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Abstract

Injuriestosofttissuessuchastendonsaffectmillionsofpeopleannually.Injuriespro-
ducedbyinvitromechanicaloverloadresultindamagetoconstituentcollagen.Using
bovinemodels,ithasbeenfoundthatoverloadresultsinserialkinkformationwithin
collagenfibrilsinlow-loadtendons–amechanismcalleddiscreteplasticity.

Despitetheprevalenceofinjuryandouragingpopulation,theexactmechanismbe-
hindthefailureofcollageninaginghumantendonshasnotbeeninvestigateduntil
now.Inthisstudy,freshcontralateralhumansartoriustendonsfromdonorsaged20
to60wereusedtoassesspotentialage-relatedchangesinfailuremechanics. Ther-
malstabilityoftendoncollagenwasexaminedandwasexpectedtoincreasewithage
duetoincreasedcrosslinking.Damagemotifswereinvestigatedfollowingtendonrup-
tureusingscanningelectronmicroscopy.Itwasthoughtthatdiscreteplasticitykinks
wouldformfollowingruptureinyoungersamples,butthatthemechanismwould
dissipatewithage.

Thethermalstabilityresultssuggestthatthereisahighdensityofmaturecrosslinks
present. Theexactrelationshipbetweencrosslinkingandageremainsinconclusive.
Despitethesestructuralchanges,themechanicalpropertiesdidnotchangewithage.
Discreteplasticitywasnotfoundinanytendonsample,likelyduetoheavycrosslink-
ing.Individualfibrilsdisplayedsitesoflocaldamagewithexposedsubstructure,and
kinks/turnsthatpropagatedacrossfibrils.Thesefailuremotifsalongwiththether-
malstabilitytestresultssupportthenotionthatdiscreteplasticityisafeatureof
tendonsthataresparselycrosslinked.

Thisstudywasthefirsttoexaminehowthenanoscaled,structuro-mechanicalfeatures
ofoverloadfailureinhumantendonsvarieswithage.Asweincreaseourunderstanding
oftheeffectoftendontypeandageondamagemotifs,wewillalsobetterunderstand
howinjuryoccursonthenanoscaleandhowhealingismediatedinthebody.
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Chapter1

Introduction

1.1 TendonStructure

Tendonsaresoft-tissuesthatconnectmuscletobone,transferringforcesuniaxially

betweenmuscleandbone1.Theprimarycomponentoftendonsiscollagen,whichis

themostabundantmammalianprotein2. Manydifferenttendonsarepresentwithin

thehumanbodyandtheycanbeclassifiedintotwomajorcategories–positionaland

energy-storingtendons.

1.1.1 Hierarchy&Assembly

ThehierarchicalstructurewithintendonsisshowninFigure1.1.Tendonsaremade

upoffascicles(50-300µm)thatarecomposedofmanyfibres.Thesefibresaremade

upoffibrils(50-500nm)whicharecomposedofsubfibrils,structuresthataremade

upofcollagenmolecules3.Collagencrimpisawaveformpatternvisibleatthelevelof

thefascicle.Thefasciclesofatendonaresurroundedbyconnectivetissueknownas

endotenon,whilethewholetendonisenvelopedbyperitenon4.Thematrixmaterials

thatholdtogetherfibres/fibrilshaveahighproteoglycancontent,whichinfluencethe

mechanicalpropertiesofthesofttissues.
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Figure1.1:Schematicofthevariouscomponentsthatmakeuptendons.Adaptedwithpermis-
sionfrom3.

Tendonsinsertintobonesattheenthesis,orosteotendinousjunction,anditisincred-

iblyimportantthatthecollageniscontinuousalongthelengthofatendon5.Theen-

thesisiscrucialinensuringproperloadtransmissionfrommusculaturetobones.The

insertionofthetendonintothemuscleoccursataninterfaceknownasthemyotendi-

nousjunction(MTJ).Thisregionisalsoincrediblyimportantinforcetransmission,

resistingmuscleforcesbetween1.8to3.5×104Nm−26. ThestructureoftheMTJ

containsmanyproteincomplexes,actinfilaments,transmembraneproteincomplexes

andproteinsthatlinktheextracellularmatrixtothebasementmembrane6. The

exactspatialconfigurationofthesecomponentsalongwiththeconstituentspresent

changeswithexercise7andaging8,somethingthatmayhaveanimplicationontendon

biomechanicsinvivo.

1.1.2 Components

BesidestypeIcollagenwhichmakesupabout60-85%ofthedrymass9,tendonsalso

containsmallamountofcells,othercollagentypes(III,V,etc.),fibrillin,elastin,and

proteoglycans10. Proteoglycansretainlargeamountsofwaterduetothepresence

ofnegativelychargedsulfatedglycosaminoglycanchains.Theexactamountofpro-

teoglycansdependsonthetypeoftendon,anatomicallocationwithintissues,and
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theageofthetissue. ThiswillbeexpandedonfurtherinSection1.9. Whileten-

donsarelargelyacellular,tenocytes,whicharespecializedfibroblasts,makeupthe

largestproportionofcellspresent10.Thesecellsareabletosensechangesinmechan-

icswithintheirenvironmentsthroughmechanotransductionandthereforeareableto

repairtendonandmaintainhomeostasis9.

1.2 TendonInjury

Musculoskeletalinjuriessuchasinjuriestotendonsandligamentsaffectover10mil-

lionpeopleintheUnitedStatesannually11. Ligamentsaresimilarinstructureto

tendons,butinsteadconnectbone-to-boneandwillnotbedicussedherein.Tendons

undergomanyloadingcyclesperyearandabout30%ofvisitstothefamilydoctorfor

musculoskeletalpainaretheresultoftendinopathy12.Injuriescanbechronicoracute,

andinsomecases,injurycanresultincompletetendonrupture. Whilealltendonsare

susceptibletoinjury,themajortendons,whichexperiencegreaterinvivomechani-

calloading,aremostfrequentlyaffected(e.g.Achillestendon,rotatorcuff,patellar

tendon)13–18.Therearemanydifferentmechanismsofinjurythatleadtotendonrup-

turesordevelopementoftendinopathy19. Despitetheirprevalence,themechanisms

thatguidehealingintendoninjuryhavenotbeencompletelydetermined.

Tendinopathyisanumbrellatermthatreferstoanytypeofoverusetendondis-

order13,20–23. Usuallydegenerativeinnature,itoftenresultsinpain,tenderness,

decreasedstrength,andlimitedmobility13,15,22.Itcanbecharacterizedhistologi-

callybycollagenfibrildisorganization,increasedcellularityandincreasedproteogly-

can/glycosaminoglycancontent13,22,24–26.Theexactrelationshipbetweentendinopa-

thyandcompleteruptureisunknownbutthetwoaredefinitelyrelated.Acutetendon

injuryusuallyimpliespartialorcompleteruptureoftendonandisusuallydebilitating.

Bothacuteandchronicinjuriescanbecausedbyexcessive,abnormalorrepetitive

loadingincombinationwithextrinsicandintrinsicfactors22.Intrinsicfactorsinclude

sex,age,diabetes,andobesity13,27,28. Theprimaryextrinsicfactorisabnormalor

repetitivemechanicalloading,whichcanresultfromsport,exercise,orworkenvi-
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ronment21,29–31.Overloadingoftendonsmaytriggerinflammatoryresponses,tendon

degeneration,orboth32,althoughthishasbeenasubjectofdisagreementwithinthe

literature33. Thesestructuresareactivelyremodelledandrepaired;otherwisethe

tendonwouldeventuallyrupture21,22.

Currenttreatmentoptionssuchastopicaland/orsystemicanti-inflammatorydrugs

acttodecreasediscomfortforpatientsexperiencingtendinopathy.Surgeryisalsoa

treatmentoptionintheeventofapartialorcompletetear.Somestudieshaveshown

thatreinjuringtheaffectedtendoniscommon,becausethescartissuethatforms

weakensthestructure,resultinginatensilestrengththatisonethirdofwhatitwas

priortoinjury13,34–36.Theabove-mentionedtreatmentsarecurrentlythemosteffec-

tivesincewedonotfullyunderstandthemechanisminvolvedinthehealingandinjury

oftendons.Theexactroleofinflammatorycellssuchasmacrophages,mastcells,T

cells,andneutrophils,intheaetiologyoftendinopathyremainsunclear19,23,27,33.It

isknownthatfollowinginjury,cellproliferation,cellmigration,andremodellingoc-

cur13,32,34,35.Theprocessesoccurinlargepartduetothereleaseofgrowthfactorsand

cytokinesfollowinginjury.Theseincludeinterleukins,tumournecrosisfactor(TNF),

vascularendothelialgrowthfactor(VEGF),platelet-derivedgrowthfactor(PDGF),

TGF-alpha,connectivetissuegrowthfactor(CTGF),epidermalgrowthfactors(EGF)

andinsulin-likegrowthfactor(IGF)-113,37(Figure1.2).Thereisalsoanincreasein

mRNAsthatcodeformatrixmetalloproteasesandcollageninhumantendinopathic

tendons26.Additionalchangesthatoccurwithintendinopathictendonsarelossesin

collagenorganizationandglycosaminoglycandeposition33.

1.3 TendonCollagen

1.3.1 CollagenStructure&Assembly

Theprimarycomponentoftendonsiscollagen,themostabundantmammalianpro-

tein.Ifthemoleculesarearrangeduniaxially,astheyareintendon,thecollagen

functionsastheprimaryloadbearingelementalongitsaxis. Collagenmolecules

4



Figure1.2: Mechanotransductionintenocytes.Reprintedwithpermission13.

themselvesaretriplehelices,thataremadeupofindividualpolyproline-II-likehelices

calledalpha-chains38.Thesepolypeptides(α-chains)haveaprimaryaminoacidse-

quenceofGlycine-X-Y,whereXandYcanbeanyaminoacidbutaremostcommonly

prolineandhydroxyproline38,39.Glycineisthesmallestaminoacidandreducessteric

hindrancewithinthepeptidechains,topermithelixformation.Thehydroxylationof

theprolineresiduestoformhydroxyprolineisimportanttomaintainstabilityofthe

helicalstructurethroughhydrogenbondformation39.Lysineresiduesthatarepresent

withintheprimarystructurearealsohydroxylated,whichhaslaterimplicationsin

termsofcrosslinking40.Thesepost-translationalmodificationsareimportantandthe

degreeofmodificationdependsonenzymeconcentration,andratesofcollagensyn-

thesisandturnover,amongmanyotherthings41,42. Whiletherearemorethan20

differenttypesofcollagen,typeIisthemostcommonandmakesupthemajorityof

thesoftconnectivetissuesinourbody39.TypeIcollagenisaheterotrimerichelixthat
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Figure1.3:Collagenissynthesizedasaproprotein,andthetelopeptideendsarecleavedoff
byproteinases.Thenewlysynthesizedcollagentriplehelixself-assemblesintoaquarter-stagger
structuretoformfibrils,thatarecharacterizedby67nmstriationscalledD-bands.Reprinted
withmodificationswithpermission29.

ismadeupofthreepolypeptidechains:twoα1chainsandoneα2chain39,43,44.Once

theindividualαchainsaresynthesized,aprocollagenmoleculeself-assemblesandis

excretedintotheextra-cellularmatrix. Thiscollagenprecursorhasatriplehelical

structure,withnon-helicaltelopeptideends. Eachalpha-chainis1300-1700amino

acidsinlength,withabout1000ofthesewithinthetriplehelicalregionoftheprocol-

lagenmolecule45.Followingassemblyandexcretionfromthecell,thecarboxy-and

amino-termini(i.e.thetelopeptides)areenzymaticallycleavedoffbypeptidases29.

Collagenstructureisstabilizedbyawiderangeofcovalentandnon-covalentinter-

actionssuchas:hydrogenbonding,hydrophobicinteraction,vander Waal’sforces,

electrostaticinteractions,andcrosslinking46.Thecollagenmoleculesare300nmin

length,1.5nmindiameter,andself-assembletoformcollagenfibrils45.Thisenthalpy-

drivenprocessresultsinthetightpackingofcollagenmoleculeswithaquarterstagger,

creating67.0nmlongstriationsinthestructure,referredtoastheD-period,which

6



Figure1.4:Locationofcollagencrosslinkspresentinfibres,showingthatimmaturecrosslinks
aredivalent,andmatureonesaretrivalent,whileglycation-derivedcrosslinksdonotoccur
attheendsbutratherwithinthehelicalportionsofcollagenmolecules29,50. Reprintedwith
permission29.

isvisiblebyelectronmicroscopyoratomicforcemicroscopyatthefibrillevel(Figure

1.3)47.Collagenfibrilsarethoughttobecontinuousalongthelengthofatissue5and

self-assembletoformotherhierarchicalstructuressuchasfibres3. Whilethelongi-

tudinalarrangementofcollagenmoleculesiswellunderstoodandwidelyaccepted,

thereissomedebateastowhatthelateralmoleculararrangementwithinfibrilslooks

like10,39,48.

1.3.2 Crosslinking

Thecrosslinkingofcollagenmoleculesiscriticalandcontributestothemechanical

strengthoftendonsbypreventingtheslippageofcollagenfibresduringloading49.

Boththenumberandtypeofinter-andintramolecularcrosslinkspresentbetween

fibrilsdeterminesthestabilityofthestructureandisdeterminedbyageandloading

history.Therearetwomechanismsofcrosslinkformation(Figure1.4)50,51.Thefirst

isdrivenbytheenzymelysyloxidaseandoccursduringdevelopmentandmatura-

7



Figure1.5:Stress-straincurveofagingRTT.Inthisparticularanimalmodel,maturityisreached
byabout6monthsofage,atwhichpointtherewouldbeaplateauintheamountofmature
crosslinkingpresent.Anyadditionincreaseincrosslinkingwouldbeduetoglycation(dottedline),
andisresponsibleforanyfurtherincreaseinmechanicalstrength.Reprintedwithpermission51.

tion40,49.Eventually,thereissomedensityofenzymaticcrosslinksthatisachieved

inagivenmaturetissue,andanyadditionalcrosslinkingisduetoglycation. The

secondoccursnon-enzymaticallyandadventitouslybetweencollagenmoleculesand

reducingsugars50.Studieshaveshownthatrattailtendon(RTT)fibresincreasein

mechanicalstrengthwithage,thesechangesattributedtoincreasesinenzymaticand

non-enzymaticcrosslinking(Figure1.5)51.

EnzymaticCrosslinking

Enzymaticcrosslinkingoccursfollowingpost-translationalhydroxylationoflysine.

Thetypesandamountofcrosslinkspresentwithintendonsdependsontherelative

loadingexperienced,age,andrateoftissueturnover.Thisenzymeisresponsiblefor

theconversionoflysineandhydroxylysineresidueswithintheC-andN-terminalends

8



ofprocollagentothecorrespondingpeptidylaldehyde50,52.Theseproductscanreact

withotherpeptidylaldehydestoproducetheinitialdivalentinter-andintramolecular

crosslinks50,53.Theexacttypeofcrosslinkthatisformedisdefinedbythestateof

hydroxylationoftelopeptidelysinesandbythetypeoftendon51.Therateofcrosslink-

ingwithintissuesisregulatedbytheconcentrationoftheenzyme50.Intermolecular

crosslinks,suchasthoseproducedbythereactionsoflysinealdehydes,decreasethe

slippagebetweencollagenmolecules50.

Immaturetissueshavelowlysinehydroxylationwithinthetelopeptideresiduesand

thereforetheprimarycrosslinkpresentisdehydro-hydroxylysinonorleucine(deH-HLNL)

formedfromthereactionofallysinewithhydroxyallysine54,55.Otherimmaturediva-

lentcrosslinkspresentintendonsresultfromtheinteractionoftwoallysineresidues

toformdehydro-lysinonorleucine(deH-LNL)orthereactionofhydroxylysinewith

hydroxyallysinetoformhydroxylysino-ketonorleucine(HLKNL)54.BothdeH-HLNL

anddeH-LNLcontainacid-andheat-labileSchiffbasedoublebondsandarefound

primarilyintendonsandskin54.Bycontrast,HLKNLisstabletobothacidandheat,

andisprimarilyfoundinboneandcartilagewherehydroxylationoflysineresidues

occursmorereadily49. ThecrosslinkdeH-HLNLcanreactspontaneouslywithhis-

tidineresiduesinthecollagenmoleculetoformamaturecrosslinkcalledhistidino-

hydroxyllysinonorleucine(HHL)(Figure1.6A)56. Moreover,theimmaturecrosslink

HLKNLcanreactwitheitheranallysineorahydroxyallysineformingeitherpyr-

roleorhydroxylysino-pyridinoline(Hyl-Pyr),respectively(Figure1.6B)29,57. These

trivalent,“mature”crosslinksincreasethemechanicalstrengthoftendonsandtheir

concentrationincreaseswithage52. Low-loadtendonscontainfewerstablemature

crosslinksthantendonsexperiencinghighinvivoloads52.

ReducingagentssuchassodiumborohydridecanbeusedinvitrotostabilizedeH-

LNLanddeH-HLNLtoformLNLandHLNL,respectively,whichcontainastable

singlebondratherthantheSchiff-basedoublebond49,53,58. Theproductsofthese

reactionsarenotthesameasthosethatoccurnormally,butthereactionmaybeused

semi-quantitativelyidentifycrosslinkspresentwithintissues. Throughborohydride

reductionitispossibletocomparethestableandtotalcrosslinkpopulationwithin
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Figure1.6:ThereactionofHLNL,animmaturecrosslink,withhistidineresultsintheformation
ofHHL,amature,trivalentcrosslink29.ThereactionofHLKNL,animmaturecrosslink,witha
hydroxylysineresiduesresultsintheformationofHyl-Pyrwhileareactionwithanallysineyields
apyrrole. BothpyrroleandHyl-Pyrarematuretrivalent,heat-stablecrosslinks29. Reprinted
withmodificationswithpermission29.
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samples(incontrolandNaBH4treatedtissues,respectively).

Non-enzymaticCrosslinking

Non-enzymaticcrosslinkingoccursbetweencollagen moleculesadventitiouslyand

iswidespreadinhumantissues,occurringonalongtimescaleandaffectinglong

livedproteins59.Thesecrosslinksarederivedfromadvancedglycationend-products

(AGEs),moietiesthatareformedthroughthereactionofareducingopenchainsugar

withaminegroupspresentonproteins,lipids,andnucleicacids29,41,42. AGEsform

betweencollagenmoleculesandcanresultincovalentcrosslinkingbetweentriplehe-

licalportionsofcollagenmolecules.Glycationreactionsareconcentrationdependent

andareaffectedbythetypeofsugarpresent.Glucosehastheslowestglycationrate,

whileotherintracellularsugarssuchasglucose-6-phosphateandfructoseincurfaster

rates49,51.Glycation-derivedcrosslinksareespeciallyimportantimportanttoconsider

inpeoplewithtypeIIdiabetes,becauseoftheirelevatedbloodglucoselevels60.

TheformationofAGEschangesthewaythatcollagenousproteinsinteractwiththeir

surroundings. AfamilyofreceptorsforAGEsisexpressedonsmoothmusclecells,

monocytes,macrophages,endothelialcells,podocytes,astrocytes,andmicroglia59,61.

ThebindingofAGEstoreceptorscausesdownstreamsignallingthatincreasesthe

expressionofpro-inflammatorycytokines,alongwithcoagulatingandvasoconstrictive

factors.Thisisthoughttoupregulatetheinflammatoryresponse,whileslowingdown

healing.AGEeffectsatthetissuelevelincludeperoxidationoflipids,remodeling,and

thrombosis59,61.ThebindingofAGEstomacrophagereceptorsisthoughttobethe

primarymechanismforAGEelimination,whichoccursviatherenalsystem59.

ExamplesofAGEcrosslinksincludepentosidineandglucosepane,whichhavebeen

showntoincreasedenaturationtemperature62,decreasesolubility52,63andincrease

failurestressandstiffness50,52,64.Increasedstiffnesshasbeenseeninbothhumandia-

betictendons65,andinRTTswithinduceddiabetes64.Treatmentoftendonfascicles

withanAGEsuchasmethylglyoxal(MGO),resultedinalossofstressrelaxation

responseandchangesinfailurestressandyieldbehaviour66,67.Itispossiblethat
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stiffeningoccursasaresultsofAGEformation,andthatloweredcollagencontent

wouldresultintheoppositeeffect67,68. AGEscanalsoalterthechargeprofileof

collagen50,thusaffectingfibril-fibrilinteractions,whichmaychangetheforcetrans-

missionpresentbetweenfibrils49,67.

1.4 Collagen MolecularStability

1.4.1 ThermalDenaturationandStability

Nativecollagenisanorderedtriple-helicalstructurethatisstabilizedbyavariety

ofinteractions,asmentionedabove.Itispossibletostudythestructureandsta-

bilityofcollagenthroughthermaldenaturationbytakingadvantageofchangesto

thewell-knownnativestructure. Whencollagenisheatedinwater,thereisastruc-

turaltransitionwherethetriplehelicalstructurebeginstounwindandarandomcoil

structureisformed,duetowatersolvationandtheruptureofhydrogenbonds–a

processtermeddenaturation69,70. Thedrivingforceforthistransitionderivesfrom

thechangeinGibbsfreeenergyofthesystem(∆G),whichisdeterminedbythe

changeinenthalpy(∆H)andentropy(∆S).

∆G=∆H−T∆S (1.1)

Enthalpyisdefinedasthetotalheatcontentwithinasample,butmoregenerally

isinterpretedastheinternalenergyofasystem(i.e.instructuralchanges,∆His

ameasureofbondingenergychangesinthesystem). Entropyisameasureofthe

numberofmolecularconfigurationswithinasystemandisdefinedbytheBoltzmann

equation:

S=kBlnW (1.2)

whereSisentropy,kBisBoltzmann’sconstant(1.381×10
−23kJK−1kmol−1),andW

isthenumberofpossibleconformations.Simplyput,asystemwithgreaterdisorder

hasahigherentropyvalue,S.Thehighly-orderednativecollagenstructuretransitions

toarandomcoiluponheatingduetothebreakageofhydrogenbondsviathermal
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gyrationandcollagenmoleculesbegintosolvateinwater.Thishasanunfavourable

∆H,butisovershadowedbythefavourableincreaseinS,resultingfromthestructural

changefromhelixtocoil. Together,theseeffectsresultinanegativefreeenergy

change,(∆G),whichisafavourablereaction.

Collagenmoleculesinsolutionbegintounfoldatbodytemperature,andtherefore

stabilizationofcollagenmustoccur,otherwisenewlysynthesizedmoleculeswould

denatureandberemovedfromthebody. Thestabilizationofcollagenmoleculesis

increasedduetoalossinentropyresultingfromtheembeddingofcollagenmolecules

withinfibres.Thethermalstabilityofcollagenmoleculeslargelydependsonthede-

greeofhydrogenbondingpresentwithinthesample,whichisrelatedtotheamount

ofhydroxyprolineresiduespresent71. Theamountofprolinehydroxylationinturn

dependsontwoprolyl-hydroxlyaseenzymes. Withincollagen,thereareregionsalong

thelengthofthemoleculethatdonotcontaintheusualGly-Pro-Hypsequencebut

ratheraredevoidofhydroxyprolineandarecalledthermallylabiledomains72.The

largestoftheseregionsisfoundneartheC-terminusofthemolecule72whiletwooth-

ersarefoundattheN-terminalendofthemoleculeandare26residuesinlength73.

Allofthethermallylabiledomainsarefoundwithinthegap-regionofthecollagen

molecules,whichisthoughttocreatespaceforstericchanges(i.e.increaseitsinsta-

bility)72–74.

Hydrothermaldenaturationisthoughttoinitiateinthe65-residuehydroxyproline-

freesequenceattheC-terminus70,72,73. Hydrogenbondsbegintorupture,andthe

nativetriplehelicalstructureofcollagenbeginstotransitionintoanamorphousran-

domcoilstructure.Onceinitialuncoilingbeginswithinthethermallylabiledomain,

theentirestructurebecomeslessstableandbeginstounzip73.Collagendenaturation

isaffectedbylateralspacingofmoleculeswithinthefibre. Denaturationtempera-

turewillbeincreasedbyanythingthatreducesthefreevolumeavailableforthermal

gyration,becausethiswilllimittheconfigurationalentropyofthethermallylabile

domains72.

Thepolymer-in-a-boxmodeliscommonlyusedtodescribethedenaturationprocess

ofcollagen72,75.Inthismodel,thecollagenmoleculesareseenaspolymersthatare
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constrainedinaboxcreatedbytheirneighbouringmolecules. Collagenmolecules

packedinafibre(i.e.latticestructure)aremorethermallystablethanthosefound

individuallyinsolution,throughreductionofmolecularmotion72,76. Anythingthat

affectstheconfinementofcollagenmoleculestoalattice-likestructure(i.e.abox)will

affecttheconfigurationalentropyandassuchaffecttheactivationofthethermally

labiledomain72,77. Endogenouscrosslinking,dehydration,andswellingofcollagen

havebeenshowntohaveaneffectonthethermalstabilityofcollagen43. Withrespect

tocrosslinking,itwasinitiallythoughtthatthecrosslinkingitselfincreasesthethermal

stability,butinfact,itcausesdehydrationwhichdecreasesthesizeofthe‘box’anda

subsequentreductionintheconfigurationalentropy.Overall,thismechanismserves

tostabilizethecollagenmolecule43,70,72–74,77–80.

1.5 AssessingStructure&StabilityofCollagen

1.5.1 HydrothermalIsometricTension(HIT)Testing

Hydrothermalisometrictension(HIT)testingisatechniquethatisabletoassess

thermally-inducedstructuralchangesincollagenoustissues.Specificallyitisableto

capturethemechanicalconsequencesresultingfromthermaldenaturation,breakage

ofthermallyunstablecrosslinks,andhydrolysisofthethepeptidebackbonewithin

collagen.Thistechniqueinvolvesmountingasamplebetweentwogripsandconstrain-

ingthelengthunderisometrictension(Figure1.7).Oneendisfixed,whiletheother

isattachedtoaloadcell,whichallowsformeasurementoftensiondevelopmentina

sample81.Followingmounting,thesamplesaresubmergedinawaterbath(Figure

1.7).Thetemperatureofthebathisincreasedatarateofapproximately4◦C/min

fromroomtemperatureto90◦C(Figure1.8)81–83.Afterreaching90◦C,thesampleis

maintainedatthistemperaturefor5hoursduringtheisothermalportion(Figure1.8).

Thisallowsfortheassessmentofthecrosslinkprofilepresentwithinthesample.
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Figure1.7:Schematicofthecustom-builttestingapparatususedforhydrothermalisometric
tension(HIT)testing.FigurebyPeterMassarowithpermission.

DenaturationTemperature

TheHITdatacapturesdenaturation,assessthescissionofthermallylabileimmature

crosslinks,andthehydrolysisoftheindividualchainswithinthecollagenmolecule81.

Themainparametersthataredeterminedfromtheresultingdataarethedenatu-

rationtemperature(Td),thetemperatureatmaximumforce(TFmax)andhalf-time

ofloaddecay,t1/2(whichwillbediscussedinthefollowingsection)(Figure1.8).
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Thetemperatureatwhichthereisamarkedincreaseinforceduringheatingisthe

denaturationtemperature.ItisimportanttonotethatwithHIT,theTdisamea-

sureofthethermalstabilityoftheload-bearingcollagenwithinthetissuesample84.

Asthecollagentriplehelixdenatures,thehelicitydecreasesandtheproteinstruc-

tureenergeticallyfavourstransitiontoarandomcoil58,81,85,86. Becausethesample

isconstrainedisometrically,thisdenaturationeventproducesamarkedincreasein

tension81(Figure1.8).Theexactvalueoftheloadsproducedfromthisriseintension

isnotinformative,astheyaredependentontheamountofcollagen/tissuepresentbe-

tweenthegrips84,87.Afterthedenaturationtemperatureisreached,thermallylabile

crosslinksbegintobreak84,88.Insometendons,thetensionwillreachamaximumas

hydrothermallyunstablecrosslinksbreak,andthetemperatureatwhichthishappens

isknownastheTFmax
84,88.TheTFmax canbeusedaproxyforthenumberofthermally

stablecrosslinkspresentinthetissue84,88.

Half-timeofLoadDecay

FollowingtheisothermalportionofHIT,itispossibletoobtainthehalf-timeof

loadrelaxation,whichisdependentontheamountofthermallystablecrosslinks

presentinthesample83,89. DuringtheisothermalportionoftheHITtest,theload

decaysasaresultofthehydrolyticscissionofbackbonepeptidebondswithinthe

collagenmolecules(Figure1.8).Therateofisothermalloaddecaycanbemeasured

bycalculatingthehalf-timeofloaddecay,t1/2whichisdefinedasthetimeittakesfor

theloadtoreachhalfofthemaximumloadvalue.Thisrelaxationisanexponential

decaysimilartothatoftheMaxwellmodelofstressrelaxation,wecanwritethatthe

loaddecaywillbegivenby:
L(t)

Lmax
=e−kt (1.3)

whereL(t)istheloadatanygiventime,Lmax isthemaximumloadreachedinthe

isothermalportion,kistheconstantofrelaxation,andtistime90. Whentheloadis
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Figure1.8:Schematicexplaininghydrothermalisometrictension(HIT)testing.Thetempera-
ture(redline)isgraduallyincreasedovertimeuntilitreaches90◦C,atwhichpointitisheld
constantforanextendedperiodoftime. Thisportionofthetestiscalledtheisotherm. At
acertaintemperatureduringtherampto90◦C,thestructureofthecollagentriplehelixbe-
ginstotransitiontoarandomcoil,duetothebreakageofhydrogenbondsandchainsolvation
(i.e.denaturation). Thetemperatureatwhichthistransitionbeginstohappeniscalledthe
denaturationtemperature,andbecausethesampleisbeingheldatafixedlength,thistransition
doesnotoccurbutitisregisteredasanincreaseinload(blueline).Followingdenaturation,
butpriortotheisotherm,thermallylabilecrosslinkswillbegintobreakwhichcontributesto
pre-isothermalcontraction.At90◦C,stressrelaxationduetothehydrolysisofpeptidebondswill
begin.Sodiumborohydride(NaBH4)willconvertthermallylabilecrosslinksintotheirthermally
stablecounterparts,therebydecreasingtheamountofloaddecaythatishappening(greenline)
ascomparedtothecontrol,untreatedsamples(blueline). AdaptedwithpermissionfromJ.
MichaelLee.
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equaltohalfofthemaximumload,theequationbecomes:

1

2
=e−kt1/2 (1.4)

wherekcanbedeterminedfromtheslopeofaln(L(t)
Lmax
)versustimeplot90.Thisrela-

tionshipwasfirstdescribedbyLeLousandAllain,andtheystatedthattheconstant

ofrelaxation,−k,isproportionaltotherateofpeptidebondscissionandisinversely

relatedtothenumberofchainsperunitvolumethatcontinuetosustainload90.As

mentionedabove,thet1/2isalsorelatedtotheamountofthermallystablecrosslinks

presentwithinthesample. Whilethepeptidebondsarebeinghydrolyzedduringthe

isotherm,tissueintegritycanbemaintainedbythepresenceofheat-stablecrosslinks.

BycombiningHITwithNaBH4reductionoftissues,whichstabilizesthermallylabile

crosslinks,itispossibletolookatthetotalcrosslinkinginasamplebycompar-

ingvaluesoft1/2.Bothinter-andintramolecularcrosslinksincreaset1/2duringthe

isothermalportionofHIT,butintermolecularcrosslinksleavetheTdunaffected
83,89.

Intramolecularcrosslinks,however,increasetheTd
89.Thismodelofloaddecayworks

wellfortissuesthatarelargelycollagenous,andthataredecreasinginloadovertime

duringtheisotherm. Fortissuesthatcontainelastin83orareheavilycrosslinked,

theloadwillcontinuetobesupportedandmaynotdecay.Inthesesamples,such

asglutaraldehydecrosslinkedheartvalvetissue91,itmightbeprudenttoconsider

othermodelsortousethepresenceofloaddecayasausefulpieceofinformationin

itself.

1.5.2 DifferentialScanningCalorimetry

Differentialscanningcalorimetry(DSC)isaanothertoolusedforanalyzingthether-

malstabilityofcollagen86,92.Thismethodisusedtoevaluateenthalpicenergychanges

thatoccurwithinthermaltransitions.Inthisexperiment,asampleisplacedina

sealedaluminumDSCpanandheatedalongsidean(oftenempty)referencepan.The

heatflowrequiredtokeepbothsamplesatthesametemperatureduringarampin-

creaseismeasured,andthedifferentialheatflowisrecorded. TheDSCheatflow
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signal(dH
dt
)ismeasuredinJ

g·s
andisdeterminedbytheheatcapacity(dH

dT
,inJ

K·g
)

andthescanningrate(dT
dt
inK

s
)93.

dH

dt
=
dH

dT
×
dT

dt
(1.5)

Atlowtemperatures,therateofdenaturationisslow,soDSCdoesnotregisterthe

smallchangesinheatcapacity.Onceenoughthermalenergyisapplied,denaturation

occursatafasterrate,whichisnowabletoberegisteredbytheDSCsincethereisa

largerincreaseinheatcapacity.Severalcharacteristicfeaturesregardingphasetran-

sitionsduringdenaturationcanbedeterminedfromtheresultingendothermcurve

(Figure1.9)sincedenaturationaffectsthedH
dt
73. Theseparametersareaffectedby

structuralfeatureswithincollagen,suchasmolecularpacking,crosslinking,andwa-

tercontent.Becausethermaltransitionsinvolveanincreaseinheatabsorptionand

capacity,apeak(usuallyshowninvertedasavalley)ontheDSCendothermplotcan

beseen.Theonsettemperature(Tonset)isthetemperatureatwhichtheleastther-

mallystablecollagenmoleculesbegintounravelanddenatureduedothebreaking

ofhydrogenbondsandchainsolvation92,94. DuringtheDSCexperiment,thelower

energybondswithineachsampleruptureearlierthanhigherenergyones,andthere-

foretheDSCendothermcanbethoughtofasaspectrashowingtherangeofthermal

stabilitiespresentwithinthesample. Thepeaktemperature(Tpeak)isthepointat

whichthereismaximumheatflow92,94.Thespecificenthalpyofdenaturation(∆h)

isdefinedastheareaundertheendotherm(1.9)andindicatestheamountofenergy

neededtodenaturethemoleculescapableofthistransition92,94.

TheparametersthatareextractedfromtheDSCendothermsareimportant,butthe

shapeofthecurvecanalsoprovidesomeinformation73.Thefullwidthathalfmax-

imum(FWHM)isameasureoftherangeofthermalstabilitiespresentwithinthe

sample(1.9)94. WhileDSCisnotabletoidentifywhichbondsarebrokenspecifi-

cally95,abroaderpeakresultingfromdenaturationwouldimplythatthereisamore

heterogeneousbondpopulationwithinthatsamplethanthatofanarrowone96.
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Figure1.9:RepresentativeDSCendothermofcollagendenaturationwiththeparametersla-
belled.Adaptedwithpermission85.

1.5.3 ThermalStudiesonTendonCollagen

Therehavebeenmanystudiesonthethermalstabilityofcollagen,datingbacktothe

early70s97.DSC,inparticular,hasbeenusedtostudythedenaturationprocessin

skinandtendoncollagenandhowthischangeswithglycation98,age96,98,damage99,

ordisease99,100.Itisknownthatwithageandincreasedglycation,thereisanincrease

inthedenaturationtemperatureinRTTcollagenasmeasuredbyDSC64,98. Mileset

al.showedthatthereisanincreaseinthermalstabilityofcollagenthatisinduced

bydehydration,whichoccursasaresultofincreasedcrosslinking43,72.

Youngandoldbovinetailtendons(BTTs)wereusedtostudyage-relatedchanges

inDSCandHITparameterswithintendoncollagen. TheTonset,Tpeak,andTddid

notchangebetweenthetwoagegroups,whiletheTFmax increasedsignificantlywith
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age86.ApreviousstudydemonstratedthatyoungBTTscontainedprimarilyHLNL

andHHLcrosslinks,andthattheamountofthermallystablecrosslinkingwaslow,

asnoneoftheyoungsamplessurvivedto90◦CinHIT101.Ithasbeenshownusing

DSCandHITthatthedensityandtypeofcrosslinkingpresentwithinanatomically

proximatebutfunctionallydistincttendonsisdifferent,withcommondigitalextensor

(CDE)tendonshavingfewerthermallystablecrosslinksandalowertotalcrosslink

densitythansuperficialdigitalflexor(SDF)tendons102.

Otherstudieshaveshownthatdamagetotendonisalsodetectablebyexamining

thethermalstabilityoftheconstituentcollagen.Ithasdemonstratedthatdamaged

BTTshavereducedTonsetandTpeakvaluesandanincreaseinFWHMascomparedto

undamagedsamples94. Thisdamage-induceddecreaseindenaturationtemperature

wasalsoseeninHIT(asmeasuredbyTd)
86.Thisdecreaseinthermalstabilitywith

mechanicaldamagewasexplainedbyanincreaseinentropyleadingtoanincreasein

freedomofthethermallylabiledomain(Figure1.10)94.

Figure1.10:SchematicoftheEffectofDisruptionofLatticeStructureontheThermallyLabile
Domain. Modifiedandreprintedwithpermission94.
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ThermalStabilityofHumanTendonCollagen

Whiletherehavebeenmanyanimalstudiesonthechangesinthermalstabilitiesof

tendoncollagenfollowingmechanicaloverload,therehavenotbeenasmanycalori-

metricstudiesonundamagedordamagedhumantendon,orsystematicagingstudies.

Notetal.showedthatthereisadifferenceinthestructureofcollageninhealthyand

diseasedhumantendons,studyingavarietyofpathologiessuchascarpaltunnelsyn-

drome,DeQuervaintenosynovitis,andDupuytrendisease100.Pathologictendonsdid

notshowanychangesindenaturationtemperaturebutdidshowsignificantdecreases

inthe∆hcomparedtonativeintacttendons100.

Anotherstudylookedattheeffectofdamageonthethermalstabilityofhuman

tendon.RupturedAchilles,quadriceps,andpatellartendonhadincreasesindenat-

urationtemperatureandFWHM,ascomparedtohealthycontrolsamples,while∆h

decreased99.Thesestudies,whilesomewhatinsightful,arelimitedbecausethecontrol

samplesandrupturedsamplesdidnotcomefromthesamepatients.Controltissues

camefromcadaverswhowereunder55yearsofageatdeath,whiletheruptured

andpathologicalsamplescamefrompatientsundergoingsurgerywithnomentionof

patientage99,100.Aginghasbeenshowntoaffectcollagenstructure,soitispossible

thatthedifferencescitedinthesestudieswereage-relatedorrelatedtothevariability

inpatientpopulation(i.e.aproblemofsamplesize).Additionally,noneofthestud-

iesusedthesametendonorthesamemethodology,soitisdifficulttocomparethe

resultstooneanotheranddrawaconclusionabouttheeffectofdamageordisease

onhumantendoncollagenstructure.

1.6 ModelsUsedto MimicTendonInjury

Modellingtendoninjuryusinganimalmodelshasbeendonefordecadesandallowsfor

theexaminationoftissuesduringallstagesoftendoninjury.Furthermore,mimicked

injuriesarerepeatableandreproduciblewhereasclinicalhumantendonshaveoften

beenstudiedduringchronic,end-stagetendinopathy.Frequently-usedanimalmodels
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includethemurine,rabbit,ovine,canine,bovine,andprimatemodels. Themost

studiedtendonswithinthesemodelsarethetail,patellar,Achilles,andforelimb

tendons. Manyofthesearelimitedinthatlabanimalsarequadrupedsandthe

loaddistributionisdifferentduetodifferinganatomyandkinematicsthanthatof

humans,buttheseshortcomingsareovershadowedbytheireaseofextractionand

availability103.

1.7 Visualizing&AssessingDamageinTendons

Tendonsundergouniaxialtensileforcesinvivo,anditisthoughtthatvariousfeatures

oftendoncollagenhelptosupporttheseloads.Thewaveformcrimphelpswithex-

tensibilityatlowloads104,105,whilecrosslinkingbetweencollagenmoleculessupports

increasedloadsathighextensibilities51.Thankfully,extendedfibrilsdonotundergo

brittlefracturebutratherabsorbstrainenergy.Becauseofthis,strainsandsprains

aremoreprevalentthancompleterupture.

Damagetotendonisdamagetothecomponentswithintendons.Initially,itwas

unknownwhichstructuralfeatureswithinthetendonhierarchywereaffectedbyme-

chanicaloverload. Whileopticalmicroscopycanbeusedtovisualizewholetendons,

collagencrimp,andfascicularstructures,finerelementssuchasfibrils,andsubfibrils

canonlybeseenunderhighermagnifications. Lightmicroscopyislimitedbythe

opticalresolution,r,whichisdefinedby:

r=
λ

2×NA
(1.6)

whereλisthewavelengthofvisiblelight,andNAisthenumericalapertureofthe

lens. Thislimitedresolutionledtothedevelopmentofelectronmicroscopy,where

thewavelengthofelectronsissignificantlysmaller,allowingforfinerdetailstobe

distinguishable.

EarlystudiesshowedthatmechanicalruptureorcyclicoverloadofwetRTTsresulted

inthedissociationofcollagenfibrilsintocomponentsthatwereonthenanoscale106,107.
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InoneparticularstudytheD-banding,whichischaracteristicofproperlyassembled

collagenfibrils,wasabsentfollowingtendonfasciclerupture,suggestingthatthere

wasslippageofsubfibrillarcomponents(Figure1.11)107.

Figure1.11: TheshreddingofthecollagenfibrilstructurewasseeninRTTfasciclesfollow-
ingrupture,resultinginalossofD-bandingwhichsuggeststhatthereissubfibrillarslippage
occurring.Reprintedwithpermission107.

ManyoftheinitialstudiesontendondamageusedanRTTmodelandfoundthat

theconstituentcollagenfibrilsdissociatedintotheirsubfibrillarcomponentsfollowing

ruptureundertransmissionelectronmicroscopy(TEM)106–111.Astudyconductedby

Nemetscheketal.foundthatoverloadofRTTsresultedintheformationofkinked

structures,orthedissociationofcollagenfibrilsintotheirsubfibrillarcomponents

(Figure1.12)108. ThislongitudinaldisintegrationofRTTcollagenfibrilswaslater

confirmedbyKnorzeretal.,whosawsimilardamagemotifs(Figure1.13)109.

Inadditiontotransmissionelectronmicroscopy(TEM),X-raydiffractionhasbeen

usedtoexaminefibrils,subfibrils,andindividualcollagenmolecules107,109.Usingthis

technique,onestudydiscoveredthatdamagedRTTsdidnotincurdamageonthefibril

levelduetointerfibrillarsliding,asmolecularleveldamagewasfoundpriortothe

occurrenceofthissliding109. Morerecentstudieshaveusedatomicforcemicroscopy

(AFM)toexaminecollagenfibrilswiththeaddedadvantageofbeingabletoobtain

mechanicaldatafromthescannedstructures112–116.
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Figure1.12:TransmissionelectronmicrographofoverloadedRTTrevealstheexposureofsub-
fibrillarstructureandkinkformationonthefibrillevel.Reprintedwithpermission108.

1.7.1 DiscretePlasticity

Veresetal.confirmedthattendondamagedoesindeedoccuratthelevelofthe

collagenfibrilsonananoscale58,85,102,117–119.TheinitialstudywasdoneusingaBTT

modelandinvolvedrupturingtendonsandimagingthemusingscanningelectron

microscopy(SEM)94,117.Theoverloadedtendonsampleswerecomparedwithcontrol

tendons,whichremainedhomogeneousandorganized. Theloadedtendonsshowed

kinksalongthelengthofthefibrilatdiscretesites,leadingtotheconclusionthat

collagenstructuremaynotactuallybecompletelyuniformandhomogenous(Figure

1.14)117.Thiskinkingmechanismwastermed‘discreteplasticity’andisthoughtto

contributetothetoughnessofcollagen58,85,117–120.

Itwasdiscoveredthatthismotifwaspresentafteroverloadevenwithoutrupture.

Onesubruptureoverloadcyclereferstoloadingtendonuntiltheslopeofthestress-

straincurvereacheszero,atwhichpointthesampleisunloaded.Thisprocesscanbe

repeatedforanumberofcycles.BTTswerecyclicallyloadedtosubruptureoverload

anditwasfoundthatthenumberofkinksincreasedwiththenumberofoverload

cycles,showinganaccumulationofdamage(Figure1.15)85.
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Figure1.13:TransmissionelectronmicrographofoverloadedRTTshowsthelongitudinaldisin-
tegrationoffibrilsintosmallercomponents.Reprintedwithpermission109.

Trypsin,aserineproteasethatselectivelycleavesnon-helicalportionsofcollagen,was

usedtodeterminetheamountofdenaturedcollagenpresent94,117. Theenzymatic

digestion,followedbySEM,showedthattherewasalayerofdenaturedcollagen

presentonthesurfaceofthefibrilsfollowingoverloadcycles(Figure1.16).

Alongwithcontributingtocollagentoughnessandpreventionofbrittlefracture,it

wasthoughtthatthesediscretekinksitescouldserveasrecognitionsitestopromote

healingfollowinginjury. Macrophage-like(U937)cells,whicharecapableofreleasing

enzymesthatselectivelydegradedenaturedcollagen,wereculturedonthesurface

ofdamagedcollagen. Followingseeding,thecellsshowedanincreasednumberof

filapodia,whichisassociatedwithphagocytosisofdamagedtissues,anditappeared

asthoughalayerofmaterialwasremoved(Figure1.17)85,119.Thesefindingssuggest

thatdiscreteplasticitymaynotonlyservetotoughencollagen,buttohelpwiththe

body’srecognitionofdamage119.
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Figure1.14: Micrographsofundamagedcontrol(A)andruptured(B)tendonsamples. The
rupturedtendonsshowlongitudinalkinkingonthefibrillevel,whileD-bandingremainsintact
betweenkinksites.Scalebarsare500nm(20,000X).Reprintedwithmodificationswithper-
mission117.

Anothermodelusedtoinvestigatethisphenomenonisthebovineforelimbmodel,

whichcontainsstructurallyproximatebutfunctionallydistincttendons.Thesuper-

ficialdigitalflexors(SDF)andcommondigitalextensors(CDE)areenergy-storing

andpositionaltendons,respectively. MechanicaloverloadandsubsequentSEMofthe

tworevealedthatCDEswerestrongerandtougherthanSDFs,andshowedhigher

levelsofplasticdamageonthenanoscalefollowingrupture(Figure1.18)102. This

differentialdamagemechanismbetweenthesetwotendonswasconfirmedusingAFM

andsecondharmonicgeneration,whereitwasalsofoundthatindividualflexorten-

doncollagenfibrilsdidnotundergoextensivemoleculardamagewhilethematching

extensortendoncollagenfibrilsdid121. Thesestudiessuggestthattheformationof

discreteplasticitykinksitesmaybedependentontheamountofcrosslinkingpresent

intendoncollagen,asflexortendonsaremoreheavilycrosslinkedthantheirextensor

tendoncounterparts102.

1.8 BiomechanicalPropertiesofTendons

Inordertotransmitforcesthatallowforlocomotionandmovement,tendonsmustbe

abletotransferenergyfrommusculaturetotheskeletalsystemacrossjointsinthe
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Figure1.15: SEMimagesofrupturedandsubruptureoverloadedBTTsamples(AandB,
respectively).Thelinearkinkdensityincreasedwithincreasingsubruptureoverloadcycles.Scale
barsare500nm(20,000X).Reprintedwithmodificationswithpermission85.

body.Duringgait,potentialenergyisstoredintendonsasstrainenergy.Therecoil

oftendonsfollowingextensionresultsintheconversionofthispotentialstrainenergy

intokineticenergy29. Withaginganddisease,theabilitytoconvertbetweenstrain

energyandkineticenergydecreases,andwiththisitispossibletoinferchangesin

thestructureoftheECMintendon29,48.

Manytissuesinourbodiesareprimarilymadeupofcollagenyetareviscoelastic.

Thismeansthatthesematerialscanstoresomeenergyelasticallywhiledissipating

someenergytoheat.Thesepropertiescanbeattributedinparttothelargewater

contentwithintendons. Thecollagenwithintendonsislargelyarrangedinparal-

lel,andthereforetendonsareanisotropicmaterialswherethemechanicalproperties

aregreateralongtheirlengththantheirwidth. Asmusclestransmitforcethrough

tendons,extensionoccurswhichresultsinthestorageofenergywithinthetendon.

Thisisnota100%transmissionofenergy,as10-25%oftheenergyisdissipateddue

toslidingofcollagenfibrils29. Theoriginsofenergystoragewithintendonscanbe
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Figure1.16:SEMimagesofdamagedBTTsamples(A)anddamagedsamplestreatedwiththe
protease,trypsin(B).Followingenzymaticdigestion,somematerialismissingaroundthekink
sites,confirmingthatdenaturedcollagenwasremoved.Scalebarsare300nm.Reprintedwith
permission117.

attributedtochangesofthetriple-helicalstructureofcollagen,stretchingoffibre

bundles,andstraighteningofcollagencrimp.Becausetheyareviscoelastic,tendons

displayhysteresis29. Themechanicalpropertiesoftendonsaredependentonstrain

rate,wherehigherstrainratesyieldhighermoduliandslowstrainratesresultinan

apparentdecreaseinstiffness.Collagenoustissuesalsohaveahighmodulus,E,and
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remarkabletoughnessandstrength14,29,48.

Theexactshapeofstress-straincurvesoftendonsdependsonthenatureofthesample,

butallsharesimilarfeatures.Thenon-linearstress-straincurvesofcollagenoustissues

havecharacteristicregions(Figure1.19).Theinitialportioniscalledthetoeregion,

inwhichthecollagencrimpisstraightenedoutduebylowforces21.Itisfollowedby

thelinearregion,inwhichthecollagenmoleculesarealigned,elongated,andareable

toslippasteachother. Theslopeofthelinearportionofthestress-straincurveis

referredtoastheelasticortissuemodulus,themagnitudeofwhichdependsonthe

tendoninquestionandtheexactnatureofmeasurement.Oncecollagenfibrilsbegin

tofail,thereisdeviationfromlinearityandthepointatwhichthishappensisknown

astheyieldpoint.Theportionofthegraphaftertheyieldpointisknownastheyield

regioninwhichthecollagencontinuestofailuntilthefailurepoint,whichistypically

characterizedasasharpdropinloadonthestress-straincurve21. Thestressand

strainatwhichfailureoccursareknownastheultimatetensilestrengthandfailure

strainofthetendon,respectively.Similartothemodulus,theseparametersarealso

affectsbythestrainrate.

Specifically,theyieldregionofthecurvecanplateauforanextendedperiodoftime

beforefailuredenotingthatthereissignificantplasticdamagebeingincurred.Other

tendonsmayhaveashorteryieldregionpriortothefailurepoint,suggestingthatthe

sampleismorebrittleinnature.Theshapeofthestress-straincurvecantherefore

beindicativeofthemechanismoffailure.Forexample,atendonthatiscomprised

ofmanyindividualfasciclesorfibrescanshownumeroussmallfracturesbeforethe

entirestructurefailsasawhole,whichmayindicatethatsomefibresaresusceptible

tofailurepriortootherones. Conversely,othertendonsmaynotshowindividual

fractures,butratherfailasonewholeunit,denotedbythepresenceofasinglefailure

pointonthestress-straincurve.

Thegeneralclassoftendonisimportanttoconsiderwhencomparingmechanical

parametersoftendons. Whilealltendonsareviscoelastic,notalltendonsareequalin

termsoftheirmechanicalproperties122.Positionaltendonssuchasextensortendons

inthehandsandfeet,generallyrequiremorespeedandprecisionthanenergy-storing

30



tendonssuchastheAchillesorpatellartendons,andthereforethese‘low-energy’

tendonsaregenerallystifferandlessextensible122,123.

1.8.1 Measuring MechanicalProperties

Typically,themechanicalpropertiesoftendonsareobtainedinvitrobygripping

isolatedsamplesinatensilematerialstestingsystem,andmeasuringtheresulting

loadanddeformationfromwhichresultingstress(σ)andstrain()canbecalculated.

Ensuringthatthesampleisproperlymountedwithinthesystemisimportant,asany

slippagewillresultininaccuratemeasuresofdeformation.Itispossibletotestwhole

tendons,howeverisitalsopossibletobreakthetissuesdownintosmallersubsamples

(suchasindividualfascicles)tocombatslippageissues.Alongwithtraditionaltensile

testsperformedinmaterialstestingsystems,AFMcanbeusedtomeasuremechanical

propertiesofindividualcollagenfibrils(lateralindentationstiffness)112,114,116.

Morerecentstudiesofthemechanicalpropertiesoftendonshavebeenusinginvivo

methods,whereanimagingmodality(e.g.X-rayorultrasound)iscombinedwithvol-

untarymusclecontractionandjointmomentsarecalculatedtodeterminetheapplied

load124.Theforcesarecalculatedfromexternalmoments,anditmaybedifficultto

determinewhichmomentarmsareactingonthetendon125sinceitispossiblethat

amomentisresultingfromtheactionofmorethanonetendonormusclegroup126.

Ultrasoundimagingallowsforthereal-timetrackingofdeformation,butislimited

becauseitreliesheavilyontrackinganatomicallandmarkssuchasthemyotendi-

nousorosteotendinousjunctions,whichmaybedifficulttoimagesimultaneouslyfor

longtendons. Morerecentstudiesusingultrasoundhaveusedspeckletrackingasa

newmethodofmeasuringtendondeformation,whichnotonlybypassestheneedfor

anatomicallandmarksbutalsoallowsforstrainmeasurementswithinspecificparts

oftendons127,128.

31



1.9 Age-RelatedChangesinStructure& MechanicsofTendon

Whileage-relatedchangescanpertaintoembryonicdevelopment,maturation,orpu-

berty,inthisthesisagingwillbedefinedastimeaftermaturation,throughadulthood,

intonear-geriatriclife.Therateofagingisnotequalbetweenspeciesorevenwithin

species,asitdependsonmanyfactorsincludinglifestyleandgenetics. Thereare

manychangesthatoccurslowlyovertime,anditisimportanttoconsiderlife-span

whenstudyingaginginnon-humanmodels.Life-spanreferstoboththerelativeand

absoluteageofthespecies.Comparedtomostanimals,humanshavealonglifespan

intermsofabsoluteage,andassuchtherearemanyfeaturesthatwillbemorepro-

nouncedandevidentthanincommonanimalmodelshaveshorterabsolutelifespans

(e.g.miceandratsonlyliveafewyears)129,130.Forexample,theage-relatedincrease

inglycationderivedcrosslinksisdependentonabsoluteage,andthereforeoldhumans

willhavehigheramountsofAGE-crosslinksthanoldrats,dogs,orcattle129. This

differenceinabsolutelifespan,combinedwithdifferencesinratesofaging129along

withvaryingspeciesandtendontypesmakesitdifficulttocomparestudies,andeven

moredifficulttodrawfirmconclusionsregardingchangesthatoccurwithintendons

duringaging.

1.9.1 ChangesinTendonStructurewithAging

Numerousage-relatedchangesinstructurehavebeenreportedintheliterature,how-

evermanyofthesefindingshavebeencontradictoryandwerefoundtodependupon

thetendoninquestion.Therelationshipbetweentendoncross-sectionalarea(CSA)

andageremainsunknown.SomestudieshavefoundthattheCSAofanimaland

humantendonsincrease,decrease,ordonotchangewithage. Thecollagencon-

tent68,131,132,cellularcontentandvolumedensityofcells133withinhumanandanimal

tendonsdecreaseswithage. Themorphologyoffibroblastsandtenocyteschange,

yieldingelongatedcellswithhighernucleus-to-cytoplasmratios134.Theratesofpro-

teinsynthesiswithincellsdecreases,whichcontributestothedecreaseincollagen

turnoverrates134.Theamountofwaterintendonsdecreasesfromabout80%atbirth
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to30-70%inolderpopulations133,134.Itisthoughtthatthisdehydrationpartially

stemsfromanincreaseinenzymaticandnon-enzymaticcrosslinkingthatoccurswith

age43,135.

Perhapsthemostmarkedchangeinthestructureoftendonsisthepresenceofnon-

enzymaticallyderivedAGE-crosslinks,whichaspreviouslydiscussedhavebeenshown

to,decreasethesolubilityofcollagen,increasethethermalstability,andmayincrease

mechanicalstiffness50,51.Invitroglycationofanimalandhumantendonhasresulted

inincreasedcollagenmolecularspacing62,136,137furtherdemonstratingthatAGEshave

aneffectoncollagenstructure.AGEsarerelatedtobothdiabetesandaging,however,

theirroleontendoncollagenstructureinvivoremainunclear.Inonestudyonhuman

toeextensortendons,therewasanage-relatedincreaseincollagenmolecularspacing

thatwasnotseenindiabetictendons138.Conversely,Jamesetal.foundthathuman

diabeticextensortendonsresultedinincreasedmolecularspacingwhileagedidnot

playarole136.Gautierietal.foundthathumansemitendinosusandgracilistendons

hadage-relatedincreasesinmolecularspacingasmeasuredbysmall-angleX-rayscat-

tering62.Theexactchangesthatoccurtothestructureandcompositionoftendons

withaginghasnotfullybeenelucidated,howevertheconsensusisthatagingresults

inlowercollagencontent,decreasedcellularity,andincreasedcrosslinking.

1.9.2 ChangesinTendon MechanicswithAging

Thechangesinmechanicalpropertiesoftendonsthatoccurwithaginghavebeena

topicofdebateintheliteratureastheydependonthenatureoftheexperiment.Itis

difficulttocomparemechanicaloverloadexperimentsthatwereconductedinvivoas

comparedtoinvitro. Moreover,itisdifficulttocomparedifferenttendontypes(both

withinandacrossspecies).Thestructuralchangesthatoccurwithintendonswillcer-

tainlyhaveanimpactontheresultingtendon,andtherearemanyconfoundingresults

seenintheliterature.Additionally,age-relatedmechanicalchangesaredifficulttoan-

ticipatebecausethestructuralchangesmaycounteractoneanother.Inotherwords,

alowercollagencontentanddecreasedmoleculardensitymayresultinadecrease

instrengthandstiffness,butanincreaseinenzymaticornon-enzymaticcrosslinking
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(andresultingreducedwatercontent)wouldhavetheoppositeeffect124.

Animalstudieshavebeenperformedonavarietyofagingtendonsandthereisno

consensusonwhatchangesoccurwithage.Inrodenttendonmodels,increases139–141

anddecreases142–144inthemodulusandstrengthhavebeenfoundtooccurwith

age,whileothershavefoundnoage-relatedmechanicalchanges131,145,146.Theanimal

modelsarelimitedwithrespecttothefactthatmostanimalshaveashorterlifespan

thanhumansandsomeofthetendonsdonotaccuratelyrepresentaload-bearing

humantendonmodel.

Experimentsusinghumantendonsareofteninfluencedbyavarietyoffactorsthat

mayinfluencetendonproperties. Diet,lifestyle,physicalactivity,sex,anddiabetic

statushaveallbeenfoundtoaffectthemechanicalpropertiesoftendons124.Further-

more,thereisoftenmissinginformationregardingtheinjuryhistoryorthepreceding

degenerativechangesthatmaybepresent147.Invitrohumanstudieshavebeenper-

formedonfresh-frozencadavericpatellartendonsandsomehavefoundareduction

inmoduluswithaging148,whileothershavefoundnochanges18,149. Cadaverichu-

manextensortendonsfromthehandsandfeetalsoshowedthatagehadnoeffecton

modulus150.

Similartotheinvitrostudies,invivohumanstudieshavefoundinconclusivein-

formationaboutage-relatedmechanicalchangesintendon.Studieshavefoundthat

themodulusremainsunchanged68,151ordecreaseswithaging. Withinagingpatel-

lartendon,therewerenoage-relateddifferencesfoundinmechanicalproperties68,151,

whichcorrelateswellwiththeinvitrostudies18,149.Age-relatedreductionsinmod-

ulushavebeenfoundininvivostudiesoffemalevastuslateralistendons152,male

Achillestendons153,andbothmaleandfemalecalfmuscletendoncomplexes154.The

invivostudiessuggestthatanymechanicaldifferencesintendonmechanicsmaybe

duetochangesintheforceoutputfrommusculaturethatarisewithage151.Inany

case,thevariablenatureoftheexperimentsintermsofsexandtendontype,makes

itdifficulttodrawanydefinitiveconclusionsregardingage-relatedchangesintendon

mechanics.
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Figure1.17:SEMimagesof(A)unloaded,controlBTT;(B)damagedBTTfollowingoverload
withoutcells;(C)damagedBTTculturedwithU937cells.Thesemacrophage-likecellsremoved
matrixmaterialsurroundingdamagedfibrils.Reprintedwithpermission119.
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Figure1.18:SEMimagesofrupturedbovineforelimbtendons.Extensortendonsshowextensive
plasticdamageintheformofdiscreteplasticitykinksites,whileflexortendonsdonotshowthe
samedamagemotifs.Reprintedwithpermission102.
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Figure1.19:Schematicofatypicalstress-straincurveofarupturedtendon,withthecharacter-
isticregionslabelledaccordingly.E:Tissuemodulus.
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Chapter2

ThesisRationale,Research

Questions&Objectives

2.1 Overview

Soft-tissueinjuriesareprevalentinoursociety,inbothyoungandoldpopulations,

yettheunderlyingfailuremechanismsremainelusive.Itisknownthatwithage,

thereisasteadydeclineinmusclestrengthandpower,155,156andinourbonemass157,

allofwhichimpacttheabilityofelderlypeopletoremainmobilewithoutsustaining

injuries158. Despiteunderstandingothercomponentsofthemusculoskeletalsystem

andhowtheirpropertieschangewithage,thechangesthatoccurinhumantendon

structurearenotyetfullyunderstoodandeffectsofageontendonmechanicalprop-

ertiesremainsinconclusive. Whileithasbeendeterminedthattherearechangesin

crosslinkingwhichsometimesleadtochangesinmechanicalproperties,therelation-

shipbetweenthesefactorsandfeaturesoffailurehasyettobefullyelucidatedinan

aginghumantendonmodel.
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2.2 ExperimentI:ThermalStabilityAssessmentbyHITand

DSC

Rationale:Collagenisthemainload-bearingcomponentwithintendons,andchanges

incrosslinkinghaveaneffectonthethermalstabilityoftheconstituentcollagen.Itis

possiblethatchangesincrosslinkingwillalsohaveaneffectonthetendonmechanical

propertiesanddamagemotifspresent. Whileisispossibletoquantifyandidentify

crosslinkspresentwithintendonsbychromatography61,86,itisalsopossibletoassess

collagenthermalstabilitybyHITandDSC,andparametersfromthesestestscan

serveasaproxyforamountandtypeofcrosslinkingpresent.

Objective:Todeterminethethermalstabilityofcollagenwithinaginghumansar-

toriustendonsandassessthematurityofcrosslinkingpresent.

Hypothesis:Thelevelandmaturityofcrosslinkinginthehumansartoriustendon

willincreasewithageinmale,non-diabeticsamples.Thiswouldresultinanincrease

inthedenaturationtemperatureandthehalf-timeofloaddecayduringtheisothermal

portionofHIT.ForDSC,itispredictedthatoldersampleswillhavehigheronsetand

peaktemperaturesthanwillyoungerones,duetotheincreasedpresenceofenzymatic

andnon-enzymaticcrosslinks.ItisalsothoughtthattheFWHMwilldecreasewith

age,meaningthattherangeofmolecularstabilitieswithineachsamplewillnarrow

duetodecreasedremodellinginoldertissuesandincreasedcrosslinking.Theenthalpy

ofdenaturationispredictedtoincreasewithage,duetotheincreaseinenergyneeded

tobreakthethermallystablecrosslinkspresentwithinthesample.

2.3 ExperimentII:AnalysisofNanoscaleDamage Motifs

Rationale:Ithaspreviouslybeenshownthatdamagetotendonsoccursonthe

nanoscale58,117,118,characterizedbyserialkinksthathaveasuperficiallayerofdena-

turedcollagenonthem85.Thesekinksitesarepotentialrecognitionsitesforwound

healingcells119,andcouldhelpwithtriggeringremodelling/repairwithinthebody.
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Sincediscreteplasticitykinksarethoughttopreventbrittlefractureoftendonsitmay

disappearafterreproductiveage,astherewouldnolongeranevolutionarybenefitto

promotesurvivalaftergeneticmaterialhasbeenpassedon.Todate,thismechanism

hasonlybeenlookedatinratandcattlemodels,butitisunknownwhetherthis

mechanismrepresentswhatoverloaddamagelookslikewithinhumantendonsand

howthismaychangewithage.

Objective:Determinewhetherthediscreteplasticitymechanismworksinhumans

andifthepreviousmodelsoftendoninjuryarepredictiveofwhathappensina

maturinghumantendonsuchasthesartoriustendon.

Hypothesis:Thefailuremechanismintendoncollagenchangeswithage-discrete

plasticityworksuntilreproductiveage(<40yearsofage)andthendisappears.

2.4 ExperimentIII: MechanicalCharacterization

Rationale:Themechanicalpropertiesofagingtendonshavebeenstudiedinava-

rietyofanimalandhumanmodels,andtheresultsareinconclusive. Asystematic

studyonage-relatedchangesinmechanicswithinahumantendonmodelhavenot

previouslybeeninvestigated.Theruptureexperimentsproposedforthisthesiswill

beperformedat0.25%/s,aspertheinitialdiscreteplasticitystudyinbovinetail

tendons117. Moreover,thetendonswillberupturedtovalidatethemodelsthathave

previouslybeenused.Ithasbeenfoundthatthedamagemotifspresentinlowor

highloadtendonsdependonthedegreeofcrosslinking,whichinturn,dependson

theintensityofinvivoloadingandage102.Furthermore,theamountofcrosslinking

isexpectedtogreatlyinfluencethemechanicalproperties.Itispossiblethattough,

plastictendons,withlowcrosslinkingexhibitdiscreteplasticitydamage102. There-

fore,itisofinteresttocomparethemechanicalpropertiesofthehumansartorius

tendontoourexistinganimalmodels,andtopreviouslyestablishedmodelsofhuman

tendoninjury(i.e.patellarandAchillestendon).Ifthemechanicalpropertiesandthe

crosslinkingprofile,andthusinturnthedamagemotifs,aresimilartoourprevious

models,itwouldmeanthattheyareausefulrepresentationofdamageinthisspecific
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humantendon. Moreimportantlythough,iftheyaredifferent,thiswouldestablish

anewmodelfortendoninjuryinhumans.

Objective:Characterizethemechanicalpropertiesofthesartoriustendonandes-

tablishaloadingprotocolfordamagesimulation.

Hypothesis:Themechanicalpropertiesofthehumansartoriustendonwillchange

withage,instepwiththepredictedincreaseincrosslinkingwithincreasingage.An

increasedamountofcrosslinkingwillcausestiffeningofthefibres,andresultinhigher

strengthandstiffnessinolderpopulationsascomparedtoyoungerones.Ascompared

toothertendonsstudiedintheliterature,thesartoriustendonwillnotbeasstiffas

higherloadedtendonssuchastheAchillesandpatellartendon,butwillbestronger

andstifferthanthewell-establishedbovinetailtendons.

41



Chapter3

Materials& Methods

3.1 TissueCollection

SartoriustendonswerecollectedfromtissuedonorsattheCapitalHealthRegional

TissueBank. Thesartoriusmuscleformsthelateralborderofthefemoraltriangle

withtheadductorlongusandtheinguinalligament(Figure3.1)159,160,andisrespon-

sibleforkneeandthighflexion,andhipabduction.Thetendonitselfispartofthe

pesanserinus,aconjoinedtendonthatisahighlyloadedcomplexmadeupofthe

tendonsofthesartorius,gracilis,andsemitendinosus(Figure3.2)161.Thesartorius

tendonitselfisaflat,ribbon-likestructuremadeupofwell-definedfascicles159.There

isverylittleinformationaboutthistendonreportedintheliterature.

ThetissueharvestingprotocolwasapprovedbytheCapitalHealthResearchEthics

Board(CDHA-RS/2015-168andrenewals).Theage,sex,anddiabeticstateofeach

donorwererecorded,alongwiththenumberoftendons(insomesituations,onlyone

tendonfromeachdonorwasharvested)(Figure3.3).Immediatelyfollowingcollection,

thetendonswerewrappedingauzesoakedinisotonicphosphatebufferedsaline(PBS),

pH7.4,containinga1%solutionofamphotericinBandapenicillin/streptomycin.

Nomorethan24hourspost-collection,thetendonswerestoredfrozenat-86oCuntil

use.
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Figure3.1:AnatomyofLowerLimbfromNetter’sClinicalAnatomy.Reprintedwithmodifica-
tionswithpermission160.

3.2 TissueDissection&Handling

Forthepurposeofthisthesis,onlymalenon-diabetictendonswithamatchingcon-

tralateralpairwereused.Tostudyhowpropertiesofthesartoriustendonchangewith

age,thesamplesweresubdividedintoyoung(<40yearsofage)andold(≥40yearsof
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Figure3.2:Anatomyofhumanpesanserinuswhere1,2,and3arethesartorius,gracilis,and
semitendinosustendons,respectively.Reprintedwithmodificationswithpermission161.

age)agegroups.Onetendonwasusedforthethermalanalyseswhilethecontralat-

eralonewasusedformechanicaltestingandoverload. Eachtendonwascarefully

dissectedfollowingthawingatroomtemperatureandsubdividedusingmicrosurgical

scissorsandascalpelintosamplesforthermalcrosslinkanalysisbyDSCandHIT

testing,andformechanicalruptureandstructuralassessmentusingSEM.

Asidefromvariationsintendonmorphologyduetogeneticfactors,eachtendonvaried

withrespecttoitsgeometryandamountofothertissuespresent(i.e.fat,muscle,

cartilage),resultinginaheterogeneouspoolofsartoriussamples(Figure3.4).Addi-

tionally,thestructureofthesartoriustendonisdifferentthanthatofmosttendons

thathavebeenpreviouslyusedtostudymechanicsinourgroup16,101,102,116,117.Bovine

tailandforelimbtendonsarefirmanduniform,whilethehumansartoriustendonis

flat,ribbon-like,andsubdividedintomanysmallindividualfascicleswithmusclefi-

bresoftenextendingwellintothebellyofthetendon(Figure3.5).Aftermakingan

incisionintotheconnectivetissuelayerthatsurroundstheentiretendon,thewhole

structureunravelledintosmallercomponents,makingitextremelydifficulttocreate

uniformtendonsubsamples.Troubleshootingwasperformedonunpairedmalesam-
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Figure3.3: SartoriustendonscollectedfromtheRegionalTissueBank,separatedintoage
groups,pairedvs.unpairedtendons,sex,anddiabeticstate.Alloftheunpairedanddiabetic
donorsweremale,andonlyoneunpairedtendonwasfromadiabeticdonor.

plesfromolddonors,sincetherewasalargerpopulationofthesetissuesandyounger

sampleswerecomparativelyhardtocomeby.Fatandmuscleweredissectedaway

toexposetheunderlyingsartoriustendonfascicles,whichwerethensubdividedinto

sizesappropriateforeachexperiment(Figure3.6).

ForHIT,thetendonwascutinto6mmlongpieces(6pertendon),whileensuring

thattheboneandmuscleattachmentswerenotincluded.Eachtendonsamplewas

mappedtokeeptrackofsamplinglocation,asithasbeenfoundintheliteraturethat

thecollagenwithinthetendonisnotthesameattheMTJasitisattheOTJ13,162,163,

soitwasthoughtthatthetwoattachmentsitesmayhavevaryingthermalstabilities.

IntermediatethermallylabilecrosslinkswerestabilizedinhalfoftheHITsubsamples

usingsodiumborohydride(NaBH4)
40,164–166(aprocedurewhichwillbedescribed

below).Asmallportionfromthecentralportionofthetendonwasexcisedandusedto

createasmanyDSCsamples(∼10mgeach)asallowedbythegeometryofthetendon.
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Figure3.4:Sartoriustendonscollectedfromtendifferentdonors,showingtheheterogeneous
natureofthepopulationobtainedfromtheTissueBank.Sometendonshavealargeamountof
fatandmusclepresent(e.g.bottomleft),whileothershadportionsmissingfollowingharvest
(e.g.bottomright). Thevariabilityinlengthandwidthofthetendonisvisibleeveninthis
smallrepresentativesubpopulation.
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Figure3.5:Sartoriustendonlabelledwithitsrespectiveattachmentsites,priortoremovalof
fatandmuscletissue.

Tendonsthatweretobemechanicallyrupturedwerecutintosectionsthatwere∼45

mm-longandmoreorless1-3mminwidth.Thenumberofsubsamplesdependedon

thetendongeometry,howeveratleastfivemechanicalsubsampleswerecreatedfrom

eachtendon,withacentralportionofthetendonbeingusedasacontrol.

3.2.1 Cross-sectionalArea Measurements

Followingsectioningintolongitudinalsubsamples,thesamplesweresuspendedin

planewitharuler,andphotographsweretakenusingacameraat0o,90o,180o,and

270oofrotation(Figure3.6)117.Thephotographsofeachsamplewereanalyzedwith

ImageJ(Version1.44;NationalInstitutesofHealth,Bethesda, MD)todetermine

thethinnestdiameterofeachsample,threetimesateachrotationalangle,andthen

averaged(d0,d90,d180,andd270,respectively). Oncetheseweredetermined,the

minimumcross-sectionalarea(CSA)wasestimatedbyusingtheformulaforthe

cross-sectionalareaofanellipse117:

CSA=π×
d0
2
+d180

2

2
×
d90
2
+d270

2

2
(3.1)

47



Figure3.6:Sartoriustendondissectionandsectioningprotocol.Contralateraltendonswereused
forassessmentofthermalstability(viaHITandDSC)andnano-scaledamagemotifswithSEM
followingmechanicalrupture
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whereristheradiusasmeasuredfromthephotographsfromeachangleofrota-

tion.Thiscross-sectionalareawasusedtocalculatedthestressvaluesfromtheload

readingsfollowingmechanicaloverload.

3.3 HydrothermalIsometricTension(HIT)Testing

HITtestingwasperformedonmale,non-diabetic,andnon-overloadedtendonsam-

ples(n=12donorswithsixHITsamplesperdonor)fromyoungandoldagegroups

(nyoung=6andnold=6)todeterminethedenaturationtemperatureandmaturityof

crosslinking.Testingwasdoneusingacustom-mademulti-sampleapparatus,aspre-

viouslydescribed81. Foreachdonor,thetendonwassplitupintosixsubsamples,

threeofwhichwerestabilizedusingNaBH4,whiletheotherthreeservedascontrol

samples.

3.3.1 SodiumBorohydride(NaBH4)Stabilization

Sodiumborohydridewasusedtoreducecrosslinksintendonsubsamples40,164–166,

asper Wellsetal.83. Briefly,stabilizedsampleswereplacedin100mlofborate

buffer(pH9.0)containing0.1mg/mLNaBH4whilecontrolsampleswereplacedin

100mlofboratebuffer.Bothcontrolandborohydride-treatedsampleswereplaced

onashakerfor15minutesat4◦C,afterwhichtimethesolutionswereremoved,

andreplenishedwithfreshboratebuffer(control)andfreshboratebuffercontaining

NaBH4(treatedsamples). Thiswashingprocedurewasrepeatedforatotaloffour

times,andwasfollowedbya15minuterinseinPBSat4◦Cforboththecontroland

treatedsamples.

3.3.2 ExperimentalHITProtocol

Thesamplesweregrippedataconstrainedlengthandhungontorigidrodsattached

toloadcells.Apreload(60g)wasappliedtoallowforstressrelaxationtooccurovera
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15minuteperiodpriortobeginningthetest.Load,temperature,andtimedatawere

collectedat5Hzusingacustom-writtenLabVIEWprogram(version7.1,National

Instruments).Thisapparatuswasplacedinadistilledanddeionizedwaterbaththat

wasgraduallyheated(∼4◦C/min)to75◦C.Atthistemperature,therateofheating

wasdecreased(∼2◦C/min)untilthetemperaturereached90◦C. AttheTd,there

isenoughenergypresentwithinthesystemtobreakthehydrogenbondsthathold

thecollagentriplehelixtogether.Atthistemperature,thereisanenergeticdriving

forceforthetriplehelixtotransitiontoarandomcoilwhichwouldcauseashrinkage

ofthestructure76,84.InHIT,becausethesamplesareisometricallyconstrained,this

transitionisdoesnotoccurbutiscapturedasanincreaseinload.Duringtherampto

90◦C,thermallylabilecrosslinksbegintohydrolyzeanddependingonthematurityof

thecrosslinks,thesamplemayfail76,84,164.Duringtheisothermalportionofthetest,

thepeptidebackboneofcollagenmoleculeswillgraduallyhydrolyze,resultinginload

decayovertime69,87,90,167.Sodiumborohydridetreatmentstabilizesthesethermally

labilecrosslinks,allowingforanassessmentoftotalcrosslinkingpresentinsamplesby

comparingsamplesthatfailedbeforeandafter90◦Candcomparingt1/2values.

3.3.3 DataAnalysis

Theload,temperature,andtimedatawereanalyzedusing MicrosoftExceland

custom-writtenMATLABcodes(R2017a,MathWorksInc.).Thedenaturationtem-

perature(Td)wasdeterminedtobethetemperatureatwhichtherewasameasurable

increaseinload,correspondingtothehelixtocoiltransitioncharacteristicofcollagen

denaturation(Figure3.7).

Typicallyduringthetemperaturerampbeforedenaturation,thereisstressrelaxation

occurringinthesampleandthisisseenasadecreaseinloadpriortothedenaturation

temperatureontheloadversustemperaturegraph81.Thisrelaxationdidnotoccur

inallsartoriustendonsamples. Rather,somesamplesshowedanincreaseinload

priortotheonsetofdenaturation.Toquantifythisincreaseinforceunderisometric

constraint,thefractionalchangeinloadbeforedenaturation(FR1)wascalculatedas

perEquation3.1(whereLoadTd istheloadatTdandLoadRT istheloadatroom
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Figure3.7:RepresentativeloadversustemperatureplotsfromHITtestingofoldandyoung
samples.Thedenaturationtemperature,Tdisshownasthefirsttemperaturewherethereisa
measurableincreaseinload.

temperature).

FR1=
LoadTd−LoadRT

LoadRT
(3.2)

Followingtheonsetofdenaturation,itisexpectedthatthesamplewithhavean

increaseinforceunderisometricconstraintasdescribedabove76,87,92.Thisenergetic

drivingforcetowardscontractionwillresultinanincreaseinloadduringtheramp

fromtheTdto90
◦C.Thiswasquantifiedbycalculatingthefractionalchangeinload

betweenthetwopoints(termedFR2)perEquation3.2whereLoadEndisthefinal

loadreadingpriortothebeginningoftheisotherm.

FR2=
LoadEnd−LoadTd

LoadTd
(3.3)

LeLousandAllaininitiallydescribedtheloaddecayintheisothermalportionofHIT
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tobea Maxwellianexponentialdecayresultingfromthehydrolysisofthepeptide

backboneincollagen(Equations1.3and1.4)90.Thehalf-timeofloaddecay,t1/2,can

becalculatedby:

t1/2=
ln(2)

k
(3.4)

Thevalueofkwasdeterminedbycalculatingtheslopeoverthelinearportionofthe

lnL(t)
Lmax

versustimeplots90,168,obtainedoverthelast6000softheHITisothermal

loaddata83,whereL(t)istheloadatanygiventime,andtheLmax isthepeakload.

Whileloaddecaywasexpectedtooccurinallcollagenoustissues,itwasfoundthat

isothermalcontractionoccurredinsomesamples.Forsartoriustendonsamplesthat

didnotdisplayloaddecay,itwasnotpossibletocalculatet1/2values.Theproportion

ofsubsampleswithandwithoutloaddecaywasdeterminedforeachdonor.

3.4 DifferentialScanningCalorimetry(DSC)

DSCwasperformedonmale,non-diabetic,andnon-overloadedtendonsamples(n=13

donorswithatleastfiveDSCsamplesfromeach)frombothyoungandoldagegroups

(nyoung=6andnold=7)todeterminethethermalstabilityofthecollagenpresent.

3.4.1 TestingProtocol

DSCwasconductedusingaTAInstrumentsQ-200differentialscanningcalorimeter

(TAInstruments,NewCastle,DE),aspreviouslydescribed101. Calibrationofthe

system(bothtemperatureandheatflow)wasdoneusinganIndiumstandard.Tissues

weretestedfollowingimmersioninisotonicPBSandsubsequentblottingtoremove

excessmoisture.TheywerethenweighedandplacedinaluminumDSCpansensuring

maximalcontactareawiththepan.TheDSCpanswerehermeticallysealedandrun

againstanemptyreferencepan. Equilibrationwasperformedat40◦Cfollowedby

scanningat5◦C/minto90◦C(datarecordedat5Hz)101.FollowingDSCtesting,the

aluminumpanswerepuncturedandplacedinavacuumdesiccatorfor24hours.The

dryweightwasmeasuredandthewatercontentofeachsamplewascalculated.
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3.4.2 EndothermAnalysis

RepresentativeDSCendothermsforthreedifferentdonorsareshowninFigure3.8.

Theendothermswereanalyzedbetween60◦Cand85◦CusingUniversalAnalysis2000

software(version4.5A,TAInstruments)foronsetandpeaktemperatures(Tonsetand

Tpeak,respectively)asmeasuresofthermalstability.Inaddition,fullwidthathalf

maximum(FWHM)(ameasureofthedistributionofthermalstabilities)andspecific

enthalpyofdenaturation(∆h)(ameasureofamountofenergyrequiredforphase

change)wereextracted85.TheTonsetisthetemperatureatwhichtheleastthermally

stablecollagenmoleculesbegintodenature.Ontheendotherm,thisparameterwas

determinedastheintersectionofthetangentoftheendotherm’sdownwardslope

andthebaselineprecedingtheendotherm.Tpeakiscalculatedasthetemperature

ofmaximumheatflow. The∆h,ortheareacontainedwithintheendotherm,was

calculatedinitiallyusingwetsampleweight,andcorrectedforwatercontentfollowing

drying. TheFWHMisaparameterusedtodescribethedistributionofthermal

stabilitiesofallofthecollagenmoleculeswithineachsample94.Itwascalculatedas

thedifferencebetweentwotemperaturesoneithersideoftheendotherm,wherethe

heatflowwashalfwaybetweenthebaselineandthemaximum.

Inadditiontotheparametersexplainedabove,theDSCendothermswerealsoana-

lyzedusingacustom-writtenMATLABprogram(R2017a,MathWorksInc.)forthe

temperatureatwhichthedenaturationprocessbegins(i.e.thetrueonsettempera-

ture).Previously,thishasbeentakenastheextrapolatedvalueofTonset,however,this

valueisoftencalculatedbythesoftwaretobehigherthanthetrueonsetofdenatura-

tion92.Assuch,thetrueonsettemperaturewasdeterminedtobethetemperatureat

whichtheheatflow(F)beginstodeviatefromthebaseline.Thistemperature,herein

referredtoasthedeviationtemperature(Tdev)wasdeterminedbytakingthefirst

derivativeoftheDSCendotherm.TdevwasthefirsttemperatureatwhichdF/dT<

-0.005.Intheory,theHITTdshouldnotprecedeTdevinDSC,sotoconfirmthatthis

wasnotthecase,theaverageTdasdeterminedbyHITwasplottedoneachendotherm

(Figure3.9).
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Figure3.8:DSCendothermsfromthreedifferentdonorsaged20,40,and60showninred,blue,
andgreen,respectively.

Figure3.9:DSCEndothermwithHITTdmarkedandTdevrepresentedbythedottedline.
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3.5 MechanicalRupture

Samples(n=12donors;nyoung=5andnold=7)withatleast5subsamplesforeachdonor

weremountedintoaservo-hydraulicmaterialstestingsystem(458-series,MTS;Min-

neapolis, MN)betweentwodiamond-coatedwaveformgrips. Thepositionofthe

actuatorwasmeasuredwithanLVDTandtheloadwithan MTS1-kNloadcell.

Toensurenoslippageoccurredduringthetest,smallpiecesofPBS-moistenedcloth

wereplacedbetweenthegrips.Followingmounting,oneactuatorwasretracted,in-

creasingthedistancebetweenthegripsuntilasmallforce(∼0.5N)wasregistered.

Then,intergriplengthwasmeasured(∼15-20mm)whilethesamplewasunderten-

sion. ThesamplewasperiodicallymoistenedwithdropsofPBSwhilethetestwas

occurring.Acustom-writtenLabVIEWprogram(version6.1,NationalInstruments)

controlledthepositionoftheactuatorwhilemeasuringtheresultingload(N),dis-

placement(mm),andtime(s).Initially,eachsamplewaspulledtoruptureata

strainrateofeither0.1%/s(toinduceasmuchdamageaspossible)or1%/s(previ-

ouslyreportedby86,94,101).InordertobeconsistentwiththeinitialBTTstudywhere

discreteplasticitykinkswereseen,astrainrateof0.25%/swaschosen117. Avideo

camera(OEM-OpticalHD133DVHD;OEM-Optical,Danville,CA)withaZoom7000

macrovideolens(NativarInc.,Rochester,NY)andvideocaptureboard(Intensity;

BlackmagicDesign,Burbank,CA)wasusedtomonitoreachtesttoconfirmcomplete

fascicleruptureofeachsample.Followingrupture,eachsamplewasremovedfrom

thegrips,andthegrippedendswereremoved(∼10mmpergrippedside).

Calculationof MechanicalParameters

MicrosoftExcelandaMATLABcode(R2017a,MathWorksInc.)wereusedtoextract

stress,strain,tissuemodulus(E),ultimatetensilestrength(UTS),andthestrainat

UTS(UTS)(Figure3.10). Thestress,σ(MPa),wascalculatedusingtheload(N)

andthecross-sectionalareas(mm2)(Equation3.4).

σ=
Load

CSA
(3.5)
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Figure3.10:Stress-straincurveofrupturedsartoriustendonwithmechanicalparameterslabelled.

Thestrain, ,wasdeterminedusingtheinitialsampleintergriplength(lo)andthe

displacement(∆l)(Equation3.5).

=
∆l

lo
(3.6)

Thetissuemoduluswascalculatedfromtheslopeofthesteepestlinearpartofthe

stress-straincurveandtheUTSwascalculatedtobethemaximumloadreachedby

thesample.

3.6 ScanningElectron Microscopy

3.6.1 SamplePreparationandImaging

Rupturedsampleswerefixedina2.5%glutaraldehyde(inisotonicPBS,pH7.4)so-

lutionovernight,thenbisectedlongitudinally,toexposetheinterior117.Afterrinsing
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threetimeswithdistilled/deionizedwater,dehydrationofthesampleswasdonein

gradedethanolbyperformingshortrinsesinethanolsolutionsasfollows:75%,90%,

95%,and100%. Oncethesamplesplacedin100%ethanol,theyweredriedinliq-

uidCO2usingacriticalpointdryer(LeicaEMCPD300, Wetzlar,Germany). The

fullydriedsamplesweremountedontoaluminumstubsusingcarbontape,ensuring

withadissectingmicroscopethatthecutsurfacewasfacingupwards.Thesamples

werecoatedwithgold-palladiumfor1minuteusingacurrent(I)of30mA(Leica

EMACE200, Wetzlar,Germany).Thecutsideofeachsamplewasvisualizedusing

magnificationsupto200,000XusinganS-4700SEM(Hitachi,ChulaVista,CA)oper-

atingatanacceleratingvoltageof3kVandacurrentof15µA117.Toassessdamage

present,eachsamplewasvisualizedaminimumofthreetimesalongit’slength(Figure

3.11).

3.7 StatisticalAnalyses

StatisticalanalyseswereperformedusingJMP(Version12.1.0,SASInstituteInc.,

Cary,NC)withpvalues≤0.05consideredtobestatisticallysignificant. Outliers

wereremovediftherewasamethodologicalerrororifdatapointsfelloutsideofthis

range:(25th±1.5X(interquartilerange))to(75th±1.5X(interquartilerange)).

ValuesareexpressedasaveragesplusorminusSD.Followingremovalofoutliers,a

Shapiro-Wilktestwasperformedtotestfornormality.TwoTdoutlierswereremoved,

sevent1/2outlierswerefound,andatotalof13DSCrunswereomittedfromanalysis

asthepanswerenotcompletelysealed.Onedonorwasconsideredanoutlierinterms

oftheTonsetandTpeakvalues.Forthemechanicaldata,onemodulusoutlier,three

UTSoutliers,andtwofailurestrainoutlierswereremoved.

Allofthequantitativemeasuresexceptfor∆hvalueswerenormallydistributed,

aspertheShapiro-Wilktest. FortheTdvalues,t-testswereusedtocomparethe

meansofborohydride-treatedandcontrolsamples.Theeffectofdonorage,sampling

location,andborohydridetreatmentontheTdasmeasuredbyHITwasdoneusing

athree-wayANOVA.Least-squareslinearregressionswereperformedontheeffectof
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Figure3.11:LowmagnificationoverviewofanSEMsamplewithsamplinglocationsindicated.

donorageontheTd,Tonset,Tpeak,∆h,andFWHM,andtestedforsignificanceusing

at-test. Differencesintheproportionofsampleswithloaddecayintheisotherm

betweenagegroupsweretestedforsignificanceusingaχ2-squaredtest.Thelikelihood

ofTdprecedingTdevwasalsotestedusingaχ
2-squaredtest. Theeffectofstrain

rateandageonthemechanicalparameters(modulus,UTS,andfailurestrains)were

analyzedusinga2-wayANOVA.Theage-dependenceofthemechanicalparameters

wasassessedusingaleast-squareslinearregression.
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Chapter4

Results

4.1 SartoriusTendonAnatomyisHeterogeneousand

MechanicalandThermomechanicalBehavioursare

Atypical

Thesartoriustendonisflat,ribbon-likeandfansoutneartheattachmentsoneither

sideresultinginanon-uniformstructure.Thetendonisquitefascicularinnature,and

uponincisionintotheepitenon,theentirestructurebeginstounravel,suggestingthat

theremaybemorelevelsofhierarchythanarevisibletothenakedeye–afeature

perhapsuniquetothistendon. Therewasagreatdealofinter-personvariability

presentwithinthestudiedpopulationintermsoftendonlength,whichwasalimiting

factorfornumberofsamplesthatcouldbetestedusingtheoutlinedmethodology.

Notonlyweretherevariationsinlength,butalsoinwidth,andamountofexcess

tissuepresent.Sartoriusmuscletissueoftenextendedalongthelengthoftheentire

tendon,whichmayhavehadanimpactonthepropertiesofthecollagenwithinthe

tendon. Whileitwaspossibletoexcisethisexcesstissue,onoccasionitwasdifficult

totellwhereexactlythetendonmid-substancewaslocated,posingamultitudeof

dissectingproblemsandadditionalvariables.Sometendonsshowedcrosshatchingof

fasciclesoverthemid-substanceofthetendon,andappearedasameshnetworkof
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fascicles,visiblewiththenakedeye,ratherthantheuniformlongitudinallyarranged

tendonstructurethathasbeenwellcharacterizedinpreviouslyusedtendonmodels.

Itispossiblethatthisispresentbecausethesartoriusmuscleisinvolvedinabduction

andsomerotationalongwithflexion. Thistendonisinvolvedinmanylocomotive

motions,andthereforeitispossiblethatuniaxialloadingdoesnotfullyrepresentits

invivoloadingenvironment.

Therewasagreatdealoftroubleshootingthatwentintodetermininghowtobest

handlethistendon.Itwasdifficulttocreateuniformsamplesforeachexperiment,in

partduetotheuniqueanatomyofthetendonyieldingaheterogeneouspopulationof

samples.Sincethesartoriustendonhasavariabletendonbellylength,butisrelatively

shortwhencomparedtoothertendons,therewaslittlemarginfordissectionerror

eitherduringharvestorexperimentation. Additionally,therelativelyshorttendon

lengthbroughtintoquestionwhetherornotthemyotendinousandosteotendinous

junctionsimpactedthetendonresponsesduringthermalstabilitytestsandmechanical

rupture.

Whilealltendonsarecomprisedoffascicles,thistendonhasverywell-definedfascicles

whichfailindividuallybundlebybundlepriortothefailureoftheentirestructure

(discussedfurtherinSection4.3). Theresponseofthisparticulartendonfollowing

HITwasalsounique(Sections4.2.1and4.2.2). Thetypicaldipinload(isometric

relaxation)priortodenaturation81wasabsentinmostHITthermograms,regardless

ofage.Additionally,the90◦Cisothermalportiondidnotshowloaddecayinallsam-

ples;indeed,manysamplesshowedanincreaseinloadoverthefivehourisothermal

period.

4.2 SartoriusTendonCollagenisHeavilyCrosslinked

TheresultsfromthermalstabilityanalysisbyHITandDSCshowthattheconstituent

collagenwithinthehumansartoriustendonisheavilycrosslinked,withalldenatura-

tiontemperatures(Td,Tonset,andTpeak)beinghigherthanthosepreviouslybeenseen

inbovinemodels(Table4.1and4.2). Additionally,fromHITitwasfoundthatall
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ofthehumansartoriustendonsamplessurvivedpast90oC,wellintotheisothermal

portionoftheexperiment. Thisisbeyondthetemperaturerangewherethermally

unstablecrosslinkswouldhydrolyze,andthesurvivalto90oCsuggeststhatmanyor

mostofthecrosslinkspresentarethermallystable.ThiswasconfirmedwithNaBH4

treatment,whichhadnoeffectonanyoftheHITresponses,suggestingthatallof

thecrosslinkspresentarethermallystableinnature. Whiletherelationshipbetween

thermalstabilityandagewillbediscussedinalatersection,someoftheotherob-

servedresultsfurtherdemonstratethatthecrosslinkingisquitedenseinsartorius

tendoncollagen.

Table4.1:AveragevaluesofTd(
◦C)calculatedfromHIT.

Age AverageTd(
◦C)

20 68.03±0.49

21 68.38±0.39

24 66.82±0.33

34 66.28±0.31

38 66.60±0.73

40 66.50±0.43

48 65.68±0.33

50 65.40±0.09

52 66.22±0.50

57 65.40±0.53

60 65.77±0.50
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4.2.1 RiseinForceUnderIsometricConstraintOccursPriortoDenaturation

TheshapeoftheHITcurvesrevealedaninterestingphenomenon.Thetypicaldipin

loadthatoccurspriortodenaturation(thatcorrespondstostressrelaxationwithin

thesample)81,isabsentinmanyofthehumansartoriusthermograms.Thisindicates

thatthereissomeenergeticdrivingforcetowardscontractionthatishappeningwithin

thesample,priortothedenaturationevent.Theprocessofdenaturationwillindeed

resultinanincreaseinloadonHIT,howeverasteadyincreaseinloadpriortothe

onsetofdenaturationispuzzling.Changesinloadbeforeandafterdenaturation(FR1

andFR2,respectively)werecalculatedinanattempttoquantifythisphenomenon.

Theseparametershadarelationshipwithoneanotherthatwasnearlysignificant

(p=0.0556)(Figure4.1),suggestingthatitispossiblethatifthesampledemonstrates

anincreaseinloadbeforedenaturation,itmaynothaveaslargeanincreaseinload

post-denaturation.

Figure4.1:Thefractionalchangeinloadwasusedtoquantifytheriseinforceunderisometric
constraintpresentwithinthesamplebeforeandafterdenaturation. Therewasnocorrelation
betweenthetwoparameters,suggestingthatthereisno‘net’amountofforcethatcanbe
exertedbythesampleunderisometricconstraint.
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4.2.2 ContractionOccursDuringIsothermalPortionofHIT

Typically,theisothermaldatafromHITisusedtocalculatethehalf-timeofload

decay.Inhumansartoriustendonsamples,itwasfoundthattheloaddidnotdecay

inallsamples(Figure4.2),butthatinsomecasesisothermalcontractionoccurred.

Thissuggeststhat,despitehydrolysisofthepeptidebackbone,thereisanetwork

ofdensecrosslinkingpresentwithinthesesamples. Thet1/2wascalculatedforthe

sampleswhereloaddecayoccurredbymeasuringtheslopeofthelinearportionof

thelnL(t)
Lmax

versustimeplotoverthelast6000softheHITisotherm.Usinga3-way

ANOVA,itwasfoundthatthet1/2wasunaffectedbyage,borohydridetreatment

andsamplinglocation(p=0.8298,0.6160,and0.7843,respectively). Theaverage

t1/2valuescanbefoundinTable4.3,andwhilethesevaluesalonemaynotbevery

informative,theinabilitytocalculatet1/2dataforallofthesamplesisitselfauseful

pieceofinformation,asitisnotfoundinpreviousHITstudiesofothertendons.

Figure4.2: TheslopeoftheHITisothermalplot(lnL(t)Lmax
versustime)wascalculatedover

thelast6000secondsoftheexperimenttodeterminethepresenceorabsenceofloaddecay.
Tworepresentativeplotsshowingpositive(blue)andnegative(red)slopesareshownabove,
correspondingtoisothermalcontractionandrelaxation,respectively.
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Table4.3:Valuesoft1/2,inhours,calculatedwherepossibleforsampleswhereloaddecaywas
present.

Age Averaget1/2(hrs)

20 35±24

24 77±49

29 61±42

34 29±28

38 107±145

40 79±43

48 35±43

50 58±65

52 40±N/A

60 31±N/A

4.2.3 StructuralChangesinAgingTendon

Whiletheresultsmentionedaboveconfirmthatthethermalstabilityofsartoriusten-

doncollagenishighinalldonortendonsamples(Table4.1and4.2),therelationship

betweencollagenthermalstabilityanddonorageisunclear.Usinga3-wayANOVA,

itwasdeterminedthatborohydridetreatmentandsamplinglocationdidnothave

aneffectonTd(p=0.1519and0.8797,respectively),buttheageofthedonorhada

significanteffect(p<0.0001).Usingaleastsquareslinearregressionwasfoundthat

theTdasmeasuredbyHITdecreaseswithage(p=0.0004)(Figure4.3).Thismay

indicatethatthetendoncollagenismoreconstrainedagainstmolecularslippageand

uncoilinginyoungage,ascomparedtooldage.

Thethermalstabilityofthecollagenwasfoundtoincreasewithage,asmeasuredby

Tonset(p=0.0251)fromDSC(Figure4.4A).TheTpeakvalueshadarelationshipwith

agethatwasnearlysignificant(p=0.0653),indicatingthatthepeakheatflowmay

havearelationshipwithage(Figure4.4C).TheshapeoftheDSCendothermsdid

changewithincreasingage,andwascapturedwiththeFWHMparameter,which

65



Figure4.3: HITtestingwasusedtodeterminethedenaturationtemperature,Td,whichwas
usedasaproxyfordeterminingthermalstabilityoftendoncollagen.TheaveragevaluesofTd
(oC)from12donorswerecalculatedandfoundtodecreasewithincreasingage(years).This
suggeststhatoldertendoncollagenislessconstrainedagainstuncoilingofthetriplehelix,and
molecularslippagethanyoungtendoncollagen.

showedthatthereisalessheterogeneouscollagenpopulationpresentinoldage

(p=0.0201)(Figure4.4B).Thespecificenthalpyofdenaturationdidnotchangesig-

nificantlywithage(p=0.4833)(Figure4.4D).
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Figure4.4:AvarietyofparameterswereextractedfromtheendothermdatafromDSC.TheTonsetwasfoundtoincrease
withage,suggestingthatthethermalstabilityincreasesoverthespanoffourdecades.TherelationshipbetweenFWHM
andagewassignificant,showingthattherangeofthermalstabilitiesoftendoncollagendecreaseslinearlywithage.The
relationshipbetweenTpeakanddonoragewasnearlysignificant.Theenthalpyofdenaturation,∆hdry,wasnotsignificantly
affectedbydonorage.A:Tonset(

oC)versusage(years);B:FWHM(oC)versusage(years);C:Tpeak(
oC)versusage(years);

D:∆hdry(J/g)versusage(years).
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Itisknownthatincreasesincrosslinkingcanincreasethermalstabilityviadehydra-

tion43.Despitepotentialincreasesindenaturationtemperature,asseenbyDSC,there

wasnorelationshipbetweentheaveragewatercontentandage(p=0.5909)(Figure

4.5).Theaveragewatercontentwithinthehumansartoriustendonwasdetermined

tobe70.5±5.6%(n=12).

Figure4.5: WatercontentwascalculatedforeachDSCsample.Theaveragewatercontent(%)
didnothaveasignificantrelationshipwithage(years).

Inanattempttofurtherunderstandtherelationshipbetweenthermalstabilityand

age,thetrueonsettemperature(Tdev)fromDSCwascalculatedforallsamplesand

plottedalongsidethecorrespondingTdfromHIToneachendotherm.Interestingly,it

wasfoundthatthethelikelihoodofTd(asdeterminedbyHIT)precedingTdev(from

DSC)wasdifferentbetweenthetwoagegroups(p<0.0001)(Figure4.6).Aχ2-square

testshowedthatthereisagreaterprobabilityofTdprecedingTdevfortheoldage

group(p=0.0004),implyingthatthereissomeage-relatedstructuralchangewithin

thetendoncollagenmoleculesthatisseeminglydetectablebyHITpriortodetection

byDSC.

Asmentionedabove,thesartoriustendonsamplesdidnotalwaysexhibitloaddecay

duringtheisothermalportionofHIT,suggestingthatthetendonishighlycrosslinked.

Whenthephenomenonwasinitiallyobserved,itwasthoughtthatthatyoungersam-
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Figure4.6:ThetrueonsetofdenaturationwasdeterminedusingDSCbycalculatingthetem-
peratureatwhichtheinitialdeviationfromtheheatflowbaselinebegan.Thisparameterwas
definedasTdevandplottedalongsidethecorrespondingTdfromHIToneachendotherm.The
likelihoodofTdevprecedingTdfromHITwashigherintheoldagegroupthantheyoungone,
suggestingthatthereissomeage-relatedchangeinthetendoncollagenthatisdetectedbyHIT
beforeDSC.

ples(thatwouldbelesscrosslinked)wouldexhibitloaddecay;howeveritwasfound

thatisothermalcontractionwasnotafeaturerelatedtoage.Theproportionofsam-

pleswithandwithoutloaddecayisshowninFigure4.7.Aχ2testshowedthatthere

wasnorelationshipbetweenageandthepresenceofloaddecay(p=0.2554).

Theincreaseinforceseenunderisometricconstraintpriortoandafterdenaturation

wasalsoconsideredtobesomethingrelatedtocrosslinking,whichmightincreasewith

age.Thetwocalculatedparameters,FR1andFR2,alsodidnotvarywithincreasing

age(p=0.2446and0.9314,respectively)(Figure4.8). Together,theseresultfurther

supportthenotionthatsartoriustendoncollagenisheavilycrosslinkedacrossallages.

MechanicalPropertiesofSartoriusTendonDoNotChange WithAge

Interestingly,despitesomeage-relatedchangesintendoncollagenthermalstability

(i.e.crosslinkingand/orpacking)thatwereseenwithHITandDSC,themechanical
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Figure4.7:Surprisingly,loaddecaywasnotpresentinalltendonsamples.EachHITexperiment
usedsixsamplesfromasingledonor,andtheeffectofageonthepresenceorabsenceofload
decaywasdetermined. Thepresenceandabsenceofisothermalloaddecaybydonorageare
indicatedbywhiteandredblocks,respectively.Itwasfoundthattherewasnorelationship
betweentheageofthedonorandthepresenceofloaddecayduringtheisothermalportionof
HIT.

propertiesofthesartoriustendondidnotchangewithincreasingage.Priortousing

thefinalstrainrateof0.25%/storupturethetendons,differentstrainrates(0.1and

1.0%/s)wereusedtorupturethetendonsinanattempttodiscerndifferencesinthe

amountofdamagepresent(whichwillbediscussedinthefollowingsection). The

effectofstrainrateandageoneachoftheextractedmechanicalparameterswasdone

usinga2-wayANOVAanditwasfoundthatstrainratehadaneffectonthetissue

modulusandUTS(p=0.0071and0.0038,respectively),butnoeffectonthestrainat

theUTS(p=0.6448). Usingonlythedatafromsamplesrupturedat0.25%/s(n=9

donors)(sincethesamplesizefortheotherstrainratewassmall)agewasshownto

havenoeffectonthetissuemodulusortheUTS(p=0.4758and0.8822,respectively)

(Figure4.9AandB).AgealsodidnothaveaneffectonthestrainattheUTS(n=11

donors,p=0.0999)(Figure4.9C).
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Figure4.8:Thefractionalchangeinloadwasusedtoquantifytheamountofforcethesamples
couldexertunderisometricconstraintbeforeandafterdenaturation.Theseparameters,FR1and
FR2,respectively,werefoundtohavenosignificantrelationshipwithage(AandB,respectively).
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Figure4.9:Thetissuemodulus,ultimatetensilestrength,andstrainattheultimatetensilestrengthwereobtainedfrom
eachmechanicalruptureperformedatastrainrateof0.25%/s.Averagedvaluesoftissuemodulus(MPa),UTS(MPa),and
strainatUTS(%)wereplottedversusage(years)(PanelsA,B,andC,respectively).Noneoftheextractedparameterswas
foundtochangewithincreasingage.
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4.3 FailureofIndividualComponentsOccursPriortoCom-

pleteFailure

Thefascicularandribbon-likestructureofthesartoriustendonwasvisiblewithinthe

subsamplesthatwereloadedintotheMTSforrupture.Duringtheloadingtorupture,

thevideosthatwerecapturedrevealedthatindividualfasciclesorfibreswerefailing

priortothefailureoftheentiresample.Theruptureofthesecomponentsoccurred

asaseriesofpopsorsnapsthatwereaudibleduringoverload,suggestingthatthe

fracturewasanelasticrecoil. Thevideosrevealedelasticrecoiloftheindividual

componentsastheyfractured,implyingthatthiswasanelasticprocess.

Thisserial‘snapping’ofsmallertendoncomponentswasalsoevidentinthecorre-

spondingstress-straincurvesthatwereconstructedusingtheloadanddisplacement

datafollowingmechanicalrupture.Fromthesestress-straincurves(anexamplecan

beseeninFigure4.10),itisevidentthatsartoriustendonsamplesdonotundergoone

fractureevent.Instead,theindividualfasciclesofthetendonsamplefailinsequence

asthedisplacementisincreased,untilthereisnomechanicalintegrityremaining

withinthesample.Thenotchesonthestress-straincurvecorrelatewiththesequen-

tialruptureasseeninthecorrespondingvideo,confirmingthatfailuredoesnotoccur

asoneevent,butratherasacumulativefailure.

4.4 Sartorius Tendon Does NotShowFailurevia Discrete

Plasticity

Oneofthemaingoalsofthisthesisworkweretoinvestigatethepossiblepresence

ofdiscreteplasticityinamodelhumantendon. Contrarytowhatwasexpected,

discreteplasticitykinksdidnotforminthisparticularmodel,regardlessofageor

strainrateused.Therewasnoevidenceofthedocumentedrepeatednanoscalekink-

likestructuresalongthelengthofcollagenfibrils.Initially,twodifferentstrainrates

wereused(0.1and1.0%/s)inanattempttoincurasmuchtendondamageaspossible.
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Figure4.10:Mechanicalruptureofsartoriustendonsamplesrevealedaninterestingphenomenon.
Ratherthanbreakingasonelargebundle,individualfascicleswererupturingbundlebybundle
priortothefailureoftheentiretendonsubsample. Arepresentativestress-straincurveof
arupturedsartoriustendonsampleisshownabove,demonstratingthatallofthefascicles
contributetothemechanicalintegrityofthesample.Thiswasfurtherconfirmedwithavideo
capturesystemthatclearlyshowsindividualfasciclessnappinginsequence.

Afterdeterminingthatbothstrainratesdidnotaffectthetypeoramountofdamage

seen,afinalstrainrateof0.25%/swaschosentomatchtheinitialdiscreteplasticity

studiesinbovinetendons117. Earlyon,itwasnotedunderSEMthatnanoscale

damagemotifswerequiterare,irrespectiveofstrainrate. Moreover,itwasnoted

thatthenativestructureofnon-rupturedsartoriustendonswasquitedisorganizedat

lowmagnifications,yetcontainedproperlypackedandalignedcollagenfibrils.

4.4.1 ControlSamplesShowD-BandingandTightPackingonFibrilLevel

Non-rupturedcontrolsamplesofhumansartoriustendonsappeareddisorderedatlow

magnifications,yetcontainedlongitudinallyalignedcollagenfibrilsthatwereorga-
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nizedintoindividualbundles. D-bandingwaspresentinallofthecontrolsample

collagen(n=13),andrepresentativemicrographsfromcontroltissuecanbeseenin

Figures4.11Cand4.12BandD.Thecollagenfibrilswithinthesesamplesalsoshowed

registryoftheD-bandswithneighbouringfibrils,indicatingthatthereistightpacking

offibrilsbundlespresentwithinnativesartoriustendoncollagen(bestseeninFigure

4.12D).Thediametersofthefibrilsincontrolsamplesappearedrelativelyuniform

andtherewasnoexposureofsubstructure(i.e.subfibrils)present.

Sartoriustendoncollagenathighmagnificationsclearlyshowsproperpackingand

collagenstructure;however,thetendonappearsdisorganizedatlowmagnifications.

Thereappeartobemanybundlesoffibrousmaterialwithoutapparentorganization,

laiddownasameshnetworkorintwistedbundleconfigurations. Otherareasap-

pearedtohavematrixcomponentsthatwerenotcollagenous.Thesematrixmaterials

arefinerthancollagenfibrils,lackD-banding,andappeartoconnectcollagenfibrils

andfibrilbundlesincertainareas.
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SEMRevealsFailureofFibreBundlesandUniqueDamage Motifs

Asmentionedabove,thecontrolsamplesrevealedthattheultrastructureofthesar-

toriustendoniscomprisedofmanydifferentcomponentsandisheterogeneousin

nature.Followingrupture,thedisorderwithinthesampleincreased,withthematrix

materialsbeingmorelooselypackedandunraveled.Incomparisontoage-matched

controlsamples,thereappearedtobeanevenhigherlevelofdisorderanddisorgani-

zation(Figure4.13and4.14).Thebundlesofcollagenappearedfrayedorunraveled,

andthelateralspacingbetweenfibrouselementswaslarger. Withinsomesamples,

itappearedthatthebundlesofcollagenfibrilshadrecoiledfollowingrupture,further

supportingthenotionthattheruptureofthesartoriustendonfascicleswasanelastic

recoilprocess(Figure4.14AandB). Withintheseareasofdisorder,thecollagen

fibrilsthemselvestypicallystillshowedD-banding,howevertherewerecertainareas

wherechangesinnanoscalestructurewereevident.

Nanoscaleddamagewithinhumansartoriustendonswasvisibleintheformofkinks

orturnswithincollagenfibrils.Thecollagenwithinthekinkstypicallydidnothave

D-bandingpresent,butD-bandingwaspreservedoneithersideofthekinkitself

(Figure4.15).Insomesamples,therewaspropagationofkinksalongthelengthofthe

fibrilalongwithpropagationwidthwisethroughabundleoffibrils(Figures4.15and

4.16).Despitedamagebeingpresent,neighbouringfibrilsremainedincloseproximity

withD-bandingremaininginregistryneighbour-to-neighbour(Figures4.15and4.16).

Bothwithindamagedfibrilsandwithinneighbouringfibrils,therewasexposureof

somesubstructuralelements(Figure4.17D).Examplesofthistypeofdamagecanbe

seeninFigure4.17D(withinkinksite)andinFigure4.16D(alongthelengthofa

fibril). Alongwiththekinks,othermotifswerealsovisible. Withinsomesamples,

twistswerepresent,accompanyingthekinksites.Inothersamples,therewerehairpin

turns,twists,knots,andloopsfoundonthefibrillarlevel(Figures4.17A-C,4.18,and

4.19).Someoftheselocalstructuraldisruptionsdidpropagatethroughthelengthof

fibrils,butthedensityofthedamagewasnothighanddidnottypicallypropagate

past100micronsalongthefibril’slength.

Interestingly,therewasnoevidenceofdiscreteplasticitydamageinhumansartorius
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tendons. Whiletherewerelocal,discretesitesofdamagepresentonthenanoscale,the

typeofdamageseenwasnotthesame.Therewerecertaincharacteristicsthatwere

sharedwithdiscreteplasticity,buttheamountordensityofnanoscaledamagewas

farlowerinthehumansamplesthaninthebovinemodelswherethemechanismwas

firstseen.Similartodiscreteplasticity,therewaspropagationofkinksacrossneigh-

bouringfibrilsandlocal,discretesitesofdamage,withD-bandingbeingpreserved

between.

Incontrasttowhatwasexpected,therewasalsonochangeinthetypeandamount

ofdamagepresentwithincreasingage.Itwasexpectedthatthediscreteplasticity

mechanismwoulddisappearinolderpopulationsbutthatitwouldbepresentin

youngerpopulations.Therewas,however,noevidenceofthistypeofdamage.Even

thedamagethatwaspresentoccurredinfrequentlyandthemainfeatureseenin

damagedtendonswastheunravelinganddisorderingofhigherscalestructuressuch

asfibrilbundles.Thedamagethatwasseenonthenanoscale,whileinteresting,was

scattered,notnearlysowidespreadaswasexpected.Therewasalsonosinglemotif

thatwascharacteristicofacertainagegroup.
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Figure4.15:Nanoscaledamagecanclearlybeseenaboveinthemicrographsfromaruptured
tendonfroma20-yearolddonor.Therearelocalsitesofdamagewithincollagenfibrils,that
appeartooccuratdiscretesites,potentiallyalongaplanethroughabundleoffibrils(A).The
collagenfibrilshavekinksandturnsthatformwhilethecollagenoneithersideremainsintact,
asindicatedbythepresenceofD-banding. Withinthekinksitesthereappearstobeexposure
ofsomesubstructure,suggestingthatthecollagenfibrilsmaybeunwindinglocallytoexpose
subfibrillarstructure.Thefibrilsremainincloseproximitywithoneanother,despitethepresence
ofdamage.
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Figure4.18: Evenwithinoldersamples(suchasthe50-yearoldrupturedsartoriustendon
sampleshownhere),nanoscaledamageisrare,butkinkssitesarefoundwithinsectionsof
looselyorganizedcollagenfibrils(A).Kinksitesarealsoformedinregionswherecollagenfibrils
arelongitudinallyalignedandintact,whichmaysuggestthatthereareinvidualfibrilsthatare
morelikelytofailthanothers(B).
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Figure4.19:Somesamplesrevealedsomeuniquemotifsthatwereunlikethepreviouslyseen
kinksorturns.Thissamplesfromaruptured55-yearoldsartoriustendonshowssometwisted
fibrilswithintactD-banding(A)andafibrilwithahairpinturnpresent(B).PanelBalsoshows
fibrilsinthetopleftthathavenoapparentorganizationandappeartwistedtogether,suggesting
thatdamagemotifsmaycomeinmanyforms.
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Chapter5

Discussion

Thisisthefirststudyofitskindtosystematicallyinvestigatethefailuremechanisms

presentwithinaginghumantendonsatthenanoscale. Moreover,thisisthefirst

studytoreportage-relatedchangestothermalstabilityinhumantendoncollagen

withbothHITandDSC.Itwasdiscoveredthathumansartoriustendoncollagen

isthermallystableinyoungadulthood,andthatthisstabilitycontinuestochange

withage.Interestingly,itwasfoundthatthemechanicalpropertiesofthesartorius

tendondidnotchangewithage,andthatthedamagemotifspresentatthenanoscale

differfrompreviouslyseendiscreteplasticitykinks.Theresultsofthisthesissuggest

thatthecollagenwithinthisparticulartendonisheavilycrosslinked,inhibitingthe

mechanismofkinkformation.Instead,thereisdisruptionoflargerscaletensileload

bearingunitsandchangeincollagenthermalstabilitywithage.

5.1 Age-RelatedChangesinThermalStability

CollagenthermalstabilityasmeasuredbyHITandDSCcanbeusedasaproxyforthe

amountandtypeofcrosslinkingpresentwithinsoft-tissues. Otherfactorsaffecting

thermalstabilityincludemolecularpackingandtissuehydration,asthesewouldboth

impacttheactivationofthermaldenaturationwithinthethermallylabiledomainof
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collagenmolecules. Theresultsofthisthesisworkshowthatthermalstabilityof

sartoriustendoncollagenchangeswithage,asshownbytheHITandDSCresults

presentedinSection4.2.Itisinteresting,however,thatthetwotechniquesshow

seeminglydifferentage-relatedpatternsofchangewithrespecttomolecularpacking

andthermalstability.

5.1.1 CollagenThermalStabilityIncreaseswithAge

FromDSCitwasfoundthatthedenaturationtemperatureTonsetincreasedwithage

suggestingthatthereishigherthermalstabilityinoldertendons. Anincreasein

thequantityand/ordensityofcrosslinksmaydecreasethelateralspacing,thereby

decreasingthesizeofthe‘box’asperthepolymerinaboxtheory72,74,79. This

decreasestheamountofenergyrequiredtoactivatethethermallylabiledomain74.

Byreducingthelateraldimensionsoftheboxviacrosslinkingordehydration,there

arefewerpossiblemolecularconfigurations.Inturn,thislowerstheconfigurational

entropyandincreasesthe∆Gofactivation.

Maturationandagingwillcauseanincreaseintrivalentcrosslinkingandglycation-

drivenAGEformation,whichwillcausetightermolecularpackingascomparedto

divalentenzymaticcrosslinking43.Allofthistogetherwillincreasethestabilityand

inturn,thedenaturationtemperature.Thedenaturationtemperaturesofthehuman

sartoriustendonasmeasuredbyDSCarehigherthanwhathasbeenreportedfor

bovineforelimbandtailtendons(Table5.1),suggestingthatthehumansartorius

tendonsamplesaremoreheavilycrosslinkedthanpreviouslystudiedtendons,evenat

agesasyoungas20.Thedenaturationtemperaturesarealsohigherthanpreviously

studiedhumantendons,implyingthatthistendonmayhavehighercrosslinkingor

molecularpackingthantheAchilles,patellar,andquadricepstendons99. Without

performingabiochemicalcrosslinkassay,itisnotpossibletosaythiswithcertainty.

Additionally,thestudyonthethermalpropertiesofhumantendonsusedadifferent

scanningratecomparedtothisthesiswork(0.3◦C/minversus5.0◦C/min)99. While

thescanningrateusedinthestudyofthesartoriustendonwasrelativelylowtoavoid

superheating,ithasbeendemonstratedbyMilesetal.thatscanningrateshavean
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impactontheDSCresponseandtheextractedparameters70.

Table5.1:Thermalpropertiesofvarioussofttissueswhosethermalstabilityhasbeenstudied
withDSCand/orHIT

ThedenaturationtemperaturefromDSC(Tonset)suggestedthatthereisanincrease

inenzymaticand/ornon-enzymaticcrosslinkingwithage. Crosslinkinghasbeen

foundtoincreasethermalstabilitybydehydration70.TheFWHMisanindicatorof

therangeofmolecularstabilitiespresent72andcanalsoprovideinformationabout

89



theheterogeneityofmolecularpackingwithinthesample94.AsreportedbyMileset

al.dehydrationwouldcauseareductioninthenumberofwaterbridgesthatcould

formwithincollagenmolecules,whichwouldincreasethesizeofthethermallylabile

domainandthiswouldberegisteredasadecreaseinthewidthoftheendotherm(i.e.

lowerFWHM)70,72,169. Anarrowingoftheendothermwouldalsobecausedbylow

ratesofcollagenturnover.Ifnonewcollagenisbeinglaiddown,thentherewould

beadecreaseintheamountofimmaturedivalentcrosslinksandanaccumulationof

maturetrivalentandglycation-derivedcrosslinks51.

Invitrocrosslinkingstudiescorrelatewellwiththefindingsfromthehumansarto-

riustendon,suggestingthattheage-relatedincreaseinTonsetanddecreaseinFWHM

mayisduetoincreasedcrosslinking.Studieshaveshownthatendogenouscrosslink-

ingoftailtendonsusingreducingsugarsresultsinsignificantincreasesincollagen

thermalstability170,171.Invitroglycationcrosslinkingusingriboseorglucosepro-

duceAGEssuchaspentosidineandglucosepane,respectively172.Tissuestreatedwith

thesesugarsresultinincreasedTonsetandTpeakvaluescomparedtountreatedsamples,

indicatingachangeintheamountofenergyrequiredtodenaturethecollagentriple

helix171. Thisislikelybecausetheintrahelicalglycation-derivedcrosslinksstabilize

themolecularpacking,whilealsoinhibitingtheunfoldingofthethermallylabiledo-

main.Thepresenceofcrosslinkswouldalsodecreasethenumberofpossiblemolecular

conformations,thusdecreasingtheconfigurationalentropywithinthesystem.

DSCisasensitivetechniquethatcanbeusedasaproxyforcrosslinking.Together,the

increaseTonsetanddecreaseinFWHMshowthatsartoriustendoncollagenthermal

stabilityincreasesinage.Thisislikelyduetoincreasedcrosslinking,whichdehydrates

collagenandbringsneighbouringmoleculesclosertogetherthusincreasingtheamount

ofenergyneededtoactivatethethermallylabiledomain.

WaterContent

Asmentionedabove,itisthoughtthatsartoriustendoncollagenincreasesinthermal

stabilityduetocrosslink-induceddehydration.Interestingly,theamountofwater
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presentinthehumansartoriustendondidnotchangeoverthespanoffourdecades.

Ithaspreviouslybeenfoundthatthewatercontentwithintendonschangesfrom

80-85%atbirthto30-70%inoldage134. Whilethisisaratherlargevariation,other

studieshavedemonstratedthatthereisinfactadifferenceinwatercontentbetween

differenttendonsinthebody.Onestudyfoundthattherewasasignificantdifference

inthewatercontentbetweenhumanAchillesandanteriortibialistendons,andthat

thishadaneffectonthemechanicalpropertiesofeach173.Thewatercontentofthe

Achillesandtibialisanteriorwere69.0and56.7%,respectively,andwerecalculated

usingtendonsfromdonorsaged48-84173. Thissuggeststhatfunctionallydistinct

tendonsmayhavevaryingmatrixproperties,andthushavedifferentwatercontents.

Thewatercontentwithinhumansartoriustendonsdidliewithintherangecited

above,andissimilartothatoftheAchillestendon.

Itispossiblethatthereissomelevelofdehydrationoccurringwithinthesartorius

tendonsampleswithagebutthatthisdehydrationwasnotdetectedinthisstudy.An

increaseincrosslinkingwouldcausedehydrationonthemolecularlevel70andwhile

thismayhaveanimpactontheresponsesviaDSC,itisunlikelythatitwouldbe

detectablethroughweighingDSCsamplesbeforeandaftertesting.

5.1.2 SartoriusTendonCollagenisHeavilyCrosslinked

Thedenaturationtemperaturesofthesartoriustendon,asmeasuredbyDSCand

HITarehigherthanwhathaspreviouslybeenseeninothertendonsandsofttissues

(showninTable5.1),suggestingthatthistissueissignificantlymorecrosslinked.It

wasfoundthattheTddecreaseslinearlywithageinsartoriustendoncollagen.This

isintriguingbecauseithasbeenwelldocumentedthatthereisincreasedenzymatic

andnon-enzymaticcrosslinkingofsoft-tissueswithage49,50,134,150,174. Thisincrease

incrosslinkingshouldtheoreticallyincreasethedenaturationtemperature,asthe

crosslinkswoulddecreasetheentropythusdecreasingthenumberofpossiblemolecular

configurations,andincreasingtheenergyrequiredforactivationofdenaturation,as

wasseenbyDSC.
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PreviousagingstudiesusingBTTs,showednosignificantdifferencesinTd(HIT)in

youngandoldsamplesdespitestatisticallysignificantdifferencesinthepercentageof

matureandthermallystablecrosslinks86.Therewerealsodifferencesinthetempera-

tureofmaximumforce(TFmax)betweenthetwogroups.TFmax isthoughttoincrease

withincreasedcrosslinkdensityandthermalstability,suggestingthatolderBTTsare

morematureandstablethanyoungBTTs86.Thatparticularstudydidnotmeasure

thepresenceofAGEsbutsuggestedthattheincreasedTFmax inoldersamplescouldbe

duetoglycation.Theresultspresentedhereindonotsupportthishypothesis,asthe

thermalstabilityofsartoriustendoncollagenwasfoundtoincreasewithage.

Thepresenceofthermallystablecrosslinksisconfirmedbythefactthatallofthe

samplessurvivedtotheisotherm(i.e.90◦C),regardlessofage.Thissuggeststhatthe

crosslinkspresentmaybeHHL,Hyl-Pyr,pyrrole,orglycation-derivedcrosslinkssuch

aspentosidineorglucosepane53–56,165.Thefactthatevenyoungtendonssurvivedto

90◦Cimpliesthatimmaturecrosslinks(e.g.deH-HLNL,deH-LNL,orHLKNL)have

alreadymostlybeenconvertedtotheirrespectivetrivalent,matureformsbytheage

of20. Typically,NaBH4increasesthetotalamountofthermallystablecrosslinks,

increasingthet1/2ofloaddecay
175. Thistreatmentdidnotshowanydifferences

inmaturityofcrosslinksbetweenoldandyoungdonorsastherewasnoeffectof

treatmentontherateofloaddecay,furtherconfirmingthatthereisalargeamount

ofheat-stable,maturecrosslinkingpresentevenatyoungages. Perhapsthemost

strikingobservationwithintheisothermaldataistheabsenceofloaddecay,which

isexpectedtooccurfollowingthescissionofthepeptidebackbone.Thet1/2values

thatwerecalculatedarewidelydistributed,withsomevaluesbeingcomparableto

previouslystudiedtissueswhileothersaresignificantlyhigher.

TheisothermaldatashowedthatthetypicalMaxwellian-typedecaywasnotpresent

inallsamples,butratherthattheloadwasincreasingovertime.Ithaspreviously

beenfoundthatglutaraldehyde-crosslinkedheartvalvetissueshowsisothermalcon-

traction91,whichmaysuggestthatthisfeatureischaracteristicoftissuesthatare

heavilycrosslinked.Surelythehydrolysisofthepeptidebackboneisoccurringwithin

collagenmolecules,buttheremustbeanothermechanisminvolvedthatovershadows
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thiseffect. Theabsenceofloaddecaydidnothavearelationshipwithage,sug-

gestingthatsartoriustendonsareheavilycrosslinkedevenatyoungages. Mature

crosslinkconcentrationhasbeenshowntoplateauatayoungageinanimalmod-

elsandanychangesinamountsofcrosslinkingthereafteraretypicallyattributedto

glycation51.

Thepresenceoftheseglycationderivedcrosslinks(eitherpentosidineorglucosepane)

couldalsoberesponsiblefornotonlytheisothermalcontraction,butalsofortherise

inforceunderisometricsconditionsthatwasseeninHITbeforedenaturation(the

increaseinloadafterdenaturationisbecauseofhelixtocoiltransition). Whilethe

fractionalchangesinloadwerenotrelatedtoage,therewasanegativelinearcorre-

lationbetweenthefractionalchangeinloadbeforeandafterdenaturationthatwas

marginallysignificant(p=0.0556).Thiscouldmeanthatthemoretheloadincreases

priortodenaturation,thelessthatoccursafter. Thismaysuggestthatthereisa

netamountofforcethatcanbecreatedunderisometricconstraintthatcanhappen

withinthesample. Whileitmaybepossiblethatisothermalcontractionisdueto

thepresenceofsometypeofchemicalreaction,itismorelikelythatthedecayis

absentsimplybecausethematerialcontainsadensenetworkofcrosslinks.Theload

decaythatoccursasaresultofpeptidebondhydrolysismaybeneutralizedbydense

crosslinking,whichresultsinamaterialthatisabletosustainloadoveranextended

periodoftime.

5.1.3 Age-RelatedChangein MolecularSpacing MayResultinDecrease

inTd

Itisdifficulttoconstructacoherentpictureaboutage-relatedchangesinthermal

stabilityfromthedatapresentherein. HITandDSCshowedoppositecorrelations

betweentheirrespectivedenaturationtemperaturesandage.Itisimportanttonote

thatHITandDSCmeasuredifferentaspectsofdenaturation,asmentionedinpre-

vioussections.ThedenaturationtemperatureasmeasuredbyHIT,Td,isthetem-

peratureatwhichsufficientthermalenergyhasbeentransferredtothesystemto

overcometheenergeticbarrierassociatedwiththeconfigurationaltransitionfromhe-
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lixtocoil58,81,85,86.Therandomcoilisofalowerenergystate,howeverthesampleis

isometricallyconstrainedsofulluncoilingofthecollagenhelixdoesnotoccur.The

Tdisthetemperatureatwhichthereisanenergeticdrivingforcetowardscontraction

asdenaturationbegins.Thisisregisteredasasharpincreaseinloadbythesystem.

Conversely,DSCmeasurestheamountofthermalenergydeliveredtothesystemdur-

ingdenaturation,andtheTonset(calculatedastheintersectionbetweenthebaseline

andtheupwardslopeoftheendotherm)isthetemperatureatwhichenoughther-

malenergyhasbeenputintothesystemtoactivatethethermallylabiledomain176.

Thisisthoughttobetheonsetofdenaturation.TheextrapolatedTonsetisoftenan

overestimate92,thusthetrueonsetofdenaturationshouldbetakenasthecalculated

value,Tdev.Intheory,theTdshouldbegreaterthantheTonsetbecauseHITonlycap-

tureseventsthatoccurafterthermalactivationofdenaturation,aneventcaptured

byDSC.Bythatsamelogic,theTdevshouldbelessthanorequaltotheHITTd.

ItispossiblethattheTdishigherthanboththeTonsetandTdevbecauseisometric

constraintincreasestheorderofthecollagenstructure,thusdecreasingthemolecular

entropyofthesystemandincreasingtheTd.

FromDSC,itwouldappearthatcollagenthermalstabilityisincreasingwithagedue

toincreasedcrosslinking. Conversely,HITindicatesthatthereisadecreaseinthe

molecularpackingand/orcrosslinking,withlessconstraintinoldersamplesascom-

paredtoyoungones.BasedontheTdvaluesfromHITalone,itistemptingtosuggest

thatadecreaseincrosslinkingoccurswithage.Incontrast,theisothermaldataand

survivalofsamplesto90◦Cconfirmsthepresenceofthermallystablecrosslinks.There

isnoisothermalloaddecayandenoughcrosslinksarethermallystable(eithermature

trivalentcrosslinksorAGE-derivedcrosslinks).Thisobservationcorrelateswellwith

theliteratureandwiththeDSCdata,wheretheTonsetisincreasingwithage. A

recentstudyconductedbyGautierietal.foundthatthemolecularspacingincreased

withintendoncollagenfromsemitendinosusandgracilistendonsfromdonorsaged

16-9062.Itwassuggestedthatthisincreasedmolecularspacingresultedfromdiffu-

sionofglucoseintothefibrillarstructure.Thismayexplaintheobservedrelationship

betweenHITTdandageseeninthesartoriustendon.Anincreaseintendoncollagen

molecularspacingwithagewouldresultinlessmolecularconstraintandallowingfor
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morespaceforuncoilingofindividualmolecularandadecreaseinTdinoldage.The

relationshipbetweencrosslinking,molecularspacing,andagingwithinhumansar-

toriustendonsisstillunknown. Withoutbiochemicalanalysisofcrosslinking,these

resultsarespeculativeandnotcoherent.

5.2 MechanicalCharacterizationofSartoriusTendons

5.2.1 Mechanical RuptureIndicatedElastic Recoil DuringFractureof

IndividualFascicles

Thestress-straincurvesthatwereobtainedfromtheruptureofhumansartorius

tendonsshowedaresponsetypicalofcollagenousmaterials:anincreasingmodulus

inthetoeregionofthecurve,alinearportionathigherstrains,followedbythe

yieldpoint,whereplasticdeformationbeginsandultimatelyleadstofailure18,177.

Theinitialapparentstiffeningistypicaloftendons,andoccursfollowingalignment

ofcollagenfibres. Thenonlinearityofthestress-straincurvesistypicalofmany

tendons,butoneinterestingfeaturefoundinthesartoriustendonisthemechanism

offailure. Withinthesartoriustendon,therearemanyindividualfailurespriorto

thefailureoftheentirestructure. Theindividualcomponentsbearloaduntilthey

failindividually,afterwhichotherfasciclesengage.Thiswasconfirmedbythevideos

capturedduringrupture,whereitwasevidentthatfailureoccurredasaseriesof

audiblesnaps,suggestinganelasticroilofthestructure.

5.2.2 MechanicalPropertiesofSartoriusTendon

Tendonsincreaseinstiffnessduringdevelopmentduetoincreasingamountsofmature

trivalentcrosslinksandduringmaturationduetoincreasesintendoncross-section,

collagencontentandchangesinthearrangementofcollagenfibrils178,179. Whilemany

propertiesofthecollagenfibrils(e.g. molecularpacking,density,etc.)impacthow

tendonsfunction,thecollagenfibrilsdefinehowthetendonwillperformmechanically;
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thisisimpactedbytheamountofcrosslinkingpresent.Trivalentcrosslinksarerespon-

sibleforstabilizingthefibrillarstructureofcollagenandcontributetothemechanical

propertiesoftendons,buttheamountofthesecrosslinkshasbeenfoundtoplateau

followingmaturationinanimalmodels.Collagenisturnedoverslowlyandanyage-

relatedincreaseinstiffnesshashistoricallybeenattributedtofurthercrosslinkingvia

glycation49,yettheexactrelationshipbetweenageandtendonmechanicalproperties

remainsunknown.Inthisthesiswork,itwasfoundthatagehadnoeffectonthe

mechanicalpropertiesofthehumansartoriustendon.Thiscorrelateswellwithother

invivohumanstudies68,151,whichhavefoundthattherearenoage-relatedchanges

inmodulusandstrength.

ComparisontoAgingAnimal Models

Manystudieshavebeenconductedinanattempttodiscernthecorrelationbetween

thetypeanddensityofnativecollagencrosslinkingwiththe mechanicalproper-

tiesoftendons.Theresultshavebeeninconsistent68,148,173,178,180,181. Whileinvitro

crosslinkingoftendonshasbeenusedtomimicaginginanimalmodels,therehave

alsobeenstudiescomparingoldandyoungtendonsfromanimals.Arecentstudyalso

foundthatthemechanicalpropertiesofthreedifferentmurinetendonsdoesnotchange

withage,andthatthecellularpopulationdoesnotchangesignificantly182.

Morespecifically,invitrocrosslinkinghasbeenusedasaproxyformimickingaging

intendons,asitisknownthatcrosslinkingincreaseswithage. Theimportanceof

enzymaticcrosslinkingincollagenstabilityandintegrityhasbeendemonstratedin

tissueswheretheactivityoflysyloxidasehasbeeninhibited,resultingintissueswith

loweredstrength183. Theenzyme-derivedcrosslinksplateauatmaturation,butthe

stiffnessoftendonscontinuestoincreasewithage51.Itisthoughtthatthisisaresult

oftheformationofAGE-derivedcrosslinks,whichformbetweenareducingsugar

andaminoacidsidechainswithintendons51. Duetotheirelevatedglucoselevels,

diabeticsaremoresusceptibletotheformationofthesecovalentcrosslinks184.
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InordertodeterminetherelationshipbetweenAGEsandmechanicalpropertieswith-

outtakingintoconsiderationage,lifestyle,and/ordisease,invitrostudieshavefound

thatincubationoftendonwithareducingsugarresultsinanincreaseintendonstiff-

ness52,135,185,butthecorrelationofcrosslinkdensitywithtissuestiffnessremainsweak.

Studiesthatuseinvitroglycationmentionthattheyaremimickingbothagingand

diabetes.Thismakesitdifficulttodrawconclusionsaboutspecificage-relatedchanges

instiffnessthatareduetoAGEformation.Invitroglucose-mediatedglycationof

rabbitAchillestendonsfoundthatglycatedtendonswere21%stronger,72%stiffer,

andmorebrittle186.OtherstudieshavebeenconductedusingRTTsthatwerealsoen-

dogenouslycrosslinkedusingribose.Followingmechanicalrupture,itwasfoundthat

crosslinkedRTTsexhibitedalossinpost-yieldplasticbehaviourascomparedtothe

controlsamples,butthattherewerenosignificantdifferencesinelasticmodulus187.

Interestingly,theultimatestressincreased,andthefailurestraindecreasedfollowing

crosslinking. Thesmall-angleX-rayscattering(SAXS)datadeterminedthatthere

wasdiminishedfibril-fibrilslidingfollowingglycation(aspreviouslyseen67),thatled

toachangeinthemechanismoffailuretofavourbrittlefracture187.

Brownetal.foundthatthetensileparametersremainedunchangedinribose-treated

BTTs,butthemechanicalenergyparametershadchangedwithribosecrosslinking171.

Thetotalamountofstrainenergyandpost-yieldenergywerelargerincontrolsamples

thanribose-crosslinkedones.Thissuggeststhatcontroltendonswereabletodissipate

strainenergymoreeffectivelythroughtheformationofdiscreteplasticitykinks,as

comparedtotheribose-crosslinkedtendons171.Inthisthesiswork,thetensileproper-

tiesofthesartoriustendondidnotchangewithage.Discreteplasticitykinkswerenot

seeninsartoriustendonsamplessotheremustbeanotherreasonthattherewereno

age-relatedchangesinthemechanicalproperties.Itislikelythattheincrediblyhigh

densityofenzymaticcrosslinking(seeneveninearlyadulthood)masksanyincreases

inAGE-crosslinksthuspreservingthemechanicalpropertiesdespiteanyage-related

increasesinglycation.
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ComparisontoAgingHumanTendon Models

Therelationshipbetweenmechanicalpropertiesandagingsuggestthatdespitechanges

inthermalstability/crosslinking,mechanicsofthesartoriustendonarepreserved.De-

spitedifferencesinabsoluteage,thesefindingsareconsistentwithpreviousinvitro

animalandhumanstudies,andinvivohumanstudies.Itispossiblethatthein-

ternaltendonstructure(i.e.cellularity)isalsonotchanginginthesartoriustendon

andthattheeffectsofcrosslinking(eitherenzymaticornon-enzymatic)areneutral-

izedbydecreasedcollagencontent,decreasedmoleculardensity,andthepresenceof

microtraumas.

Therehavebeenmanystudiesdoneontheagerelatedchangesinmechanicsoften-

donsandligaments.Animalstudiesallowforthecontrolandknowledgeofdisease,

nutrition,andactivity–factorsthatcannotbecontrolledinstudiesofhumantissues.

Invitrohumanstudieshavefoundthattherearenodifferenceinstiffness,failure

strainorfailureloadindonorsaged16-44. AstudyconductedbyHubbardetal.

foundthatfresh-frozenpalmarislongusandextensorhallucislongusharvestedfrom

thetendonsofthehandsandfeet,respectively,didnotchangewithrespecttotheir

tendonmoduliinindividualsbetween16and88yearsofage177.Theydidfindthat

subjectagehadaneffectonhysteresisandrelaxationofthesample,somethingthat

wasnotevaluatedinthepresentedwork. Astudyonfresh-frozenhumanpatellar

tendonsfromtwoagegroups(aged29-50and64-93)foundnoage-relateddifferences

ininmodulus,butfounda17%decreaseinUTSintheoldergroup18. Whilethere

wasnodifferenceinUTSdetectedintheoldersartoriustendongroup,itisimportant

tonotethatalldonorswerebelow60yearsofage.ItispossiblethattheUTSchanges

inolderagegroupssuchastheonemeasuredinthestudyconductedbyJohnsonet

al.18.

Whilethepresenceofmicrodamagehasnotbeenfullyinvestigatedinhumanten-

donmechanicsstudies,ithasbeensuggestedinsteadthatmechanicsoftendonsare

maintainedoveralifespanduetodecreasesintheamountofcollagenandthemolec-

ulardensityoffibrilswithinagingtendons68.Thatsamestudyinvestigatedold(67

±3years)andyoung(27±2years)malepatellartendonsinvivoandfoundthat
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therewerenodifferencesbetweenthetwogroupswithrespecttotheirstiffnesses,

deformations,strains,andYoung’smoduli68.Tendonbiopsiesweretakenfromboth

agegroupsandexaminedfortheircrosslinkpopulationanditwasdiscoveredthat

youngtendonshadsignificantlylowerconcentrationsofHP,LP,andpentosidinebut

highercollagenconcentrations68.Thisisaninterestingfindingbecauseitwouldbe

expectedthattheseage-relateddifferencesintendoncompositionwouldleadtoal-

teredmechanicalproperties68.Thisstudydidnotlookintofibrillength188,189,fibril

diameter190,andchangesinPGandGAGcontents158,191,192,whichhaveallbeen

showntocontributetothemechanicalpropertiesoftendons.

TheeffectofglycationandformationofAGE-crosslinksonthemechanicsofaging

humantendonhavebeeninvestigatedusingSAXS-couplemechanicaltests187.Scraps

offresh-frozensemitendinosusandgracilistendonsfromdonorsaged16-89wereused

todeterminethelevelofglycation(byfluorescenceanalysis)andthe mechanical

properties(i.e.elasticmodulus,yieldstressandstrain,failurestressandstrain)187.It

wasfoundthattheextractedmechanicalparameterswerenotcorrelatedtodonorage,

despiteastrongcorrelationbetweendonorageandpentosidine-relatedfluorescence187.

UsingSAXS,itwasdeterminedthatolderhumantendonshavedecreasedD-period

lengthsandincreasedmoleculardistancesatrest187.

Tendondegenerationandchangesintendonstructurehavepreviouslybeenassoci-

atedwithanimbalanceinsynthesisanddegradationofECM193.Arecentstudyhas

examinedthestructureandcompositionofagingtendonsthatareanatomicallyprox-

imatetothesartoriustendon.Thesemitendinosusandgracilistendonsaretheother

twotendonsofthepesanserinus,thecomplexfromwhichthesartoriustendonsused

inthisthesisstudyweretaken9.Thisstudyinvestigatedthedifferencesbetween10

adult(41.8±13.3years)and6old(72.7±7.0years)tendonsamplesbyanalyzing

morphologicaldifferencesusinghistology.Interestinglyenough,theresearchersfound

thattherewasnochangeinthestructurebetweenthetwogroups,andnochangein

thecollagenturnoverpathways,meaningthatagedtendonshavethesameabilityas

youngonesintermsofremodelling9. Whilethepresentedthesisworkdidnotlook

athistologicalandmoleculardifferenceswithinagingsartoriustendons,theoutcome
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clearlyshowsnodifferenceinmechanicalproperties,whichmaybeattributedtocon-

stantcellularpotentialtomaintainhomeostasisornegligiblecollagenturnover.

5.2.3 EffectofStrainRateon MechanicalParameters

Ithasbeenwell-establishedthatthetensileandviscoelasticpropertiesofsoft-tissues

aredependentonstrainrate,withhigherstrainratesproducinghigherfailurestrains

andultimatetensilestrengths148.Therelationshipbetweensensitivitytostrainrate

andagewasstudiedbyHaut,anditwasfoundthatthesensitivityoffailureproperties

ofRTTstostrainratedependedonage145. Morespecifically,maturationwasfound

tocauseadropinstrain-ratesensitivityandthiswasattributedtochangesinthe

amountofmucopolysaccharidespresent.Aortaandligamentstudieshaveshownthat

thereisnorelationshipbetweenfailurestrainandstrainrate194,butHautfound

thatthereisadependenceonstrainrateandthefailurestraininhisRTTsamples.

TherelationshipbetweenstrainrateandmechanicalpropertiesofthehumanAchilles

tendonwasinvestigatedbyWrenetal.,whodemonstratedthattherewasnodifference

inmodulusbetweentendonstestedat10%/sand1%/s195.Theydidnotethatthere

wasa15%increaseinfailurestressandstrainatthehigherrate195. Theseresults

wouldsupporttheresultsfromthisthesiswork,whichsuggestthatthereareonly

modestchangesinmechanicsbetweenthestrainratesused.Itislikelythatthe

useofquasistaticstrainratesresultedinanundetectabledifferenceinmodulusand

UTS.

5.3 Damage MotifsinHumanSartoriusTendons

Discreteplasticity,asdescribedpreviouslyintheliterature,wasnotfoundinruptured

humansartoriustendons. The motifsseeninthesartoriussamples mostclosely

resemblethosefoundintendonsthatareknowntobemoreheavilycrosslinked,such

asbovineflexors102andglycatedBTTs171.Itisthoughtthatdiscreteplasticitykinks

formasaresultoftheslippingofmolecules,resultinginthelossofD-banding–
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acharacteristicfeatureofproperlyassembledcollagenfibrils. Brownetal.found

thattheintroductionofglycationcrosslinksthroughendogenousribosecrosslinking

resultedintheinhibitionofdiscreteplasticitydamage171.ItisknownthatAGE-

crosslinksformbetweenthehelicalportionsofneighbouringcollagenmoleculesrather

thanatthetelopeptideends,whereenzymaticcrosslinksareformed.Theformationof

thesehelix-to-helixcrosslinksmaypreventmoleculesfromslippingpastoneanother,

inhibitingtheformationofdiscreteplasticitykinks.Trivalentmaturecrosslinksmay

preventmolecularslippageusingthesamemechanism,asseeninthebovineflexor

tendons102.Similartobothofthosestudies,itispossiblethatsartoriustendonsare

soheavilycrosslinkedthatthefibrilscannotdissipateexcessstrainenergyintothe

formationofdiscreteplasticitykinks,resultinginfracturewithsubstantialelastic

rebound171.Thisissupportedintheliterature,sinceithasbeenfoundthatincreased

crosslinkingcausesstiffeningofsofttissues67,187.

Thehumansartoriussamplesfailedbundle-by-bundle,asseeninthevideostaken

duringmechanicalrupture.Itispossiblethatheavyfibrilcrosslinkingresultsinthe

formationoflargerfunctionalunitswithinthetendon,aspreviouslyseenininvitro

ribosecrosslinkedfibrilswhereitwasfoundthattheyfunctionaslargertensileload

bearingunits135.Thismayalsoserveasanadditionalexplanationfortheinhibition

ofdiscreteplasticitywithinhumansartoriustendons.Fibrilsmayremainintactdue

tocrosslinking,whilefailureoccursatahigherlevelwithinbundlesoffibrils. The

natureofthecrosslinksareunknownfromDSCandHITtesting,howeveritmaybe

speculatedthattheyareglycation-crosslinks.SincetheAGE-crosslinksareformed

helix-to-helix,fibrilsmaynotbeabletoslidepasteachother,whilefibrilbundles

arecapableofdoingso.ThisissupportedbystudiesfromGautierietal.,whohave

demonstratedthatglycationoccursontheoutsideofcollagenfibrils187.Thiswould

resultinthecrosslinkingofneighbouringfibrils,disorganization,andfragmentationon

ahigherorderwithintendons135,exactlywhatwasseeninsartoriustendons.Repet-

itiveloadingthatcausesthishigher-orderdamagecouldresultintheaccumulation

ofstressconcentrationsandabnormalloading.

Futurestudiesusingmolecularprobesorenzymaticdigestiontoinvestigatethepres-
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enceofdenaturedcollagenwouldbeinterestingandpotentiallyhelpfulinunder-

standingwhatdamagewithinhumantendonslooklike.Collagenmimeticpeptides,

orcollagenhybridizingpeptides(CHPs)havebeenusedtoprobeformolecular-level

damageincollagen196–198.Thesesmallsyntheticpeptidesmimicthemolecularstruc-

tureofnativecollagenandhavetheprimaryaminoacidrepeatingsequenceof(Gly-

Pro-Hyp)n.Thesemolecularprobeshavepreviouslybeenusedtostudythemolecular

foldingandstructureofcollagens197. Moreover,CHPhasbeenshowntobindtoun-

foldedportionsofcollagenmoleculesfollowingenzymaticorthermaldenaturation197.

Mostrecently,itwasfoundthatfluorescentlylabelledCHPcanbeusedtodetect

andlocalizemolecularleveldamageinmechanicallyoverloadedRTTs198.Thisstudy

supportsthoseofVeresetal.,whichhaveshownthatthereisdenaturationofcollagen

moleculesfollowingmechanicaloverload85.

Takentogether,alloftheresultsofthesartoriustendonmodelpointtothefactthat

discreteplasticitymaynotbephysiologicallyrelevantinhighlyloadedadulthuman

tendons. Discreteplasticitykinksformreadilyinoverloadedanimaltendonsthat

arelesscrosslinkedthanhigherloadbearingtendons(tailandextensorvs.flexor

tendons).Itispossiblethathumantendonsareheavilycrosslinkedduetohigher

loadsinvivo.Themechanismofdiscreteplasticitymayonlybeafeatureoflowload,

positionaltendonsthatcontainfewercrosslinksthanloadbearingtendons.Similar

totheflexormodelandtheribose-treatedtailtendons,heavycrosslinkingispresent

inhumansartoriustendonsthatinhibitsmolecularslippageanddiscreteplasticity.

Itispossiblethatthemechanismmayindeedbepresentinlowloadbearinghuman

tendonssuchastheextensorsinhumanhands.Itwouldbeinterestingtostudy

howcrosslinkingdevelopsinarangeofhumantendonsfromearlychildhoodinto

adulthood,asitwasfoundinotheranimalmodelsthatthereisaplateauintheamount

ofcrosslinkingfollowingmaturation51.Alongwithbiochemicalcrosslinkassays,this

wouldbeextremelyusefulinstudyingthetypeofcrosslinkingpresentoverthecourse

ofahumanlifespan.
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5.4 LimitationstoSartoriusTendon Model

Thewidearrayofoutcomesregardingmechanicsandchangeswithagesuggeststhat

therearemanyfactorsimpactingtheresults,includingphysiologicaldifferencesbe-

tweenspecies,tissuetypes,genotypes,andlifestylefactors. While manystudies

clearlyshowthattherearechangesinenzymaticandnon-enzymaticcrosslinking

withinaginghumantendons,itremainsdifficulttodrawaconclusionregardingage-

relatedchangesinmechanics. Whilehumanbiologicalvariabilitycertainlyplaysa

roleintheheterogeneityofsamplesandtheirproperties,itisalsopossiblethatdis-

sectionandhandlingofhumantissueimpactsmechanics. Animalmodelsareoften

usedbecausethegeometryofindividualtendonsfavoursrelativelyeasycharacteriza-

tion.ThesetendonshavetypicallybeenRTTs,BTTs,flexorsandextensors(bovine

orequine),andtheseallsharethecommonfeatureofbeinguniform,cylindrical,and

notcontainingmuchexcessfatandmuscletissue.Bycontrast,humantendonsare

typicallysurroundedbysignificantamountsofmuscleandfat(asseeninthepre-

sentedmodel). Theremovaloftheexcesstissuesmayactuallyimpartsomeshear

loadingonthetendon. Humantendon,however,oftenneedstobesubdividedinto

fascicleswhicharesubjecttotissuedamage. Themechanicalsamplesthatarecut

arereproduciblegeometrically,butmayleadtovariabilityinthemechanicaltesting

oftendons.

Thecharacterizationoftendons(e.g.crosslinkingprofile,failuremechanisms,me-

chanics,tonameafew)isdifficulttostudybecausetendonsfromdifferentspecies

andwithdifferentfunctionalitiesshowvariabilityintheircompositionandstructural

organization.SimplifiedtendonmodelssuchastheBTTandRTTmodelsarelimited

inthattheydifferwidelyfromclinicallyrelevanthumantendonsintermsoftendon

type,whichinfluencestheamountofcrosslinkingandthemechanicalproperties.On

theotherhand,tendonmodelsfromawidevarietyofspecieshavestructuralhetero-

geneitywhichimpactsthespecificpropertiesofthetendon.Addinginotherfactors

likeinjury,disease,andageonlyfurthercomplicatestheabilitytocomparetendon

propertiesbothwithinandamongspecies.
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Thespecificanatomyofthesartoriustendondoesnotlenditselfeasilytohandlingand

dissection. Whilemorphologicaldifferencesduetogeneticvariabilitysurelyexistin

othertendons(e.g.Achilles,patellar,semitendinosus,andgracilistendons),theseare

typicallyuniformalongtheirlengthandcontainfewerdistinctfascicles.Additionally,

therearenodataintheliteraturethathavepreviouslydescribedanyproperties

relatedtothesartoriustendon.Becauseofthis,itisdifficulttovalidatetheresults

reportedherein.TheagingtrendsobservedbyDSCaresupportedbytheliterature

whileHITrevealedsomenewphenomenathathavenotpreviouslybeenreported.

Combined,thetwoshowthatfeaturesofcrosslinkingpresentinsartoriustendons

changewithageandthatthereisapotentialchangeinmolecularpackingthatoccurs

inoldage.Themechanicalpropertiesoftendonshavenodefiniterelationshipwith

age,assupportedbytheliteratureandpreviousinvitroglycationworkinourlab.

Theresultsofthestructuralstudyofdamage motifspresentinhumansartorius

tendonsshareanumberofsimilaritieswithheavilycrosslinkedtissueslikebovine

flexorsandribosecrosslinkedBTTs. Thissupportsthenotionthatthemechanism

isspecifictotendonsthatarelightlyorsparselycrosslinked.Thefailuremechanism

presentissimilartothatreportedbyBaietal.,wherebylargerloadbearingunits

areformedfromincreasedcrosslinkingandfailaslargerbundles,leavingthefibrils

intact135.

5.5 Summaryof Age-RelatedChangesin HumanSartorius

Tendons

5.5.1 Age-RelatedChangesinThermalStability

DSC

Hypothesis:Thepeakandonsettemperaturesandtheenthalpyofdenaturationwill

increasewithage,duetoincreasedcrosslinking,whiletheFWHMwilldecreasedue

toalesserpotentialforremodellinginoldertissues.

Conclusion:Theonsettemperaturedidincreasewithage,andtheFWHMdecreased,
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supportingtheabovehypotheses.Thepeaktemperatureandenthalpyofdenaturation

didnotchangewithage.

HIT

Hypothesis:Thedenaturationtemperatureandhalf-timeofloaddecaywillbehigher

inoldertendonsthanyoungeronesduetoanincreaseinglycation-derivedcrosslink-

ing.

Conclusion:Surprisingly,thedenaturationtemperaturedecreasedwithage,andwas

foundtoprecedetheonsettemperature(DSC)inoldersamples. Thiscouldmean

thatthereisachangeinmolecularspacingwithage.Theisothermaldatarevealed

thatcontractionwasoccurring,likelyduetoveryhighamountsofcrosslinking.

5.5.2 Age-RelatedChangesin Mechanics

Hypothesis:Thestrengthandstiffnessofsartoriustendonswillincreaseinoldage,

duetotheincreasedpresenceofcrosslinks.

Conclusion: Therewerenoage-relatedchangesinthemechanicsofthesartorius

tendon.AnyincreasesinstiffnessthatmayoccurasaresultofAGEcrosslinkingare

maskedbythehighdensityofenzymaticallyderivedcrosslinksthatarepresenteven

inearlyadulthood.

5.5.3 MechanismofFailure

Objective:Determinethemechanismoffailurewithinhumansartoriustendonsand

howitcomparestodiscreteplasticity.

Conclusion:Themechanismoffailurewithinthesartoriustendonisdifferentthan

thatofdiscreteplasticity.Thedamagemotifsthatareseenaremostsimilartothose

foundinbovineflexortendons.Theamountofdamagepresentisnotaswidespread

asdiscreteplasticity,withalargeportionoffibrilsappearingundamaged. Atlow

magnifications,thesamplesappeartofailaslargerfibrebundlesthatshowelastic
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recoilandfraying.Theinhibitionofdiscreteplasticitykinkformationissupportedby

previousworkusingendogenouslyribose-crosslinkedBTTsandbovineflexortendons,

whichcontainmature,trivalentcrosslinks.

Relationship WithAge

Hypothesis:Discreteplasticitykinkswillforminyoungersamples,andwilldisappear

withage,asitwouldnolongerbeevolutionarilyadvantageoustopromotesurvival

pastreproductiveage.

Conclusion:Discreteplasticitywasnotfoundinanysamples,andthereforehasno

relationshipwithage. Therewasalsonorelationshipbetweenageandtherelative

amountofdamagepresentwithinsartoriustendons.
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Chapter6

Conclusion

Thestudypresentedhereinhasbeenthefirsttostudyage-relatedchangesinthe

nanoscalestructureofrupturedhumantendons.Ithasalsoprovidedthefirstsys-

tematiclookintothechangesinthermalstabilityinfreshhumantendons,identifying

thathumantissuesareheavilycrosslinkedevenat20yearsofage.Theremayalso

beachangeinthemolecularpackingofcollagenwithagethataffectsthecollagen

thermalstability.Thedamagemotifspresentinhumansartoriustendonsaresimilar

toheavilycrosslinkedtissuessuchasinvitroglycatedBTTandbovineflexorten-

dons,suggestingthattheformationofdiscreteplasticitykinksitesasweknowthem

isinhibitedbycrosslinking.Itisproposedthatthefailuremechanismofhumansar-

toriustendonsoccursonalevelhigherthanthefibril,andthatbundlesoffibrilsfail

bybrittlefractureleavingthenanoscalestructurelargelyunchanged.Despiteallof

thenewfindingsinthisthesis,moreresearchisrequiredtoelucidatetheexactnature

ofthecrosslinkspresent,howthesemaychangewithage,andwhetherthesartorius

tendonfailuremechanismistrueofallhumantendonsorspecifictothepresented

model.
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6.1 Future Work

6.1.1 CrosslinkIdentificationandQuantification

BothDSCandHITserveasproxiesforcrosslinking. Whilesodiumborohydride

treatmentprovidedvaluableinformationregardingthematurityofthecrosslinks,the

exacttypeandamountofcrosslinkingpresentwithinthesetendonsisunknown.High

performanceliquidchromatographyandotherbiochemicaltechniquesmaybeusedto

investigatetheamountofenzymaticandnon-enzymaticcrosslinks.Knowingthetype

anddensityofcrosslinkswillhelpbetterourunderstandingoftheage-relatedchanges

inintendonstructureandthismayhelpexplainthefailuremechanismspresent.

6.1.2 Histology

ThestructureofthesartoriustendonwasexaminedextensivelyusingSEM,which

providedvaluableinformationaboutthenanoscalestructuralfeaturesofdamaged

andcontroltendons. SEMislimitedinthatitexaminesthedriedmetalcoated

tendonsubsampleandreliesonthebisectionofsmallsamples,whileonlyproviding

topologicalinformation. Histologicalexaminationofthesehumansartoriustendons

wouldprovideinsightontheelastincontent,proteoglycanandglycosaminoglycan

content,cellularity,andcollagentypeamongotherthings.Allofthesefeaturesmay

influencethemechanicalbehaviouroftendonsandknowingthepotentialchangesthat

occurwithagingassistinunderstandingtendoninjuryandhealing.

6.1.3 CalculationofEnergeticParametersandSubrupture

Otherstudieshavedemonstratedthatthetensilemechanicalparametersofhuman

tendonsdoesnotchangewithagingbutratherthattheenergeticparameterssuchas

toughness,totalstrainenergy,andpost-yieldenergyareaffected.Itispossiblethat

differencesinmechanicsofagingtendonsarenotapparentuntilaftertheyieldpoint.

Youngerandoldertendonsmayhavedifferencesintheirabilitytoresistdeformation
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andmaydissipatestrainenergydifferently.Subjectingtendonstomultiplesubrupture

overloadcyclesmayincurmoredamagetotheconstituentcollagenthanthesingle

pull-to-ruptureresultinginanincreaseddensityofdamagemotifs.

6.1.4 DifferentTendon Model

Thesartoriustendonmodelusedinthisthesisstudyemployedfreshtissuesfroma

wideagerangeofdonors,whichallowedforitssystematiccharacterization–something

thathasneverbeendonebefore.Agreatdealoftroubleshootingoccurredtooptimize

theexperimentationanddespitethis,anothertendonmodelwouldbeinterestingto

study.Investigatingdamagemotifsinadifferenttendonwouldaddtotheknowledge

we’vegainedregardingdamagemotifsandcollagenthermalstabilitybutmayalso

beeasiertohandle.Athinner,morecylindricaltendonwithalongermidsubstance

mayeliminatetheissuesseenwithdissectingawaytheexcessmuscleandfatinthe

sartoriustendons. Usingatendonthatisnotribbon-likeandlessfascicularwould

helpincreatingmoreuniformsamplesformechanicalrupture. Moreover,itwouldbe

ofgreatinteresttoseewhetherotherhumantendonsexhibitthesamedamagemotifs

characteristicofhigh-energyelasticreboundasseeninthesartoriustendons.Alow-

loadtendonsuchastheextensorinthehandwouldbeworthwhiletoinvestigate,since

itmaycontainfewercrosslinksandtherebyhaveadifferentmechanismoffailure.

6.2 ConcludingRemarks

Thisthesisworkhasfurtheredourunderstandingofwhatdamagetotendoncollagen

lookslikewithinahumantendon. Thesartoriustendonisaheterogeneoustissue

containingwell-definedfasciclesthatsnapuponrupture,andthedamagemotifsseen

reflectthisfracturewithsignificantelasticrecoil. Whilethethermalstabilityofthe

constituentcollagenwasexamined,theexacttypeandamountofcrosslinkingpresent

remainsamystery. Themodelestablishedhereinisnotwithoutitsflaws,buthas

certainlylaiddowntheframeworkforfuturehumantendonstudies.Understanding
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whatdamagetohumantendonslookslikeindifferenttendontypesiscrucialin

developingnewtreatmentstrategiesandimprovingtendoninjuryprognoses.
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This license is personal to you and may not be sublicensed, assigned, or transferred by you
without Springer's written permission.
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No Amendment Except in Writing
This license may not be amended except in a writing signed by both parties (or, in the case
of Springer, by CCC on Springer's behalf).
Objection to Contrary Terms
Springer hereby objects to any terms contained in any purchase order, acknowledgment,
check endorsement or other writing prepared by you, which terms are inconsistent with these
terms and conditions or CCC's Billing and Payment terms and conditions. These terms and
conditions, together with CCC's Billing and Payment terms and conditions (which are
incorporated herein), comprise the entire agreement between you and Springer (and CCC)
concerning this licensing transaction. In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.
Jurisdiction
All disputes that may arise in connection with this present License, or the breach thereof,
shall be settled exclusively by arbitration, to be held in the Federal Republic of Germany, in
accordance with German law.
Other conditions:
V 12AUG2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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NATURE PUBLISHING GROUP LICENSE
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Nov 02, 2017

This Agreement between Miss. Sara Sparavalo ("You") and Nature Publishing Group
("Nature Publishing Group") consists of your license details and the terms and conditions
provided by Nature Publishing Group and Copyright Clearance Center.

License Number 4220780472015

License date Nov 02, 2017

Licensed Content Publisher Nature Publishing Group

Licensed Content PublicationNature Reviews Rheumatology

Licensed Content Title Tendon injury: from biology to tendon repair

Licensed Content Author Geoffroy Nourissat, Francis Berenbaum, Delphine Duprez

Licensed Content Date Mar 3, 2015

Licensed Content Volume 11

Licensed Content Issue 4

Type of Use reuse in a dissertation / thesis

Requestor type academic/educational

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1
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Figures Tendon Mechanobiology

Author of this NPG article no

Your reference number

Title of your thesis /
dissertation

Age-Related Changes in Structure and Biomechanics of Human
Sartorius Tendon Collagen

Expected completion date Nov 2017

Estimated size (number of
pages)

150

Requestor Location Miss. Sara Sparavalo
2249 Creighton St. Apt 3

Halifax, NS B3K 3R6
Canada
Attn: Miss. Sara Sparavalo

Billing Type Invoice

Billing Address Miss. Sara Sparavalo
2249 Creighton St. Apt 3
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Halifax, B3K 3R6
Canada
Attn:

Total 0.00 CAD

Terms and Conditions

Terms and Conditions for Permissions
Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited in
the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source,
then you should also seek permission from that source to reuse the material.
 

2. Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.Where print permission has been granted for a fee, separate permission must
be obtained for any additional, electronic re-use (unless, as in the case of a full paper, this
has already been accounted for during your initial request in the calculation of a print
run).NB: In all cases, web-based use of full-text articles must be authorized separately
through the 'Use on a Web Site' option when requesting permission.
 

3. Permission granted for a first edition does not apply to second and subsequent editions and
for editions in other languages (except for signatories to the STM Permissions Guidelines,
or where the first edition permission was granted for free).
 

4. Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same
time as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance online
publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)For AOP papers, the
credit line should read:
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME], advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX) 

 
6. Adaptations of single figures do not require NPG approval. However, the adaptation should
be credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
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Note: For adaptation from the British Journal of Cancer, the following credit line
applies.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)
 

7. Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.Translations of up
to a 400 words do not require NPG approval. The translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit line
applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.
Special Terms:
v1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Attn: Miss. Sara Sparavalo

Total 0.00 USD

Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the

materials.
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materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
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You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
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Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
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done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Licensed Content Publisher John Wiley and Sons
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Licensed Content Title Macrophage‐like U937 cells recognize collagen fibrils with strain‐
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Licensed Content Author Samuel P. Veres,Ellen P. Brennan‐Pierce,J. Michael Lee

Licensed Content Date Apr 15, 2014

Licensed Content Pages 12
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number(s)
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150
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Canada
Attn:

Total 0.00 CAD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.
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The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
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shall not be affected or impaired thereby. 

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
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certified mail, return receipt requested, at the last known address of such party.
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