess significant differences.

Significant difference was acceptedpat 0.05.

83



Chapter 2
2.3. Results
2.3.1. Solubility, thermal, free amine and resistance to enzymatic degradation
analysis
TennGlide® was completely insoluble in both acetic acid and acetic acid / pepsin, whilst
XenoMEME was solubl e, ma Figute Y.2A). Menakde®& i ¢ a
exhibited significantly higherp(< 0. 01) denaturation tempe
(Figure 2.2B). TenoGlide® exhibited significantly lowep & 0.05) free amine content
t han Xen GFiguENM.EC). TenoGlide® exhibited significantly highgp € 0.05)
resistance to MMB (Figure 2.2D) and MMR1 (Figure 2.2E) t han XenoME
Enzymaticdegradation redts were qualitatively confirmed through SIPAGE of the
supernatantsgure 2.3).

2.3.2. Mechanical properties analysis

Tensile uniaxial test analysis revealed that the stress at break, strain at break and modules
at 2 % strain values ofenoGlide® wee significantly lower f§ < 0.01) than those of

X e n o ME Mrigure( 2.4A). Both TenoGlide® Figure 2.4B) and XenoMEN
(Figure 2.4C) exhibited a 4shape strain curve, characterised by a small toe region, a
region of sharply rising stress and adoregion of castant gradient up to fracture.
TenoGlide® Figure 2.4B) exhibited a sharply reduced stress at break, whilst

X e n o ME Migure(2.4C) exhibited a delayed reduced stress at break.

2.3.3. Histology and immunohistochemistry analysis

Histology amalysis Figure 2.5) revealed a loose structure for TenoGlide® and a dense
structure for XenoMEME. H&E, Picrosirius
that both TenoGlideE and XenoMEME were
Massonos triicdicatednoe ss daiahi mgcl ei i n XenoM
Immunohistochemistry analysigiQure 2.6) made apparent that TenoGlide® was
comprised of collagen type 1, collagen type Il and fibronectin (no collagen type IV,
laminin and elastin were detectable), whilst Xe®®ME wa s mofecdlagenuype

I, collagen type Ill, collagen type IV (at the basement membrane site), fibronectin,
laminin (at the basement membrane site) and elastin. DAPI staining confirmed the

absence of nucl ei at XenoMEME and TenoGlI |

84



Chapter 2

TenoGlide® XenoMEM™

B
Coll A P A P
-— Samples Onset (°C) Peak (°C) Heat (J/g)
= == TenoGlide® 58.52 £ 0.47 62.04 £0.21 -1.20+£0.14
XenoMEM™ 48.93 £0.85™  52.56 £ 0.66™ -6.67 £ 1.20**
o o
6.00 - . 120% . 120%
£5.00 - 12‘;; T * 100%
2 4,00 - = o |0 < 0%
- . - v —_— 0,
g 3.00 - TenoGlide® :5, nn ‘.“‘ —=—TenoGlide® %1 60% —.—Teno.g“de@
€500 4 XenoMEM™ = 40:" { 3 40%
3 20% ; | T XenoME S 0y, —--XenoMEM™
'-": 100 ] D% T —— [}
J 0%
0.00 . -20% 20
0 4 8 12 16 20 24 ’ 0 8 16 "
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Figure 22. SDSPAGE after acetic acid (A) and pepsin (P) extractions reve
observed inTenoGlid&® (A). DSC analysis showed a higher denaturation temperatuifef@Glid® r at her t han f or B).Xe&a o MEM
amines quantification revealed a lower crosslinking ratio of porcine peritoneum than Te@oGlide 6 ) ( C) . Xe n o MEbBMEMPdS8e gr a d
(D) and MMR1 (E) thanTenoGlid® (n=3). Data presented as meaistandard deviation. A significant differencep& 0.05 between samples is

indicated as *, whereas ** impligs< 0.01.
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MMP-1 MMP-8

TenoGlide® XenoMEM™ TenoGlide® XenoMEM™
4h 8h 12h 24h 4h 8h 12h 24h Coll 4h 8h 12h 24h 4h 8h 12h 24h

L 4

M",.‘_'.“..‘ WERE
".~

'1'-344

Figure 2.3. SDSPAGE of enzymatic degradation supernatants qualitatively shawed@ase in the concentration of collagen type, which was higher
in XenoMEME. Also, the bands si ze chaifs, carfiimedalravagaftora theyMM®Pne t hird of na
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A
Stress at break Strain at break Modules at 2%
(MPa) (%) (MPa)
TenoGlide® 0.18+0.02 6.20+£0.23 0.43+0.01
XenoMEM™ 34.79 + 16.69** 19.61 + 5.84** 359+ 1.23*
B TenoGlide® C XenoMEM ™
0.30 30
0.25 25
& 0.20 S 20
= =
§ 0.15 % 15
& 0.10 & 10
0.05 5
0.00 0
0 10 20 30 40 0 50 100 150
Strain (%) Strain (%)

Figure 24. Tensie uni axi al test of TenoGlideE (n=5) and XenoMEME (n=3)
X e n o ME W)EData preented as mean + standard deviation. A significant differerme 0101 between samples is indicated as8tth TenoGlide®
and XenoMEME e x {shajeisttess dstrdinycpnies oé dollagenous mateBials (
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H&E Picrosirius Red Masson’s trichrome

o T

TenoGlide®

XenoMEM™

- =

Nuclei - Cytoplasm/ECM Nuclei - Collagen - Nuclei- CT - Cytoplasm

Figure 2.5. Histology analysis of cryosections revealed the acellular structure of Ten@Glit#X e n o MEME and made apparen
differences between the two materials. BM refers to the Basal Membrane side, CT refers to the Connective Tissue sidE MKenoMSc al e b a |

pm.
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Collagen | Collagen llI Collagen IV Fibronectin Laminin Elastin DAPI

TenoGlide®

XenoMEM™

Figure 2.6. Collagen type I, collagen type lll and fibronectin were observed by immunohistochemistry in cryosections of both Terelide
XenoMEME. Coll agen type |1V, laminin and elastin were omBMiferatother ve d
Basal Membr ane side, CT refers to the @Gonnective Tissue side of Xe
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2.3.4. SEM and AFM analysis
SEM analysis revealed that the freeizeed TenoGlide® exhibited a collapsed porous
structure, whilst the freemdried X e no MEME showed a smooth t
basement membrane site and a fibrous topography from the connective tisstigigiee (
2.7A). Quantitative analysis of AFM micrograplisdure 2.7B) revealed that the freeze
dried TenoGlide® exhibited the lowesurface roughnesp € 0.01) Eigure 2.70).

2.3.5. Coefficient of friction analysis
TenoGlide® exhibited a higharoef f i ci ent of f rip<tOiOD,Nn t h:
whil st the connective tissue sipeé.0lpf X €

coefficiert of friction (Figure 2.7D).

TenoGlide® XenoMEM™
Basal membrane Connective tissue
A
B
0.04
¢ D s
5 0.03
50.02
S
s 0.01
=
[
o 0 2
TenoGlide® XenoMEM™ XenoMEM™ © TenoGlide® XenoMEM™ XenoMEM™
BM cr BM cT

Figure 2.7. (A) SEM showed differenbtp o gr aphi es bet ween both
B) AFM i mages al so reveal ed CQuantficatbmndff er e
AFM imagesre eal ed a hi gher roughness in bot!l
observed in TenoGlide®D)) Contrary, both sides of XeNoE ME pr esent ed a
coefficient of friction in wet state against glass than TenoGlide®. BM indicates Basal

membrane and CT connectites sue sides of XenoMEMB. A s
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< 0.05 between samples is indicated as *, meanwhile a diflergir< 0.01 between

samples is indicated as ** (n=3).

2.3.6. Cell response analysis

Culture of DFs with CM f r didmotappenotdaifdctdal E a n
viability, metabolic activity and proliferatior-{gure 2.8).

Directcultureofeno Gl i deE and XenoMEME with DFs c
(p > 0.05) affect cell viability Figure 2.9A), metabolic activity Eigure 2.9B) and
proliferation Eigure 2.9C) by day 14. Qualitative rhodamiphalloidin staining
revealed a rather bidireonal cytoskeleton orientation on the connective tissue side of

X e n o ME Mgure( 2.9D), which was confirmed after image analysis and
quantificaton of aligned cellsKigure 2.10.

No difference was observed in cell viability at any time point betweeonGlde® and
XenoMEME, when they Fgure2.118).cHewkeed TenoGlide® T Cs
exhibited the highesp 0.05) metabolic activity peell at days 3 and 14#igure 2.11B

and lowest proliferationp(< 0.01) Figure 2.11Q at day 7 and day 14. #d¢, the

met abolic activity o n(p<X00B)th¥hEHd EontBINt dayald, | o
although proliferation was higher at daysp/< 0.05)and 14 p < 0.01). Qualitative
rhodaminephalloidin staining confirmed the rather low TCs attachment andemation

on TenoGlide®[tigure 2.11D.

DAPI staining after sectioning of the materials seeded with DFs and TCs showed that the
cells were able tpenetrate TenoGlide®, whereas they proliferated with no infiltration
into XenoMEME when (Figue@8d on either side
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Viability (%)

Proliferati

Figure 2.8. Invitroc e | |

TenoGlide® for 1 (CM1), 3 (CM3) and 7 (CM7) days. No significant effect was observed

in any of the conditions on cell viability, metabolic activity (normalised to DNA content)

0 Normal medium

TenoGlide® CM1
TenoGlide® CM3
TenoGlide® CM7

Viability (%)

O Normal medium

TenoGlide® CM1
TenoGlide® CM3
TenoGlide® CM7

O Normal Medium

TenoGlide® CM1
TenoGlide® CM3
TenoGlide® CM7

response

Day 1

Day 1

of

Chapter 2

& Normal medium

B XenoMEM™ CM1
& XenoMEM™ CM3
B XenoMEM™ CM7

O Normal medium

B XenoMEM™ CM1
E XenoMEM™ CM3
B XenoMEM™ CM7

Day 3 Day 7

DFs

DO Normal Medium

2 XenoMEM™ CM1
B XenoMEM™ CM3
5 XenoMEM™ CM7

t o memdti

nor proliferation Data normalised to control and presented as mean * stiagheldation.

A statistically significant difference @< 0.05 with the control is indicated as *, whereas

** implies p < 0.01 (n=6).
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Figure 2.9. DFs viability (A), metabolic activity normalised to calbunt 8) and proliferation €) showed no significant differences when seeded on
TenoGlideE and on both si des oofandpeesentddBEdviean +Btantaad deviatiom(a=B)i Assttibticallyosigrifioantt
difference ofp < 0.05 withthe control is indicated as *, whereas ** imples 0.01. (D) Cytoskeleton (red) and nuclei (blue) staining confirmed previous

resultsandshowde a bi directi onal alignment of cells i nmtfDhe connective ti s:¢
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A TCP TenoGlide® XenoMEM™

Connective tissue Basal membrane B &

Day 3

Day 7

Yo% % 2 2 % o o, . g 3
v. 2, 0, 0, %, % 2
B R, Xy X, S

C Range of degrees (°)

Cells (%)
88883

Day 14

Range of degrees (°)

Figure 2.10. (A) FFT analysis after 90 ° correction of stained DF cytoskeleton images diffénent materials showed a bidirectional alignment only
in the connect i ve BtCjD Fhis alignmnéhwas eanfonél Atér quartification of the DFs among different degrees of alignment
on the connective ti ss u7andld Daa presentet@annedhE sténdaadtdeviatmry (s=3)3 ,
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100 o D
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Figure 2.11. (A) TCs viability showed no differences among grouBs.&) Contrary, normalised metabolic activity was higher, and proliferatis
| ower than control on TenoGlideE, whereas both si dteeontrolfand resentetMd&sSME
mean = standard deviation (n=3). A significant differencepaf 0.05 with the control is indicated as (¥hereas (**) impliesp < 0.01. D)
Immunofluorescence images of TCs of the cytoskeleton (red) and nuclei (blue) ednfirevious findings. Scale bar 0.
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TenoGlide® XenoMEM ™

Connective tissue Basal membrane

DFs

TCs

Figure 2.12. Transverse sections of TenoGlide® showed infiltration of DFs and TCs after
nucl ei staining, whereas XenoMEME -idé d no

indicates the limits of the material. Scale bar 6@

2.3.7. Immune responsé vitro analysis

THP-1 cells seeded with the different CM showed a heterogeneous population of rounded
and elongated cells in all conditions, where the elongated cetks more prominent in

LPS and TenoGlide® CM at both time points. Clusters were observed more freguently
the LPS and TenoGlideE CM at days 1 and
CM. The presence of clusters in normal medium was Fageie 2.13A). No significant
differences |§ > 0.05 in metabolic activity FFigure 2.13B and proliferation Figure

2.13C) were observed between the different conditions.

Quantification of the proportion of elongated cells confirmed the higher number of
elongated cellsni LPS and TenoGlide® CM at both time poings< 0.01) and also
revealed a slightly higher proportionefl ongated cell s i n KenoM
<0.05). Normal medium and X«0.0lMEMEr o€EM el
elongated cells than the LPEidure 2.13D. Quantitative analysis revealed a reduction

in the number of elongated cells at day 2 incalditions Figure 2.13D. THP-1 cells

seeded with LPS and TenoGlide® CM, when compared to cells grown in normal medium,
showed significantlyg < 0.01)higher productionof TNFJ at bot h ti me po
XenoMEME CM s howe gd>Mn056) difeienpes Fiduie @.430) t At Hoth
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ti me points, al | conditions (nor mal me d
showed significantlyg < 0.01) lower amountsf TNF-Uthan LPS Figure 2.13B. IL-6
(Figure 2.13F was only detected in TenoGlide® CM at both daysvath no significant
differencesf > 0.05).
The assessment of the immune respamséro on the materials revealed a lower number
of cells attachean both materials, principally on TenoGlide®. In addition, elongated
cells were observed in the LR®ndition and, in lower proportion, in the rest of the
conditions. Clusters were fFgure 814A.1On LPS
TenoGlide®, THP1 showed lgher metabolic activity at day J (< 0.05) and day 2
(Figure 2.14B), and lower proliferationp(< 0.01) at both time pointg={gure 2.140Q
compared to TCP. No significant differencps<(0.01) in the metabolic activity={gure
2.14B on Xeno ME Mé&vedv Elongatiom QuantificatiorFigure 2.14D)
revealed a highep(< 0.05) number in LPS and onfi@Glide® at day 2. When compared
to LPS, a lowerg < 0.05) number of elongated cells was observed on TCP and on the
basement membr ankgure2.14Dl.e n o MEME (
Cells seeded on TenoGlide® showed significantly (0.05) higher amounts of TNB
than cellsseeded on TCP at both tie point&gure 2.14E). Both sides of showed
significantly ¢ < 0.05) higher amounts of TNBthan cells seeded on TCP at day 1, but
no significant p > 0.05) differences were observed at day Figyre 2.14B.
X e n o MEavidETenoGlie® elicited significantlyff < 0.05) lower production of TNF
U than LPS at both time pointSFigure 2.14B). At day 2, TenoGlide® elicited
significantly ( < 0.05) higher production of TNBt han ei t her si de o
(Figure 2.14B). A higherproductionof IL-6 (Figure 2.14F by THPRP-1 cells was observed
when seeded on TenoGlide® after 2 days 0.05).
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Figure 2.13. (A) THP-1 differentiated with PMA at 100 ng / ml showed a higher
proportionof elongated cells (white arrows) and clusters (black arrows) in LPS (100 ng /
ml) and TenoGlide® CM groups than those observed in normal medium and
Xeno MEME BQdyMetapolic activity ad proliferation of macrophages showed
no differences among conidihs. Data normalised to control and presented as mean *
standard deviation (n=6).Df Quantification of the proportion of elongated cells
confirmed a higher proportion of elongated macroglsag LPS and TenoGlide® CM
conditions. E, F) ELISA analysis als showed a higher production of the inflammatory
cytokine TNFU in TenoGlideE CM and LPS condit:i
found in IL-6 release. Data presented as mean + standardideviat6). A significant
difference ofp < 0.05 with the normal edium condition is indicated as *, whereas **
impliesp < 0.01. A significant difference q@<0.05 with the LPS condition is indicated

as +, whereas ++ denotes 0.01.
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Figure 2.14. (A) THP-1 cells imnunofluorescence of cytoskeleton (red) and nuclei (blue)
showed a lower proliferation of cells on both TenoGlide® and XBEBAMVE i n di r e
contact. Also, a mixed population of elongated (white arrows) and round cells, with some
aggregates (yellow arrows) wesbserved in LPS and materials conditions. Scale bar 100
um. (B, C) Macrophages showed significantly highmetabolic activity and lower
proliferation in TenoGlideE after 2 days
proliferation were lower after 2 daybut without significant differences. (D)
Quantification of elongated cells showed a significantly highepgrtion of elongated
cells in TenoGlide® and LPS conditions€, (F) ELISA analysis of inflammatory
cytokines revealed a higher production of FNih TenoGlide® and LPS conditions,
meanwhile 11-:6 was only detected in direct contact with TenoGlide®. [Pataented as
mean + standard deviation (n=3). A significant diffeemfp < 0.05 with the normal
medium condition is indicated as *, whereas ** denpte$.01. A significant difference

of p < 0.05 with the LPS condition is indicated as +, whereas ditatesp < 0.01.

2.3.8. Formation of an epitheliumin vitro

Mesottlelial cells were able to attach and proliferate in all conditibigu¢e 2.15A). On
thetransve |l | membr ane control, TenoGlideE and
several layers and naatals topography guided their structure, whereas a monolayer was
observed on BM side of Xen ¢tRE anifibrindlyticandr at i
fibrinolytic molecules respectively, did not show any differences between conditions after
days 7 Figure 2.15B) and 14 Figure 2.150), whereas after 21 daysi§ure 2.15D) the

BM side of XenoMEME mpk0@OBpoted a | ower rat |
Histology of seeded materialBigure 2.16 showed a layer of oridew cell(s) on the CT

and BM sides of Xen oGlEd®BEgme eelisalscepanstratedithe T e n

inner layers of the material.
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Figure 2.15. Mesothelial cells grew on the tramell, TenoGlide® and both sides e no MEME i n suppl emented M199

although a monolayer epithelitike was only observed on BM sideXfe n o ME NBEC) Aft¢r 7 and 14 days, the ratio between PAI and tPA showed

no differences between conditions and after 21 daysifowerr at i o was observed on BM side of XenoMENM
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TenoGlide® XenoMEM™

Connective tissue Basal membrane

Day 7

L o )

Day 14

Qe

Figure 2.16. Histology d materials seeded with mesothelial cells showed a cell layer of
few cells on XenoMEME CT and BM, whdreas

cells in the material. Scale bars &0.

2.3.9. Flexor tendon model in vivo

A pilot study with 12 New Zealandhite rabbits was carried out to develop a model for
testing the potential of XenoMEM as tendon barrier in vivo. Macrosadyservation of

the fingers after 8 weeks showed the formation of adhesions in all the con(figune

2.17). Mechanical analysishowed how both tendon excursi@igure 2.18A) and
degree of flexior{Figure 2.18B were much lower (p < 0.01) in all therditions when
compared to healthy tendon. Tensile uniaxial test also revealed lower (p < 0.01) force at
break(Figure 2.180, maximum stresgFigure 2.18D), and Youn(@guse modu
2.18P in all the groups compared to the healthy tendon, with nordiftees among
treatmentsStrain at breakFigure 2.18F) showed significantlyg < 0.01) lower value in
TenoGlide®treated tendonldistology analysigFigure 2.19)confirmed the presence of

adhesions in all the conditions.
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TenoGlide®

Figure 2.17. Macroscopic observation of repaired fingers showed the formation of adhesions (white arrowsnditdins
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Figure 2.18. Mechanical analysis of flexor tendons after 8 weeks showed a higher
excursion distancéy), degree of flexionEg), force at break(), stress at brealdj, and
modulus F) in the halthy tendon compared to treatment groups, where no significant
difference was found. Strain at bre&k €howed similar values among groups, except

for the sham which seemed lower. Data expressed as average + standard deviation (n=3).
** p<0.01.
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TenoGlide®

XenoMEM™ CT XenoMEM™ BM

Figure 2.19. Haematoxylin and eosin staining of sectioned fingers after 8 weeks.

Tendon, B: Bone, S: Suture. Arrows indicate adhesion areas. Scale pan500
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2.4. Discussion
Decellularised porcine peritonguhas shown promise wound healing applicatiorjd7-
51]. The presenttady investigated the potential of a decellularised porcine peritoneum
matrix (XenoMEME) for tendon t ingtsatitavase ngi |
compared to TenoGlide®, a commercially availapl®duct that acts as a tendon
protector sheet.
SDSPAGE analysis revealed that XenoMEME w
V; this was more obvious in the adigepsin samples, considerititat pepsin increases
the yield in collagen extractiorf52, 53] However, extensive exogenous crbsking
provides resistance against the action of proteolytic enz{#2e$H4] which could be
related to the absence of collagen bands after both extraofidenoGlide®. This is
supported by the less free amine and higher thermal properties of TenoGlide® in
comparison to Xen o MikiNensity offenoBlde® fustifies its s s
hi gher than XenoMEME resistance to enzyme
with other studies with collagen scaffol{#2] and decellularised tissue grafil].
Considering that highly crodmked materials are associated with inflammation and poor
remodelling[55-57], the lower, but adequate crdskingdens t y of Xeno MEME
be proven beneficial im vivosetting.
The mechanical propertiesoéTh o G| i de E wer e much | ower th
considering that mechanical integrity is lost during collagen extraction and scaffold
fabrication[2, 3, 58] Collagenbased scaffolds, even after extensive ctimgsng, are
unable to mimic the native tissue mechanical featuredrary to decellularised tissue
grafts that still retain a large portion of the original tissweehanical integrity.
The mechani cal features of XenoMEME were
decellularised peritoneum tissug48, 49, 51] with previous studies showing that
processing minimally affestits mechanical properti¢49]. Although high mechanical
properties may not seem relevant for tendon barriers, a high mechanical resilience
facilitates the usage of a device in the clinical scenario. In additienmechanical
properties of porcine peritoneumposea gh potenti al for XenoM
clinical applicationsi(e. as augmentation device).
Detailed SEM analysi s r ev e alikeaapogtapghyftom Xe n o
the connective tissugde and a rather smooth topography from the basemenbrare
side, typical of the peritoneum tiss{#7, 48] TenoGlide® had a porous structure,
possibly attributed to the freeze drying. Roughness analysis thra&fyl showed

significant | ower values in TenoGlideE ¢t
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did not translate into a higher friction coefficientt ba inverse trend was observed. This
is not surprising, considering that other factors have a majaentde than the roughness
on the friction, such as the presence of molecules, which promote the gliding (e.g.
hyaluronic acid (HA) or lubricirf44]). The presence of components that promote the
gliding on XenoMEME woul d be sefpeapteneumdsd , s
to promote gliding between orgafi9]. This feature could be beneficial as a tendon
sheath, which promes the gliding after surgery, a desirable characteristic particularly in
flexor tendon operationgl4]. However, one must keep in mind the limitations of this
analysis, since the coefficient of friction is a characteristic of both surfaces tested and
different results could be observed when testing the material against tendon.
Histological and immunohistochestry analyses not only confirmed the complete
removal of cellular materials, but also demonstrated that the native composition of the
major ECM componds (a laminar flat structure containing collagen types | and lll,
fibronectin, prominent fibres of elastand basement membrane markers in blood vessels
and basal membrane sif#9-61]) had not been affected during processing. A slight
damage on the basal membrane was observed due to decellularisation, freezerdrying
sectioning processes, as it has been reported in other §df]ieBenoGlide® contained
only collagen typesand Il and fibronectin in a homogeneous spehige distribution,
a typical composition of processed collagen sponges.
In vitro biological respase was first assessed using DFs. In general, DFs adhered and
grew wel |l i n both TenoGlideE and XenoMl
XenoMEME showed a slight i ncrement I n m
function of time in cultureas has been obxwed previously48]. This can be attributed
to the preservation of the biofunctional molecules, such as vascular endothelial growth
factor (VEGF), fibroblastic growth factor (FGF) and transforming growth facfdéGF
b), whi ch pdudionofitV&SERYyHhemarpforeskin fibroblash vitro [48].
The fibrous structure of the connective
alignment, as has been observed previously with human foreskin fibrqdBists
TCs seeded on TenoGlide® exhibited ltiveest prolifergéion rate, which could be related
to the presence of soluble crdsking remnants. Indeed, chemically crdsged
collagen scaffolds have been repeatedly reported to induce negative effects on cells
vitro [58, 62]. Although this low affinity of TenoGlide® with TCs may promote the
confinement of TCs within tendon after surgery and decrease adh@3nsit is due
to the cytotoxic effect of TenoGlide®, undesirable effects such as inflammation and

fibrotic encapsulation, may come upeafpiolonged implantation studies. TCs grew well
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on both | ayers of XenoMEME, with the basa
crossil i nked biological materi al s, similar t
to promote TC growth64, 65] Neit her DFs nor TCs penet
inhibition of cellular migration into the bulk of the material could be beneficial for tendon
wrapping applications, as it would effectively isolate the tendon from surrounding
fibroblasts and confine the TCs promoting its intrinsic hed@@g68], although such
hypothesis must be confirmed in furthier vivo studies. In addition, the epithelial
prol i feration on Xen ofWinMidl fuctheuadhésiopsrdeposagiont  t
due to the presence of a functional epithelii@@]. On the other hand, TenoGlide®
allowed the penetration of the cells, which could be relat¢idetpresence of adhesions
after 21 daysn a flexor tendon model defect in chicki@8, 63}
THP-1 cells are used extensively to assess immune respovit®; M1 (inflammatory)
or M2 (remodelling) phenotypes can be differentiated via cell morpholugysas M1:
round morphology, M2: elongated morpholofyreign body responseell aggregatgs
and LPS treatment is an established control to induce M1 phen@@p&1] In this
study, LPS triggered the highestoportion of elongated cells, which has also been
reported previoushf72], whereas macrophages on normal medium adopted a more
rounded shape. eXleweonMBbklfof emhgatedicells than LPS, but
highe than normal medium, whilst TenoGlide® induced more elongated cells than
normal medium and presented similar proportion than those in LPS. Cell clusters were
found in LPS, TenoGl istendingardedin imbenofMEdEE by
observed. TenoGle® showed a significant lower proliferation rate, in comparison to the
control groups, which has been previously reported as an indication of inflammatory
responsd73]. Furthermore, ELISA analysis of pioflammaory cytokines TNFUand
IL-6, produced by THR cells, showed significantly higher amounts in LPS and
TenoGlide®, which is indicative of a shift to M1 phenotype in macrophgsThis
differential response cdre attributed to the different cresking density, stiffness and
topography of the materials, as all of these Haen shown to play a crucial role in the
morphology of macrophag¢4$2, 71, 74]
Mesothelial cds play a vital role in adhesions resolution in peritoneum, where the
balance between PAI and tPA, antifibrinolytic and fibrinolytic molecules, is cr[é&al
75]. We observed that, in adasce of EGF supplementabn, t he BM si de of
promoted the formation of a mesothelial cell layer, as shown by immunocytochemistry
and histology. Although histology showed similar morphology of the epithelium in the

CT side of Xe n/oPMEtdwas lower enly ithé BM side after 21 days,
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characteristic of a healthy epitheliyi#6], which prevents adhesion formation and also
relates to the tendon environm¢g®8]. The TenoGlide® allowed the penetration of cells
rather than an epithelial formation, and elicited similar levels of/RRA to the control.

Such response on Xe ayordbetts itsBdvhmiton dckin BM | i Kk
markers, such as collagen type IV and laminin, which can govern epithelial behaviour
[77-79].

A model for flexor tendon repair in rabbits was also dewsdom this study. No
significant differenes nor conclusions could be drawn, since during the optimisation
progress different regimes of immobilisation and casting were applied. This makes the
analysis negligible, since movement of the digits (physiotly¢ramhly affects the
formation of adhesias in tendor68]. Nonetheless, the differences observed between the
healthy tendomand sham and treatments support the enmpémyt of this model to validate

the hypothesis formulated in this study.

2.5. Conclusion

The present work assessed the suitability and potential of decellularised porcine
peritoneum ( XenoMEME) gmeeringa materiain Stacturalt i s s
compositimal, biomechanical and biological (using dermal fibroblasts, tenocytes, THP

1 macrophages and mesothelial cells) analyses advocate the use-arbssdinked

decel l ul arised porcine p diatendan wrapping dévike n o MI
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Porcine mesothelium matrix as a biomaterial for wound healing applications
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3.1. Introduction
Wound healing represents a substantial financial burden in current healthcare systems
with estimated annual healthcare expenditure in excess of $5@ hillibe United States
alore [1]. The estimated global prevalence is over 3.5 per 100,000 people, which
continuously raises, as life expectancy and disease associatedalimy conditions (e.g.
diabetes) incread@, 3]. It is thus urgent and imperative to develop functional therapies
for wound healing applications.
Decellularised xenografts have showromise in wound healing manageméa],
overcoming disadvantages ofrhan grafts (e.g. low availability, donor site morbidity)
and synthetic biomaterials (e.g. foreign body response). Yet again, there is no consensus
on the ideal xenog@ft, considering the scattered therapeutic efficacy and efficiency (e.g.
the porcinedermla mat r i x P er ®al0]epak, the porciheesmall intastine
submucosa CorMau® in paediatric cardiovascular surgegid/l, 12] and the porcine
dermal matrix Stttice® in breast reconstructi¢h3, 14]have shown both positive and
negative results).
Porcine mesothelium is a tissue rich in connective tissue dellggens type | and I,
elastin, fibronectin) and basemenembrane (e.g. collagen type IV and laminin) proteins
and growth factors (e.g. FGE TGRb, VEGF) [15-17]. These extracellular matrix
(ECM) components present recognition motifs that promote the attachment and
proliferation of cells[18-20], contributing to the high cytocompatibility andw
immunogenicityin vitro of porcine mesotheliuri2l, 22]and allowing reepithelisation
in vitro, promoted by its basement membrane compon@2ts23} Further, growth
factors retained within the porcine mesothelium matronmpte wound healing events,
such as cell proliferation and angiogeneésivivo [22, 24, 25] Such features clearly
illustrate their potential in the wound healing scenario, where cell proliferation, re
epithelisation and angiogenesis are desirable events to be promoted. Despite all these
advantages, commercially available porcine mesothelium grafts have only been used in
breast[13], cartilage[26] and nasaJ27] reconstruction and as a tendon protector sheet
[21].
Herein, we compared the biochemical and biological properties of the only two
commercially available porcine mesothelium grafts (Meso Biomatrix® and Puracol®
Ultra ECM / XenoMEME ) to traditionally used wound healing graff d o f or mE ,
ovine forestomach[28] and MatriStem®, porcine urinary bladd§29, 30) and
bi omaterials (PromograngE, oxi3t34pteatihavee ge n

all also shown efficiency and efficacy in wound healing clinical trials.
119



Chapter 3
3.2. Materials and methods
3.2.1. Materials
The products assessed in this study are igeovin Table 3.1 All chemicals ad

consumables were purchased from Sighidrich (Ireland), unless otherwise stated.

Table 3.1. Commercially available products that were assessed in this study.

Product Description & Name

Collagen/Oxidisd r egener ated cell WPG)xs.e, APe
USA

Ovine for est oma €R), HolistedWoiind CareEUSA O F

Porcine urinary bladder, MatriStem® (PUBS), ACell®, USA

Porcinemesothelium, Meso Biomatrix® (PMIB), DSM Biomedical, Netherlads

Porcine mesothelium, Puracol® Ultra EGMenoMEME (PM-PC), Medline
Industries, USA

3.2.2. SDSPAGE

The presence of soluble collagen type | was assessed with sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SIPBGE) [35]. Briefly, small pieces of each
material were cut, weighed and incubatedL.img/ ml pepsin (P6687, Sigmaldrich,
Ireland) in 0.5 M acetic acid overnight at 4 °C under continuous agitation (1 mg of
material per 1 ml of gpsin / acetic acid solution). Solutions were then centrifuged
(Heraeus Fresco 17 Centrifuge, ThermoFishetand) at 13,000 rpm and 4 °C for 15
min, supernatants were recovered and loaded onto afvabean 3 SDEAGE unit
(Bio-Rad Laboratories, UK). 36 stacking and 5 % separation gels were used. Purified
collagen type | (CBP2US, Symatese, France) was asestandard. Gels were stained
using the SilverQuestE Silver Staining
(ThermokFisher, Ireland).

3.2.3. Elastin and collagen quantification
El astin content was quantified wusiarg t he
manufacturerdés protocol. The total amoun

hydroxyproline assal85]. Briefly, 5 mg of each sample were hydrolysed in 6 M HCI at
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110 °C overnight. The hydrolgies were then centrifuged (Heraeus Pico 17 Centrifuge,
ThermoFisher, Ireland) at 15,000 g and room temperature for 10 min and 10x, 50x and
100x diutions of the supernatants were prepared. ll@f these dilutions were
transferred to a microcentrifugdsiand 176 of chloramineT reagent were added. The
samples were then mixed and incubated for 10 min at room temperature. After incubation,
460plof Ehrlich's reagent were added, the s
Vortex Mixer, ThermoFisheireland) for 30 sec and incubated at 70 °C for 10 min. Then,
200 pl of each sample were transferred to a well of av@8 plate and absorbance
(VarioSkan Flash Spectral Multimode Reader, ThermoFisher, Ireland) was measured at
555 nm. The hydroxyprolineorresponding to the elastin (1 % iwwt) was subtracted
from the total hydroxyproline content. The remaining hydroxyproline amount was
employed tacalculate the collagen content by diving by 0.135 (13.5 Yot [35].

3.2.4. Growth factor quantification

The content of growth factors was assessed using E[23A Briefly, samples were
weighed and protes were extracted employing a radioimmunoprecipitation assay
(RIPA) extraction buffer (R0278, Siga#drich, Ireland) with a protease inhibitor
cocktail (P9599, Sigmaldrich, Ireland). To each sample, 1 ml of extian buffer was

added and samples wereubated in a tissue homogenizer (TissueLyser LT, Qiagen,
UK) overnight at 50 rpm and 4 °C. Samples were then centrifuged (Heraeus Fresco 17
Centrifuge, ThermoFisher, Ireland) at 13,000 rpm and 4 °C for 15 mincriatigets were

then concentrated usingePr ce E 3K Concentrators (Therm
basic, VEGF and TGB1 content was measured using ELISA DuoSet® kits (DY233,
DY293B and DY240, respectively; R&D Syst e

3.2.5. Histology and immunohistochemisir analysis

For further compositional analysis, samples were cut in?lpases, hydrated for 2 h in
phosphate buffered saline (PBS) at room temperature and then sté@@@@tin Tissue
Freezing Medium® (Leica Bgystems, Ireland). Transverse cryosewiof 5 pum
thickness were obtained using a CM1850 Cryostat (Leica Biosystems, Ireland) operating
at -20 °C. The cryesections were subsequently stained with haematoxylin / eosin,
Picrosirius red eausiny DRMarsosmant 06522, Sigraddhiah,0 m
Ireland)[36].

Immunohistochemistry analysis was carried out for collagen type | (ab90395, Abcam,

USA), collagen type lli(ab7778, Abcam, USA), collagen type IV (ab6586, Abcam,
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USA), elastin (ab21610, Abcam, B% laminin (L939, Sigm&Aldrich, Ireland) and
fibronectin (F7387, Sigmaldrich, Ireland)[36]. Cryosections were blocked at room
temperature with 5 % normal goat serum (NGS) and 0.1 % Tritd@0xin PBS for 1 h.
The sections were then incubated with the primary antibodies diluted in blocking buffer
overnight at 4 °C, followed by 3 washen PBS at room temperature. Subsequently,
secondary antibodies at 1:500 in blocking buffer were added (Alexa Fluor 488 goat ant
rabbit and Alexa Fluor 555 goat anti mouse, Life Technologies, Ireland) for 1 h at room
temperature, followed by 3 washesABS at room temperature. To assess whether any
cellular remnants had remained, sections were stained with Hoechst (H1399gé&mvitro
Ireland) at 1:5000 in PBS for 5 min at room temperature. Sections were then mounted
with Fluoromount E Aunufiesq, Signdddech,tiréland), lefe d
for 2 h at room temperature and then stored at 4 °C. Images were taken with an inverted

fluorescence microscope (IX81, Olympus, UK).

3.2.6. Enzymatic degradation

Resistance to collagenagb] and elastasf87] degradathn was also assessed. Briefly,

5 mg pieces of each material were cut and placed into Eppendorf tubes. 1 midETris
buffer pH 7.40 containing 50 U ml of MMP-8 (17101015, Gibco®, Ireland) or Tris
buffer pH 8.5 containing 0.1 Uml of elastase (E788%igmaAldrich, Ireland) was
added. The samples were then incubated at 37 °C under agitation in an orbital shaker
(MaxQ 4000, TkermoFisher, Ireland) at 150 rpm for 2, 4, 8, 12 and 24 h. The solubilized
portion was discarded after centrifugation (Heraeus R Centrifuge, ThermoFisher,
Ireland) at 13,000 rpm and room temperature for 10 min and the remaining pellets where
weighed #er overnight freeze drying (FreeZone Plus 4.5, Labconco, ThermoFisher,
Ireland). The % weight loss over time was subsequeatbutated for each material and

enzyme.

3.2.7. Swelling ratio analysis

Pieces from all the materials were cut with an 8 mnmdiar biopsy punch and were
weighed with a laboratory scale (MER4, Fisherbrand, UK). The materials were then
incubated in PBS wernight at room temperature. After blotting excess PBS with
Whatman filter paper, their weight was recorded. Swelling (%) cab=ulated as (wet

weighti dry weigh) / dry weight %.
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3.2.8. Bacterial penetration assay
Microbial analysis was conducted usirtgscherichia coli (E. coli, BL21(DE3),
Invitrogen, Ireland)38, 39] To assess the effect of the different materials on bacterial
growth, bacteria were seeded on Lysogenic Broth (LB) agar petri dishe§ @FL0 m
and allowed to dry for 10 min at room temperature. Then, 6 mm discs of each material
were soaked in sterile PBS for 20 min, placed on the agar plates, incubated at 37 °C for
24 h and the inhibition growth area was measured employing ImageJ (NIH, ElEX).
paper discs loaded with @ of ampicillin sodium salt (A9518, Sign#drich, Ireland)
were used as control. To assess the penetration of bacteria in the materialgeltrans
constructs attached to a silicone sheet were used. The silicone ste=bthe inner
and outer layer was perforated with a 6 mm biopsy punch, and 13 mm discs of each
materials were fixed on the silicone sheet using glue. The hole was covered and the
materials formed the only barrier between the chambers; care was takerghee was
not deposited in the hole / material area. The constructs were sterilised under UV for 1 h
and 70 % ethanol for 30 min, followed by 3 washes of PBS. A single coloBy aufli
from an agar plate was used to inoculate 50 ml LB and grown witinaous agitation
at 37 °C until the culture reached an éof 0.7-0.8. The culture was centrifuged
(Heraeus Pico 17 Centrifuge, ThermoFisher, Ireland) at 6,000 rpm for 5 min at room
temperature, the pellet was resuspended in sterile PBS, and 0.5timal safspension
containing 1&° CFU/ ml E. coliwas added to the inner chamber of the tnaal. In the
outer chamber, 1 ml of sterile PBS was placed, and aliquots pf w@re taken after
incubation for 1, 2 and 4 h at 37 °C with mild agitation. Aligwe¢re then serially diluted
and plated on LB agar plates at'100° and 10 dilutions and the number of CFU were
counted after incubation at 37 °C for 24 h. In a pilot study, it was confirmed that the
industrial glue and system employed did not affeet viability of the bacteria or the
ability of the unperforated silicone sheet without perforation to contain the
microorganisms. After 24 h incubation, the materials were fixed in 4 % paraformaldehyde
(PFA, 158127, Sigmdldrich, Ireland) and cryosectis were prepared as described in
section 2.4. Cryosections were stained with DAPI to qualitatively assess the localisation

of the bacteria within the material.

3.2.9. Dermal fibroblast response analysis
Cytocompatibility was assessed using primary adeitnd! fibroblasts (PC&201-012,
ATCC®, UK). CORGPG, OFEF, PUBMS and PMMB and PMPC were cut in 1 cfn

pieces, placed of at the bottom-&4lIplates and fixed with a silicone-fing (2504165,
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SigmaAldrich, Ireland). Then, they were sterilized with 7G#anol for 30 min at room
temperature and washed 3 times with PBS. Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10 % of foetal bovine serum (FBS) and 1 % penitlieptomycin
(P/S) containing 15,000 cellsnl was gently poured on tag the CORCGPG, both sides
of the OFEF [serosa (SR) and papillae (PL)] and both sides of the-IM8BPM-MB
and PMPC [connective tissue (CT) and basal membrane (BM)] and incubated at 37 °C
and 5 % CQfor 3, 7 and 14 days. Media were changed every 3 @®tsmorphology
was evaluated after fixation with 4 % PFA for 15 min at room temperature and rhodamine
/ phalloidin (R415, Life Technologies, Ireland) and Hoechst (62249, ThermoFisher,
Ireland) staining. Images were taken with an inverted fluorescencescope (IX81,
Olympus, UK). Nuclei counting was used to assess cell proliferation. Cell metabolic
activity and viability were evaluated at each time point with alamarBlue® (ThermoFisher,
Ireland) and LIVE/DEAD® (ThermoFisher, Ireland) assays, respectivdbtabolic
activity was first normalised to cell number and then expressed relatively to the control
TCP. Cell proliferation was expressed relatively to the control TCP.

3.2.10. Monocyte response analysis

Immune response was assessed using monbkgtedls (THP-1, TIB-202, ATCC®,

UK) [21]. Briefly, cells were expanded in suspensioRPMI-1640 medium with 10 %
FBS and 1 % R S (SigmaAldrich, Ireland). Then, THR cells were seeded on the
materials at 25,000ells/ cnm?. To induce macrophage phenotype, cells were treated with
phorbol 12myristate 13acetate (PMA, P8139, Siga#ddrich, Ireland) at 100 ngml for

24 h at 37 °C and 5 % GONonattached cells were washed with PBS and seeded cells
were incubatedvith complete RPMiL640 medium. As positive inflammatory control,
cells were treated with lipopolysaccharides (LPS) fienColi (L2637, SigmaAldrich,
Ireland) at 100 ng ml. All conditions were in culture for 1 and 2 days. Cell metabolic
activity, viabiity, proliferation and morphology of cells were assessed as described in
section 2.7. Released TNFin the medium was quangfil using an ELISA assay
(DY210, R&D Systems, UK). Same experiments were also performed ol HttBched

to TCP and then treated with conditioned media, which were prepared by incubating
media with each material for 48 h at 37 dnder continuous agitatipand subsequent
filtering with a 0.2em Millipore filter.
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3.2.11. Scratch assay
The in vitro angiogenic potential of all materials was assessed using the scratch assay
[40]. Human umbilical vein edothelial cells (HUVECs, CZ&A, Lonza, UK) were
expanded i n spec-RiLdnza, Ireland).iWhen theys&adhEdB5%
confluence, they were seeded inwé8lIplates and incubated at 37 °C and 5 % GQiil
confluent (2 days). Using a sterile pifgetip, 1 mm wide gap wageated at the cell
monolayer. The cells were then washed 3 times with PBS to remove cellular debris and
treated with medium conditioned with each material. Conditioned media was created by
incubating supplemented with 2 % FBS1dn% P/ S DMEM with each bthe materials
at 20 mg iml overnight at 37 °C under continuous agitation in an incubated orbital shaker
(MaxQ 4000, ThermoFisher, Ireland) at 150 rpm. These mixtures were then sterile filtered
and poured on the cell monolayeith the gap. DMEM with 2 %BS and 1 % IPS and
endot hel i al g r o w2, honzadreland) mere( USed M£& negative and
positive controls, respectively. Images were taken at 4, 8, 12 and 24 h and the area fold
change in the monolayer moving intethcratch zone with respeotthe area at time 0O

was calculated for each material.

3.2.12. Rat aortic ring assay

The aortic ring assay was carried out to compare the impact on angiogenesis of the
different materials in aex vivomodel[40]. The precliical work was conducted as per

NUI Gal waybés rules and regul ations govel
internationally established 3Rs principles. Animals were used from the study with
approval number 17AprO1 (Anim&are Research Ethics Comragt NUI Galway).

Briefly, 3 adult (12 weeks) female Sprague Dawley rats were housed with water and food
ad libitum The rats were euthanised by isoflurane overdose and decapitation. The aortas
were dissected, cleaned and se@thimto 2 mm thick section®emaining biological
waste was frozen, sterilised and dispose
management policies. 500L of the different conditioned media (see section 2.9),
containing fibrinogen (F4883, Sigr#ddrich, Ireland) at 3 m@ml, were used to cover

the aortic rings in a 2dvell plate. Then, thrombin (T1063, Sigmddrich, Ireland) at 1

U/ml was added to form a hydrogel. Gels were set overnight at 37 °C and % &€ O

then 500uL of the correspondent nditioned media was gegtpoured over the gels.

DMEM supplemented with 2 % FBS and 1 %%was used as negative control, whereas
DMEM supplemented with 100 rignl of VEGF (AF100-20, PeproTech, UK) was used

as positive control. The aorta rings in tredsgwere then incubatetl2r °C and 5 % C§&)
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and images were taken at 4x magnification after 3 and 5 days using an inverted
microscope (EVOS® Image System, ThermoFisher, Ireland). ImageJ (NIH, USA) was
used to measure the megapixels of the new nviessés formed by creating mks.

3.2.13. Statistical analysis

Data were analysed using the IBM SPSS Statistics software (IBM Analytics, USA).

St u d etast and onavay analysis of variance (ANOVA) followed by Fisher's post

hoc test were employed after confing normal distribution of the populations
(KolmogorovSmi r nov) and the equality of wvarian
variance). For nomormal distributions or different variances Mawthitney U test and
KruskatWallis test were employed tossess significant differences. Statistical

significance wasccepted gb < 0.05.

3.3. Results

3.3.1. SDSPAGE, content of collagen, elastin and growth factors

SDSPAGE analysisKigure 3.1A) revealed the presence of soluble collagen irEBF
PM-MB (highest amount) and PN2C after acetic acid and pepsin extractiwhereas no
soluble collagen was observed in any extraction of the GBRCand PUBMVS.
Hydroxyproline assayHigure 3.1B) showed OFEF, PUBMS and PMPC to contain
similar levels between thenp & 0.05) and all of them significantly higher leveps<
0.01) than COR&PG and PMMB of collagen. OFEF and PMPC showed significantly
higher o < 0.05) elastin content than PLtMS and PMMB, whereas no elastin was
detected at the CORRBG Figure 3.1C). PUB-MS exhibited the highesp(< 0.001)
amounts of FG#asc (Figure 3.1D). PM-MB had the highestp(< 0.001) amounts of
TGFbl (Figure 3.1E) and VEGF Figure 3.1F). No growth factors were detected at the
CORGPG Figure 3.1D, Figure 3.1EandFigure 3.1F).
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Figure 3.1. SDSPAGE analysis of acetic acid (A) and acetic acid / pepsin (P) showed soluble collage&i PBBMS, PM-MB and PMPC A).
Hydroxyproline assay revealed that the-BIF, PUBMS and PMPC had the higest (**) collagen contenB). OFEF and PMPC showed the highest
(**) elastin contentC). The PUBMS had the highest (**) FGBasic D) content. The PMMB had the highest (**) TG#HB1 (E) and VEGFK) content.

Data expressed as average + standard deniai=3). ** indicates statistically highep € 0.01) groups.
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3.3.2. Histology and immunohistochemistry
Histological analysisKigure 3.2) revealed a loose structure for the CORG product
(Figure 3.2A-C), whilst all tissue griés products exhibited a denser, tissilde structure
(Figure 3.2D-O). Among the tissue grafts, the PYMBS showed the least dense structure
(Figure 3.2GH), whilst the OFEF showed the highest preservatiotisgue architecture
(Figure 3.2D-F). In PM-MB (Figure 3.2J3L) and PMPC (Figure 3.2M-O) some
cavities were observed, probably related to processing. Picrosirius red staining confirmed
a dense collagenous network in all tissue grafts, especially-lBFOFigure 3.2E), PM-
MB (Figure 3.2K) and PM-PC (igure 3.2N) product s. Massonods
revealed a red staining in €& (Figure 3.2F) and PUBMS (Figure 3.2l), which could

correspond to residual cellular material or fibronectin.

Immunohistochemtisy analysis Figure 3.3) revealed th@resence of collagen types |,

[Il and fibronectin in all the tissue grafts products; collagen type IV was detected in OF
EF Figure 3.3B3, PUB-MS (Figure 3.3C3 and PMPC (Figure 3.3E3; laminin was
detected in PUBVS (Figure 3.3CH5 and PMPC (igure 3.35); and elastin was
detected in PMPC Figure 3.3E6, PM-MS (Figure 3.3D6) and OFEF (Figure 3.3B6.

DAPI stained residual cellular material in &F (Figure 3.3B7), particularly in the
serosa side, in PNB (Figure 3.3D7), and in some samples of PUBS, and PMPC.
CORGPG showed very slight signals of collagen typdsdyre 3.3A1) and Il (Figure
3.3A2) only.

3.3.3. Enzymatic degradation

The CORCPG showed the highest resistance to collagenase degrada&o0.05,
whereas the PUBAS, PM-MB and PMPC showed intermediate resistance and the OF
EF showed the lowest resistance to collagenase digeBigurg 3.4A). The CORGCPG
showed the lowest resistance to elastpsed.05), whilst the OFeF, PUBMS, PM-MB

and PMPC showed similar high resistancestastase degradatioRi§ure 3.4B).
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Figure 3.3. Immunohistochemistry analysis made apparent the presence collagen type |, collagen type Il and fibronectin in alftissodagen
type IV in OFREF, PUBMS and PMPC; laminin in PUBMS and PMPC and elastin in OEF, PMMB and PMPC. Remaining ckllar material was
found in OFEF and PMMB. SR: serosa side; PL: papillae side; CT: connective tissue side; BM: basement membrane side. Scalgrbars 100
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Figure 3.4. The CORCPG showed the highest resistance to collagenase digestjon (
and the lowest resistance to elastase digesBhrAmong the tissue grafts, the PMB
showed the highest resistance to collagenayard elastaséB digestion. The CORC
PG exhibited the higlsethe PMMB the lowest swelling capacitfC). Data expressed as

average = standard deviation (n=3). ** indicates statistically higherQ.01) groups, *

indicates statistically lowep(< 0.05) groups.

3.3.4. Swelling analysis
Among thematerials analyed, the CORE&PG exhibited the highegp € 0.01) swelling
capacity and the PNMB showed the lowesp(< 0.05) swelling capacityr{gure 3.4C).

3.3.5. Bacterial penetration assay

Bacterial penetration was studied daying an irhouse developed trangell system
(Figure 3.5A). From all products tested, only the positive antibiotic control and the
CORGPG showed bacteria growth inhibitidRigure 3.5B). The CORGPG showed the
highest p < 0.05) CFU number at all timesd the lowesta< 0.05) CFU number was
detected for the OEF and PMPC after 1 h, the PNPC after 2 h and PUBIS and PM

PC after 4 higure 3.50). Immunohistochemistry of transverse sections of the materials
after 24 h of bacterial incubation showedw@nulation of bacteria only at the infiece

with the PMMB and PMPC, whilst bacterial colonisation at the inner layers of CORC
PG, OFEF and PUBMS products was observelligure 3.5D).
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A B Antibiotic CORC-PG  OF-EF  PUB-MS  PM-MB PM-PC

PLITTITREEeS Bacteria - loaded PBS
: Area

588+1.15 0.52+0.08 - ’ . -
(cm?)

CORC-PG  OF-EF PUB-MS PM-MB PM-PC
C Thickness (mm) 2.73+0.18 0.19+£0.02 021+£004 027+0.05 0.32+0.07

; Density — 01£000 014£001 023+002 021003 0.230.02
L . Material (mg/mm?)

e 1 2.80 E+08 . 1.00 E+06  9.20 E+03 ;
I Silicone sheet 1h 2 3.00E+08 : : 3.40 E+03 ’
3 1.76 E+08 « 2 4,00 E+03 ’

e PBS 1  672E+11 6.72E+04 360E+07 296E+08  9.00 E+01
2h 2 536E+11 820 E+07 : 1.64 E+08 :
3 584E+11 656E+04 150E+04  2.12 E+08 ;

1 496E+11 B8O00E+07 G660E+07 356E+08 2.87 E+05

4h 2 856E+11 1.12E+08 - 392 E+08  2.00 E+06
3 560E+11 280E+08 6.00E+06  4.76 E+08 .

D CORC-PG OF-EF PM-MB
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Figure 3.5. Bacterial penetration assay was carried oungugn irrhouse transvell
system A). Among the groups, only the CORRL showed bacteria growth inhibition
(B). The CORGPG showed the highest CFU number at all time poif@3. (
Immunohistochemistry analysis of transverse sections after 24 h of baictemiahtion
revealed bacterial colonisation at the inner layers of the GBECOFEF and PUBMS
products D). Area, thickness and density data are expressed as average + standard
deviation (n=4 for growth inhibition assay, n=3 for thickness and densignui count
of CFUs is represented wiHthndheavasueéhe:

colonies. Scale bars %0n.

3.3.6. Dermal fibroblast response analysis

In comparison to the control TCP, the lowgst(0.05) dermal fibroblast proliferatio
(Figure 3.6A andFigure 3.7) was detected for the CORRG, both sides of OEF and
PUB-MS, connective tissue side of PMB and both sides of PNPC at day 3; the
CORGPG, ®rosa side of OEF and connective tissue side of PV at day 7; and the
CORGPG, serosa side of GEF and connective tissue side of AN at day 14. The
highest p < 0.05) dermal fibroblast proliferatiorFigure 3.6A) was detected for the
basement memane side of the PURIS at day 7 and the basement membrane sides of
the PUBMS and M-MB at day 14.

In comparison to the control TCP, the highgsi(0.05) dermal fibroblast metabolic
activity (Figure 3.6B) was detected for the CORRG at day 3 and day @nd the CORE
PG, papillae side of OEF and both sides of PIAC at day 14.

In compaison to the control TCP, the lowegt € 0.05) dermal fibroblast viability
(Figure 3.6CandFigure 3.8 was detected for the COREI, serosa side of GEF and
basement mennhne side of PMPC at day 3 and for the serosa side ofEB basement

membrane siel of PUBMS, and basement membrane side ofMH at day 14.
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Figure 3.6. By day 14, the lowest (*p < 0.05) dermal fibroblast proliferation was
detected for the COREG, serosa (SR) side of the-@F and he connective tissue (CT)
side of the PMPC, whilst the highest (**p < 0.05) dermal fibroblast proliferation was
detectedor the basement membrane (BM) sides of the MUBand PMMB (A). By

day 14, the COR®PG, the papillae (PL) side of the & and bth sides of PMPC
exhibited the highest (**p < 0.05) dermal fibroblast metabolic activiti), By day 14,

the SR side othe OFEF, the BM side of the PURIS and the MB side of the PMIB
showed the lowest () < 0.05) dermal fibroblast viability, althgh all groups exhibited
viability higher than 75 %Q). Data expressed as average * standard deviation (n=3).
Samples wereompared to the control tissue culture plate (TCP) at a given time point.
SR: serosa side; PL: papillae side; CT: connective tisdeg BM: basement membrane

side.
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Figure 3.7. Immunocytochemistry analysis [cytoskeleton with rhodamine (red) and nuclei with Hoechst (blue)] made apparent a very low dermal

Day 3

Day 7

Day 14

fibroblast proliferation rate 08ORGPG. Scale bars 1Q@m. SR: serosa side; PL: papillae side; CT: connective tissue sideh@&dment membrane
side.
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Figure 3.8. Immunocytochemistry analysis for alive (calcein AM, green) and deadi{@nhomodimer, red) dermal fibroblasts on the various materials

and time points. Scale bars 10®. SR: serosa side; PL: papillae side; CT: connective tissue side; BM: basement membrane side.
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3.3.7. Monocyte response analysis
In comparison to the contrdhe lowest p < 0.05) monocyte proliferatior-{gure 3.9A
andFigure 3.10 was detected for the CORRG at day 1 and day 2, papillae side of the
OFEF at day 1 and day 2, the basement membrane side -0kt day 1 and day 2
and the basement membraigesof PMPC at day 2.
In comparison to the control, the highgs(0.05) monocyte metabolic activit§Figure
3.9B) was detected for the CORRIG at day 1 and day 2, the papillae side of theEBF
at day 1 and day 2 and the basement membrane side-bMB&t day 1.
In comparison to the control, the lowegtq{ 0.05) monocyte viabilityKigure 3.9C and
Figure 3.11) the basement membrane side of-RM8 at day 1. In comparison to the
control, the highesp(< 0.01) TNFU p r o dRigaré 3.9D)was(observed for the LPS
group at day 1 and day 2. Further, in comgzarito the control, the lowegt € 0.05)
TNF-U p r o dRigore 390)was(detected for the connective tissue side of f1IB
at day 2; whilst théighest p < 0.05) TNFU p r o dFRigare 3.9D)rwas(observed for
the CORCPG at day 1, the papillae sidktbe OFEF at day 1, the basement membrane
side of the PUBMS at day 1, the basement membrane side of thevViBvat day 1 and
the basement membrasiele of PMPC at day 1.
Immunocytochemistry analysis of the cytoskeleton revealed that all treatmentsdesult
in rounded cell morphology, although some elongated cells were detected in the LPS (day
1 and day 2), serosa side of-BF at day 2, basement merane side of PUBAS at day
1, connective tissue side of PRC at day 1 and 2, and basement membrane skelil-of
PC at day 1. Some cell clusters (> than 5 cells) were also observed in the LPS (day 1 and
day 2), serosa side of G at day 2, basement memigaside of PUBMIS at day 1 and
connective tissue and basement membrane sides at day 2 éfiBU&nnectivdissue
and basement membrane sides of P@lat day 1 and basement membrane side of PM
PC at day 2Kigure 3.10).
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Figure 3.9. THP-1 responsen vitro assessment revealed the lowest f*< 0.05)
proliferation on COREPG, papillae (PL) side of GEF and basement membrane (BM)
side of PMMB at both time pointsA). The highest (**,p < 0.05) THR1 metbolic
activity was observed for the CORES and the Plside of OFEF at both time points
(B). all groups exhibited similape 0.05) THPR1 viability at day 2C). Prainflammatory
cytokine TNFU anal ysi s s h o we0dl)prbdectidnibyTh& celtsin( * * ,
LPS group D). Among the test groups, highTNFU pr o d u cpt<i0.@5) wag * * ,
observed on COR®G, PL side of OfeF and BM sides of PUBPM, PM-MB and PM
PC at day 1, although far from LPS levels (D). Data expressed as average * standard
devation (n=3). Samples were compared to the monocyteged on tissue culture plate
(TCP) with normal medium at a given time point. SR: serosa side; PL: papillae side; CT:

connective tissue side; BM: basement membrane side.

When THR1 were treated with he mat eri al s conditioned
control, the highesp(< 0.05) proliferation at day 1 was detected for the CHRE; OF

EF, PMMB and PMPC and no differences were observed between the groups at day 2
(Figure 3.12A). In comparison tdhe control, the lowestp(< 0.05) THR1 metabolic

activity was found when they were treated with conditioned media of CB&@t day

1 and with conditioned media of P8BS, PMMB and PMPC at day 2Kigure 3.12B).

In comparison to the control, the conditenl media of all materials induced significantly
lower (p < 0.05) THR1 viability at day 2 Figure 3.120. TNFU producti on by
the highestif < 0.01) at day 1 and day 2 and no significant differenges(.05) were
observed between the control and FHRells treated with any of thmat er i al s
conditioned mediaHigure 3.12D).
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Figure 3.10. Immunocytochemistry (red: cytoskeleton; blue: nuclei) analysis of-T#/ealed the presence of elongated cells (whiteva; LPS at
day 1 and day 2, serosa (SR) side ofEW-at day 2, BM side of PUBIS at dayl, connective tissugCT) side of PMPC at day 1 and 2 and BM side
of PM-PC at day 1) and cell clusters (yellow arrows; LPS at day 1 and day 2, SR sidd&=6f&éay 2, BM side of PUBMS at day 1 and both sides

at day 2, both sides of RMC at day 1 an8M side of PMPC at day 2). Scale bars 1. SR: serosa side; PL: papillae side; CT: connective tissue
side; BM: basement membrane side.
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Figure 3.11. Immunocytochemistry analysis for alive (calcein AMegn) and dead (ethidium homodimer, red) THRonocytes on the various

materials and time points. Scale bars 160 SR: serosa side; PL: papillae side; €dnnective tissue side; BM: basement membrane side.

141































































































































































































































































