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Abstract

The mechanical overload of collagen based connective tissae®mmon cause of
injuries, resulting in the loss of locomotion. In the case of overloaded tendons, the
transmission of forces heeen muscle and bone are affected, impeding the function
associated with the localized musculoskeletal system. The resutdsiction in

locomotion and quality of life of the injured person. Novel work performed in 2012
discovered a new damage motifragocollagen fibrils sourced from tendon loaded until
rupturein vitro. This damage motif, termed discrete plasticity, consists of characteristic,
repetitive kink structures alorbe collagen fibril axis, and a fuzzy shell layer when
imaged by SEM. Limitabns of SEMto characterize discrete plasticigd to the
developnert of a novel AFM techniqué improve understanding discrete plasticity

This body of work describabke;development, physical baits function, and
application to discrete plasity, of such a techniqu&heunique aspect of the developed
techngueis the nanescale mechanical characterization of hydrated collagen fibnts,

its increasedensitvity to structural variationdour major studies were performed. The
first analyed sample collagen fibrils and explored the techr@gability to masure
structuralchanges in fibrilgollowing thermal treatments, as well as comprehend the
physical mechanism that provelhe increased sensitivity of the technique. The second
chamacterizdthe alteration of the collagen fibril associated with discpasticity. The

third study revealed a connection between a natural, novel, variation along unloaded
fibrils and the spacing of the kink structures alfibgls displayingdiscrete fasticity.
Thethesis culminatewith a studyof individual discrete plasticityand unloadedibrils

post and prioto incubation with eithetrypsin and MMP9, a critical enzymén initial
stages of inflammation in injured tenddn.summary, this workncompassethe
developmenand application o novel technique which permitenascalestudies of
biological, mechanical and thermal changes to collagen filomifgarticular fibrils
displayingdiscrete plasticity. The development of sactechniqueshould have far
reaching application in undéasding the fundamental response of protein aggregates to
chemical, biological, and physical exposures.
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Chapter 1introduction

1.1 Motivation

Tendon ad ligament injuries due to mechanical overload (strains and sprains) are a
common occurrence which everyone is familReople ar@aware of the loss of

locomotion associated with the injured tissue due to a change in mechanical properties.
The mechanicgbroperties characteristic of tendon are the resutsdiierarchical

collagenous structure. The fundamental unit of this hiereathktructure is the collagen

fibril, a supermolecular aggregate of ECM proteins consisting primarily of collagen |
molecules, which acts as the fundamental structural unit of tend&j Itlis this fibril

level of structurevith which cells interacin vivo.[6-11] An understanding of collagen

fibril alterationof injured tendon at the molecular level is needed to underdtand t
fundamental loss of function of the tissue due to changes in its mechanical properties and

the resulting cellular response.

In 2012, a novel damage motif was discovered at the fibril level followingtro tendon
overload. Termed discrete plasticitifis heterogeneous damage motif is characterized by
sequential kink structures along individual fibrils.{12] The initial study tilized SEM

for visualization of discrete plasticity in bulk tendon following mechanical overload.[12]
Sample preparation f6GEM prohibits sequential imaging of a sample as the process
renders it biologically inert. This prevents before and after chaizatien of the sample
when exposed to various enzymatic proleefiular incubationspr hydrationstates.[12-

14] Furthermoe, probes for thermal stability such as DSC or HIT destroy the sample,

preventing direct correlation between structural damagetemnthal response.[1P4]



These technical issues prohibit miticeted characterization of a single sample and limit
theability to quantify the degradation of tendon at the molecular and fibril scale due to
mechanical injuryThe fundamental goal of thissearch was to develop a methodology
capable of quantifying and discerning between molecular and fibril level damage in
regponse to mechanical overload by combining rAfaitieted analysis on a single isolated
fibril basis. Being able to quantify collagébril damage at this scale is essential to
understanding the precise alteration resulting from mechanical overload ottteane

tissues, and the physiological response to the damaged ECM.
1.2 Objective

The discovery of molecular and fibril scale alteration to mechanical overload of tendon
opens new avenues for understanding the fundamental structure of collagen fibrils, their
response to mechanical overload #mglinitial interaction of cellsvith tendoy damage.

The objective of this thesis was to characterize and discern the molecular and structural
alteration of collagen fibrils displaying discrete plastiehd to investige the

susceptibility of individual damaged fibrils to enzymatic probes usedund

debridement or found in the initial stages of inflammation.

1.3 Collagen fibril structure

1.3.1 Collagen Protein Family

To understand molecular and fibril scale collafglure mechanisms as a result of
macroscopic tissue overload, it is necegsamunderstand the fibsflorming collagens as
they are prior to damage. Fibfdrming collagens are one subset of a larger family of

proteins, collagens, whidk the most common family of proteins in the human body

2



(33% of total protein content).[1,1%he collagen family is very well conserved within
the animal kingdom, making many mammalian animal models appropriate for initial
studies into human collagen behavior.[Ps¢satly the collagen protein family consists
of 29 members, classified by the samolecular structures they forimvivo.[1,2,16]

The collagen classifications are fibfdrming collagens (Types |, II, lII,V,XI, XXIV,
XXVII), network forming collagens (Typ#&/, VI, X), beaded filament collagen (Type
VI), transmembrane collagens @gs Xlll, XVII, XXIlI, XXV) and fibril associated
collagens with interrupted triple helices (FACITs) (Types IX, Xll, XIV, XVI, XIX, XX,
XXI1, XX11).[1,2,16] Fibril -forming collagas are of particular interest as they make up
the collagen component of tenddbril-forming collagens I, Ill, and V are the main
constituents of the tendon hierarchical structurel@J7Collagen I, in particular, makes
up 60%97% of the collagen conteof tendon.[19,20Pue to the prevalence tfe
collagen | moleculén tendon it will be the foundaticior understanding collagen fibrils

and molecules and the subject of the following sections.
1.3.2 Molecular structure of collagen |

The collagen fanty is defined by the unique triple helix quaternary structure and

distinctive tripeptide Gi¥X-Y amino acid repeat along the primary sequence.[1,2,45,21

23] The quaternary structure of collagen | is a heterotrimer composed of two types of

primary sequencgr ot ei ns, 2 Ul (4dchaamaéd.1BO2n! U1(dal la
1058 amino acids in length and share a common secondary structure, a left handed

polyproline II helix withshortnon-helical telopeptides.[24]. The polyproline 1l hel

structure is acessary for the proper conformation of tRg-Ghain quaternary collagen |
conformation and is the result of the high levels of proline and hydroxyproline in the X

3



and Y positionsofthe GIX-Y r epeat . [ 4 ,-chaindndthe 2ddgeil Each U
moleculeis staggered length wise by a single amino acid, resulting in a glycine residue
(single hydrogen) being present at each esestional amino acid triplet of the collagen
molecule.[ 4,5,24,25] In each of these triplets, the glycine ressduscked intohe
centerofthetripih el i x of the coll agen mol ecul e, al
chain hydrogen bonding.[1,2,16;25] The resulting collagen | molecule is a 300 nm

long, 1.5 nm diameter rdike object with shortnon-helicd telopeptideswhich self

assemblginto collagen fibrils.[5,26,27]
1.3.3 Fibrillogenesis and Fibril Structure

The primary component of tendon is its collagen based hierarchical structure, of which
the collagen | fibril is the fundamental uniigure1.1).[2-4] Collagentfibrils are
supramolecular collagen aggregates whose formation is initiated by a
hydrophobic/electrostatic driven process.[1,5] The resulting fibril has distinctfiltila
structures, microfibrils and subfibrils.[5,26,27] The midoal is a linear agregate of
collagen molecules, 5 molecules in crgsstion, which are quarter staggered along the
microfibril6 Ength.[5,2631] The quarter staggering of the molecules within the
microfibril structure results in a 67 nm (234 residpejiodic fluctuationn its linear
density[5,26] This fluctuation is between 4 and 5 molecules with each region being 54%
and 46% of the 67 nm period respectively.[5,26328 Due to registered lateral
aggregation of microfibrils within a fibrithis peiodic behaviorisbs er ved as a 4/
molecular density fluctuation along the length of a fiaritlconsigs of a gap region (%)

and an ovdapregion 6/5) and is referred to as theldand.[1,4,5,21,25,26,28] This
periodic fluctuation plays a kegle in the thermaltability and physiological activity of
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the fibril (Section 1.4.1). The resulting fibril is between3D nm in diameter and of
various length[1,4,5,21,25,26,282] A second intrdibril structure, the subfibril, is also
apparent witin the mature fibril Subfibrils are thinner versions (B0 nm diameter) of

the mature fibril of which they are a part.[27,32]

1.34 Lateral Fibril Structure

Structural damage motifs at the fibril level depend upon thexisting structure of

native collagen fibrils. Strctural models developed fromrdy diffraction and negative
staining EM demonstrate microfibrils are packed in a sagstalline, hexagonal order
within the fibril and have their gap and overlap regions in register, giviadaithe D

band structure.[26-33] While the quashexagonal packing of microfibrils is accepted,
the intermediate lateral struceubetween the microfibril and the fibril, is still
debated.[30,31,340] Presently there are two proposals of intermediiati¢ structure a
tubelike model and a ropéke model based on structural data obtained from AFM and
EM studies.[3640] These models have implications for the proposed model of discrete

plasticity formation discussed later (Section 1.8).

The tubelike model proposes a positivercelation between radial distance from the

center of the fibril and the structural organization and molecular density of the collagen
fibril.[34,36] Evidence for this model consists of: observed fibril bends reminiscent of the
buckling found in hollow tues (Figure 1.2, A), a vertical deflation of collagen fibrils
adhered to a substrate upon dehydration, and a theoretical molecular packing model
stating that the lowest energy state of microfibril organization in a collagehidibne

with a less densefganized core and a more dense/organized outer layer.{30]34



EM of normal E—.—‘ﬁ -
collagen fibrils & == = = =

|D/~67 nm
Fibril RO O

Incﬁasing gv:gg? | ‘Hh‘i\, Gap

mmplexiw "::"Ta‘_“-‘-'-:x‘:—_.'_i:-,—'_-j.‘_--:_ﬂ:' 143 !0.-&_-’40} e =
‘ . A A
SR B e e
Microfibril e Unresolved
By e e e e
b e A e e e e S S ‘f.:: ™ L=
- >
~4nm7?
nm(44D
Collagen “
molecule o >
e ARARDALIAS
helix - >
10 nm
Typical
in o chain
Gly Gly
- >
0.84 nm

Figure 1.1: Structural levels of a collagen fibril from the individual alpha chain to
complete fibril. Three alpha chains with the &lyY tripeptide repeat andagygered by 1
amino acid, agemble into a ~300nm tripleelical, collagen molecul€ollagen
molecules then assemble inteb@nded microfibrils that then form subfibrils or entire
collagen fibrils while keeping theirdbanded structures in regist®eprodicedwith

permissiorfrom [30].



The rope like model proposes that the subcomponents of a collagen fibril are organized in
a manner characteristic of a laid rope.[38] A laid rope is a hierarchical structure whose
largest hierarchical tier is a laid ropgand comprised of many tieséwound fibers.[41]

When a laid rope is uniaxially compressed, the laid rope strands separate and bulge away
from each other and a Abird cageo structur
compression.[38,41] The primary dence for this model are: a hicage damage motif
observed by AFM (Figre 1.2, B), a 5° molecular pitch within tendon collagen fibrils as
revealed by freeze etching, and the dissociation of collagen fibrils into their subfibril
component$ollowing incubdion with ureg a chaotropic agntdisruptingnon-covalent

bonds the NKISK pentapeptidevhich binds fibronectingr Cathepsin Ga serine

protease which cleaves fibronectin and not collagé&igure 1.3) .[36-40,42] The

observed bird cage structures agupas bulges along the fibilaxis where the subfibrils

and their components have separated out into their individual strands and have a helical,

rather than linear orientation with respect to the ftbakis.[38]
1.4 Thermal stability of collagen moleales and fibrils

The ability ofthe collagen molecule to remain in its native structure is of primary
importance for the function of macroscopic tissue mechanics. While the pH, ionic
strength, and temperature of the surrounding media all play a role in molecular
conformaton, here thedcus is on the stabilizing factors of the collagen molecule with
respect to temperature.[4i®] Temperature denaturation of collagen in solution results in
a structural transition from the tripteslix to a random coil, increased hydratiom an

increased mlecular gyration. In this thesis, thermal denaturation serves as a standard for



molecular denaturation through which the mechanical based molecular and fibril damage

will be framed.

1.4.1 Primary sequence and quaternary structure based therml

stability

The foundation of collagen thermal stability is its primary sequence and resulting
qguaternary structure.[21,25,38] -<€haie col | ag
back bone and glycine residue hydrogen bonding;pudar interactions é&tween

residue, such as glycine and proline, and by steric hinderance, hydrogen bonding and
waterbridges from the residues of the X, and Y components of thexey
tripeptide.[21,22,25,38,461] Mimetic protein studies have shown the thermal stability

and rigidity ofthe collagen molecule is directly correlated to the X and Y components of

the Gly-X-Y tripeptide.[1,25,38,47,584] The properties of thermal stability and

molecular rigidity are coupled at the molecular level due to their joint dependence o

steric hindeance and helical pitch, which are determined by the primary sequence of the
molecule.[1,5254] The GlyPro-Hyp tripeptide is the most thermally stable tripeptide

followed by GlyPro-Pro. Regions devoid of Pro or Hyp in the &{yY tripeptideare

associatd wi th a decrease i n t hehamandcodageabi | ity
molecule due to diminished steric hinderance ofRamor Hyp amino acid side
chains.[25,38,47] Regions devoid of Hyp al
reported as #rmally labile domains.[54,55] The regions are described as flexible regions

which undergo micrainfolding events and function as initiation sites for a rate based,



Figure 1.2 AFM evidence for the tubkke model (A) and the ropkke model (B). The
sharp kink in (A) is similar to that found in the bending of hollow tubes, while the
unwound, twisted structures seen in (B) are characteristic ctaguhg in rops. (A) and

(B) are eproducedvith permissiorfrom [35,37], respectively

Figure 1.3 A TEM image of subfibrils revealed following incubation in 8M urea (A). A
SEM image of collagen fibrils disassociating into their subfibril components following
incubation with Cathegin G.(A) and (B) are reproduced with permission fr{88,40],

respectively



t her mal denaturation process in which the
structure.[54,55] The three maj o@uliOher mal |
Gly169-Glul94, Gly877Pro941) are all located within the gap region of thieddd of
the ollagen fibril.[55] This has implications for the thermal stability of collagen

moleculeswithin a fibril.
1.4.2 Fibril formation stabilizes the collagen molecule

In physiological solution at body temperature @ydividual collagen | molecules,
sourcel from rat tail tendon and human lung, have a preferred random coil structure,
rather than a helical structure.[56] That is to say, the collagen | molecule is tgermall
unstable at physiological conditions and is denaturedtro. Within a fibril, the trermal
stability ofacollagen | molecul@lrastically increase§iktopulo andKajava
demonstrated a 15°C increase in the thermal denaturation tempefaar@ solubized
type | collagen from rat skifollowing fibril formation.[57] A proposed mechanisior

this increase ithermalstability is based on changes in conformational entropy of the
collagen molecule due to confinement by its neighbors within a collagen fibril. This
Apol ynfabox 0 mechanism i s supportedfibbly dat a
denaturation temperaeiwith dehydration.[58] Additionally, intermolecular crosslinks
formed during fibrillogenesis, aging or chemit@atmenin vitro, further increase the
thermal stability of molecules within the collagen fibril t®ducing noleculargyration

and entropy59]
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1.5 The onset of thermal denaturation of collagen molecules and

fibrils

In sections 1.4.1 and 1.4.2, the mechanisms responsible fimetinealstability of the
collagen molecule in solution amdthin a fibril were discissedFor collagen to become
denatured, some of these stabilizing components must fail.[21,22,25533,B&Cwas

used to characterizbe transition of soluble and fibrillar collagen to denatured, random
coil structures via changes in the specific ligatollagen as a function of

temperature.[53] The observed change in specific heat is the result of thermal energy
being used in the phase transition (melting) of soluble molecules or fibrils from a native
to a denatured state.[51,53,57] The phase transgimarked by the breakinfjwater
bridges and hydrogen bonds, which stabilize both the molecular and fibrillar structure.
This is associated with increased molecular gyration, loss of triple helical structure, and
increased interaction with water. #timportant to note that thigocess does not result in
the breakage of thermally stable covalemisslinkg21,22,38,4651,53,57]The

persistence of the covalent bonds prevents fibrillar collagen from transitionirgfirty

denatured state.

The themal denaturation agoluble and fibrilar collagen is rate dependemtith slower
temperature ramps resulting in lower thermal denaturation temperddamaturation
temperatures for soluble collagemoleculeshas been observed betwee&-31°C
dependng on the applied h&ag rate(0.004C/min, 2C/min), while soluble molecules
exposed to an isothermal temperature of 36°C for 3 hours resulted in molecular
denaturation observable by G56,57] For collagen fibrils, the denaturation temperature

has beeifound to be betweern024°C depending on heating rate, anatomic variation,

11



and crosslink density; with native fibrils from bovital tendon having a peak

endotherm temperature of approximately 6at@ rate of 8C/min.[1457,59,60]. In a

single studyin vitro fibrillogenesis of acid solubilized collagen from rat skin was

associated with an increase in endotherm peak temperature (denaturation temperature) of
10°C to 50°Cat rate of 2C/min.[57] The increase in endotherm peak tenapure after
fibrillogenesisis due to the addition of the attractive, hydrophobic, interaction between
neighboring collagen molecules on top of the hydrogen bonds and water bridges found in

the soluble molecule.[460,5357]

A microthermal analysis study of rat tail tendon agéin fbrils foundan onset

temperature of denaturatiah 58°C suggesting native rat tail tendon fibril melting begins
at temperatures below 60°C [61]. This is independently supported by a separate study
demonstrating progressive loss of second harmamermton signal and shrinkage of

tail tendonsfrom a Wistar raf incubated at 58°C &m 0-9 minutes.[62Neither study
provided further information on their tissue sourddse previously mentioned increase

in endotherm peak temperatyassociated witlthein vitro fibrillogenesis of acid
solubilized collagen from rat skiwas also associatedth a ~90% increase in full width

at half maxmum of the endotherm compared to soluble collagen. This demonstrates that
the thermabenaturation ofibrillar collagenis slowerthan soluble molecules and that
there is a variation ithethermalstability of individual moleculesvithin the fibril.[57]

Taken together, these studies provide strong evidence that thermal denaturation of
fibrillar collagen begins aemperatures below 60°@ enough time is sufficient for the

process to occyb6,57,61,62]
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1.5.1 Collagen crosslinking as part of fibrilogenesis and aging

As mentioned previously, crosslinks increase the thermal stabilityote#cules within a
collagen fibril, but also affect the enzymolysis and mechanical properties.[59,6B53
Although these are interesting topics on their own, the research presented in this thesis
only discusgs howpossible variations in crosslimg densitymay explairthe formaton

of the discrete plasticity damage mofBection 1.8)An overview of crosslink types and
formationis presented here, but the actual implications of their existmmiscussed

intermittently throughout the rest of this chept

Primarily, there a two major natural crosslinking motifs between collagen molecules,
enzymatically generated crossliikend advanced gl ycation end p
Enzymatic crosslinks forrhetween helical and telopeptide lysine and hydroxylysine
residuegduring fibril formation and areegulated by the extracellular enzymeylys
oxidase[29,60,63,66,67Advanced glycation end produdtsm when a sugar molecule

Is covalently bonded between lysine and arginine residues of two collagen

moleculeq60,63,64,6669]

Enzymaticcrosslinks are two tiered, starting as immature divalent crosslinks between two
neighboringmoleculed63] Immature crosslinks are precursors to mature trivalent
crosslink formation between an existing divalent bond and a histiegndue or by the
combiration of two immature crosslinks.[63] The formation of mature trivalent crosslinks
is tissue type dependent and a much slower process than divalent crosslink formation,

typically occurring between two microfibrils, stabilizing thalagen fibril.[63]
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Advanced glycation end products (AGESs) are crosslinks that form when proteins or lipids
are exposed to sugars.[68,69] In total there are 41 active sites along a collagen molecule
available for AGE formation, 14 of whidle intramolecuhr and 8 intermoleculagre

readily available due to their location, conformation, and proximity of lysine and arginine
residues (within 5A) .[70,71] Through the formation of AGESs, collagen can become
highly crosslinked, altering collagen fibril therm#hisility, mechanics, anenzyme

susceptibility.[70,71]

1.6 Collagenous hierarchical structure oftendon and mechanical

properties

The hierarchical structure of tendon is based on collagenous material and results in
mechanical properties distinct framose ofits hierarchicacomponents (Figre 1.4).[72-
74] The tendon collagenous hierarchy consists of multiple levels spanning § ofder
magnitude from individual molecul€%.5nm) to entire tendon (10mrgHigure 14).[75]
The general behavior of any tier of tendon tissue meactam response uniaxial

tensile loading can be broken down into three physical actions: recruitmeriiggmalesnt
of the intrahierarchical structures to bear load, sliding of the thtemarchical structures
and direct loading of intrlierarchical suctures resulting ielongation, rather than
relative movemenjf72-74,7680] These processes becolags complex as the level of

structure moves from full tendon to individual fibril.[73,74,76]
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Figure 1.4 Tendon hierarchical structure with dimensioraiges for each level of
structure. The fundamental unit of the hierarchical structure is the aolidgi

Multiple collagen fibrils assemble into collagBbers which then assemble into various
stages of fiber bundles leading to complete tenBemoducedwith permissiorfrom

[75].
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1.6.1 Uniaxial loading behavior of tendon

Uniaxial tensile testing of whole tendon has routinely revealed a characteristic
stress/strain curve classified into 4 regions (Toe, Heel, Linear/elastic, Plastic) based up
observed macroscale mechanical behavior, derived from a series of unique, fundamental,
medanisms (Figre 1.5). Initially (Toe), mechanical behavior at low strain (~4%) is
dominated by the alignment ofionoscopic crimp structures found at the fibeelesf

tendon, resulting in a region of relatively leégnsilemodulus.[7274,76] The followiry

region (heel) marks a transition from macroscale crimp alignment to the straightening of
the thermally labile regions located in the gap region of thmbided ollagen

fibrils.[73,77] Moleculr segments in the gap region have more lateral mobility tthen
overlap due to a 20% decrease in molecular density and the limited amount of Pro and
Hyp residues found in the thermally labile regions.[73,77,78] The increasesile

modulus in the heel region is due to increasing entropic force associateddeirease

in conformational entropy from load based alignment of molecules in the gap

region.[73,78]

Following the hel region, the strain induced molecular aligemin fibrils transitions to

the direct loading of covalent bond®ng themolecular backbwe and crosslinks

resulting in molecular stretching and intermolecular slippage respectively (linear/elastic
region). Xray scattering analysis of molecular aratif strain during whole tendon

loading show a linear stressrain relationship at both leis of structure anthe onset of
non-entropic loading of fibrils begins at -5 bulk tendon strairHgure 1.6).

[72,73,79] Covalent bond loading at the fibib¢e results in changes in the period of the
D-band. An increase in4period from 67nm to 68nm has been associated with
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stretching of collagen molecules while further increases are the result of molecular
sliding within fibrils.[80,81] Individual fibriland molecular loading experiments have
demonstrated similar linear behayifwllowing a regon associatedith entropic

alignment of the collagen molecules as observed in the heel region in whole tendon
loading.[8287] Fibril strain has been shown to oridg 40% that of whole tendatrain

in whole tendon loadinguggesting thanterfibrillar sliding also plays a dominant role

in tendon mechanics.[73] The final region of the stress/strain curve (plastic) is
characterized by the loss of the linear stetssih relationship observed in the elastic
region, and large increases inagh with minimal increase in applied stress. It is at this
pointthattensile load begins to permanently alter the tendon structure at the molecular

level. Thisis discussed fulter in its own section (Section 1.7). [74]

1.6.2 Loading parameters and tissie variations alter general

mechanicalresponse otendon

The general tensile loading behavior described in section 1.6.1 is a simplification of a
wide spectrum of tendon and fibmechanical properties dependent on crosslinking,
anatomical location, loaadg history and age, which is further complicated by the
viscoelastic nature of tendon.[8D1] It is also important to note that tendon tissues are
classified as extensor or ¥ler depending on their mechanical raleopening or closing a
joint. The impgications of this on tendon mechanics and fibril structure and behavior are

numerous but outside the scope of this thesis:[10&]
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1.7 Fibril and molecular damage from tensileoverload

The discussion of alteration and damage to tendon wmd&xial load has been avoided
until now. Section 1.6 provides the basic understanding of the mechanical behavior of
tendon under uniaxial load via a typical loading curve (Figure 1.5)makihg note of

the variability and normal range of function of tiesue prior to discussing damage. A
single, oralow number ofcyclic loadngsinto the plastic region of the typical loading
curve of whole tendon is associated with permanent damabe entdon approaches
rupture (Figure 1.5).[73] High cyclic loadimgto the elastic region of the typical loading
curve has been shown to result in tendon structure alteration, but will not be discussed in
this thesis. Loading into the plastic region ré&sin alteration to the entire tendon
hierarchy, such as the logktendon crimp, but it is fibril and molecular level damage

that are the prime substrates for cellular interaction during wound healing and the focus

of this thesis.[76,117]
1.7.1 Fibril Le vel damage

Fibril level damage has been demonstrated via tin@ves X-ray diffraction spectra

from low strain rate (0.13%% tensile loading of 24 month old rat tail tendon.[118]
Within the linear regime of the tendon loading curve, fibril loadindpisiinated by intra
fibril sliding and molecular stretching, retinly in an increase inand period from

67nm to 69 nm.[72,73,80,81,118] The increase-pelfiod in response to loading is a
reversible process up to 68.4nm. Further stretching resylerimanent alteration of the
fibril.[80] Once a Dperiod of 69nm haibeen reached, further fiber elongation occurs via

interfibrillar sliding resulting in the quick elongation of whole tendon, the cessation of
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fibril strain and noruniform intra fibril relation as seen by 20ms resolvegay
diffraction during tendon mture.[118] The nowniform intra fibril relaxation is
correlated with the sequential dissociation of fibrils into theirsanponents and the
formation of kink structures along the lengtha fibril.[12-14,117,118] Interestingly,
molecular slippage @ahbackbone stretching is preserved at strain rates up to 5000% s

but interfibrillar slippage decreases and results in less fibril level damage.[118]
1.7.2 Molecular level damage

Decouplirg molecular damage from fibrillar damage is difficllhzymatic analysis of
ruptured human hand extensor tendon, bovine tail tendon and rat tail tendon, have all
demonstrated an increase in proteolysis of collagen by trypsin, a serine protease which
prefeentially cleaves denatured collagen.[11ZP]. Furthemore, DSC measurements

have revealed a shift in the thermal stability of collagen molecules following bovine tail
tendon rupture.[123] The study indicates that this is not due to molecular denatwation
changes in fibril structure such as that descrihegkction 1.7.1.[123] A recent
comprehensive study by Zitnay et. al. demonstrated that rat tail tendons loaded past 8%
strain (into the plastic regime), at a rate of 0.5'%®ntained permanentlyedatured
molecules via binding of a fluorescently ladelcollagen hybridizing peptide (CHP).
[121,124] Comparison of peptide binding with paired trypsin enzymolysis showed that
both fluorescence intensity of the CHP and collagen digestion were linead{ated

and increased with increasing maximum strai?l]]

Two models of mechanical collagen denaturation were proposed that would result in

avail able binding sites for CHFhancoval ent
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backbones from direct loadingbrh e e xt r a c t -chaimfrom & coltlages i ngl e U
molecule due to tensile forces associated with a crosslink during molecular
sliding.[121,125,126] Simulation of a 10 GRro-Hyp peptide revealed that crosslink

me d i ac¢handextidction was the mostéily scenario. The energy required for this

mode of failire was 1/10 that of covalent bond rupture, and physiologically possible

when compared with experi ment. [ 12-1] Furth
chain extraction was associated with hydrolgend failure and that both enzymatic and

AGE crosslinksare capable of this mechanical denaturation mechanisml22]7

Both fibril and molecular damage, resulting from tensile overload of tendon hierarchical
structures are negatively correlated with straite suggesting that fibril damage and
molecular damge are viscoelastic damage motifs resulting from fikeillar sliding pre

and post rupture.[11822] Recent support for this comes from multiple studies by Veres
et al., demonstrating molecular afiloril damage in bovine tail tendon pulled to rupture

at various strain rates and assessed by trypsin enzymolysis, thermal denaturation, and
SEM imaging.[1214,130] The results of these studies showed that molecular
denaturation and fibril damage was néggly correlated with strain rate and occur
simultaneosly in discrete, repeating, kink structures along individual fibrils. This

damage motif has been termed discrete plasticity.[12]
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Figure 1.5: A typical stressstrain curve of a tendon under incsegy tensile load. The
stressstrain curve is comprised of 4 regions, the toe region, the heel region, the linear
elastic region, and the ndimear plastic region. Each of these regions is dominayed
specific loading processes within the tendon. Tleerégion is associated with the
straightening of tendon crimp, theeheegion is the alignment of the collagen fibrils and
straightening of molecules within the collagen fibrils, the elastic regidangnated by

direct loading of the collagen fibrils thin the tendon leading to molecular stretching and
sliding, and the plastic region is associated with the failure of the collagen fibrils, leading

to their rupture and mechanical denaturat®eprodeedwith permissiorfrom [73].
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Figure 1.6. The stresstrain response of whole tendon (top) and fibril (bottom) during
whole tendon loading. The onset of remtropic loading of individual fibrils in bulk

tendon initiates at 5% bulk tendon elongatiBeproducedvith permissiorfrom [73].

1.8 Discrete Plasticity

Discrete plasticity is a damage motif first observed by SEM imaging and is characterized
by discrete, repeating, kink structures spanned bykintdq D-banded regions

(Figurel.?).[12] Discrete plasticity is generatég the tensile ovdoad of tendn into the
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plastic regime ofhe stressstrain curve of tendon and is associated with the dissociation
of fibril structure and molecular denaturation{12] Somefibrils displayingdiscrete
plasticity are accompanied by a distinctive sheleld1214] Discrete plasticity damage
increases with repetitive overloading into the plastic regime, decreased strain rate, and

with lower concentrations of mature crosslinks in functionally distinct tendons.[13,130]
1.8.1 Thermal assessmenof Discrete Plasticity

Thermal studies of tendon displaying discrete plasticity have shown that the mechanically
denatured molecules are in a thermally stable state, suggesting that the molecular damage
Is distinctfrom that of thermally denatured collaggi#,131] DSC measuremisrhave

shown decreasén onset thermal denaturation temperature of ~5°C and peak thermal
denaturation temperature of ~ 2°C associated with overloaded tendons exhibiting discrete
plasticity when compared to their paired control pke®.[14] This is couptbwith a two

fold decrease in specific denaturation enthalpy and doubling of the full width at half
maximum when compared to paired controlled samples (Figure 1.8).[14] Taken together,
this represents an overall decrease in thestadility of the fibrillar collagen and an

increase in the heterogeneity of molecular thermal stability of discrete plasticity fibrillar

collagen molecules.

The change in denaturation enthalpy is inversely correlated to the number of overload
cycles perfomed on the tendon. [14 similar result was observed in HIT

experiments.[13] HIT is a technique that measures the change in generated force during a
heating protocol of a collagenous tissue held at constant length.[132] Performing HIT on

cyclically overlaaded tendon demonstratediecrease in initial and final denaturation
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temperatures with respect to cumulative postd dissipated energy, an additive measure
of the area between loading and relaxation curves defined by the termination of the
elastic regne inasingle overloaatycle.[13] This is coupled with an increasing in kink
density demonstrating that the decrease in thermal stability of the tendon is tied to

progressive damage at the fibril level.
1.8.2 Enzymatic assessment odliscrete plasticity by trypsin

The use of sine proteases as enzymatic probes of collagen conformation has been in
practice nearly 40 years.[133] The serine protease trypsin is capable of cleaving both
intact and denatured collagen, but demonstrates increased solubilfatienmally
denatured allagen compared to unheated samples.[134,135] The rate of enzymolysis of
collagen by trypsin is directly related to the availability of cleavage sites along the
collagen molecule. These sites, arginine and lysine residues, debbeven soluble

collagen molecules both above and below their thermal denaturation temperature due to
micro-unfolding events in the thermally labile region.[1B36] At temperatures below

25'C, microunfolding events are quenched, restricting trypsin tigation sites along
thecollagen molecule.[13236] A similar effect is achieved within the collagen fibril

due to associated increases in molecular thermal stability.[58] Due to the sensitivity of
trypsin to denatured collagen and altered collagen strestit has found usa tendon
mechanical overload studies and osteoarthritic cartilage studies, among others, as a metric
of degraded or denatured collagen compared to control, or healthy tissues.[12

14,120,137
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The enzymatic susceptibility of fibrilagplaying discrete plaisity is heterogenous in

nature. Incubation of overloaded tendon with trypsin, and subsequent SEM imaging, has
gualitatively demonstrated the increased enzymatic susceptibility of kink sites along
fibrils displaying discrete plasity compared to the intekink regions (Figure 1.7).[12]
Tendons overloaded with the necessary parameters to generate discrete plasticity were
incubated with trypsin at 30°C, 20°C and 4°C to quench miafolding events as a

source of solubilization.[1Z2Tendons incubated at &liree temperatures demonstrated
increased solubilization of collagen compared to paired, control, samples. This confirms
that mechanically overloaded tendons result in structural alterations, discrete plasticity,

which are more sagptible to digestion birypsin than unloaded tendon.[12]
1.9 Cellular response tomechanicaltendondamagein vivo

In vivotendon injury is classified into acute injuries, involving singular mechanical

overload or laceration, and chronic injuries, a degenerative processaahigventually

lead to tendon rupture at normal physiological loads.[137,139] There are two modes of
cellular response to tendon damage, the intrinsic mode and the extrinsic riddd &

intrinsic mode involves native tenocytes found within bulk teraleh fibroblast

recruitment from the endotenon and epitenon. The intrinsic mode is associated with all
tendon damage motifs, and is thought to be the sole mechanism of cellular response in the
majority of tendinopathies.f1] The extrinsic mode is charagstic of standard

inflammation where cells are recruited frothe surface of the tend¢h0] This made is

typically associated with acute, traumatic, tendon injud€kRather than discussing the

tendinopathic case, the acute injury model is the fottla®section as thm vitro
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overloading of tendon resulting in discrete plasticity models thia fafrtendon

injury.[140]

Reparative measures following acute tendon injury commonly involve surgical

intervention to reconnect severed tissue componédatd.[The cellular response to the

traumatic acute injury involves both extrinsic and intrinsic madesellular response to

theste of damage.[8] Bothative tenocytes within bulk tendon and inflammatory cells,

such as macrophages, from endotenon aratgraon tissues participate in the wound

healing response, due to the macroscopic pathway betwetantwn hierarchy

characteristic of the injury.[10,137,1444,]. The cells primary response to the damage

tissue is upregulation of collagen and varioustgins to debride and remodel the

damaged ECM145]|Mat r i x met al |l opr ot ei neenecsthat MMP 6 s )

response.[144.50]
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Figure 1.7: Scanning electron microscopy images of unloaded tendon (A), overloaded
tendon displaying discretegsiticity (B,C) and fibrilslisplaying discrete plasticity
following incubation with trypsin (D). The repetitive kink structures along the fibrils
from meclhanically overloaded tendon are quite clear when contrasted with unloaded
tendon. The heterogeneouseseptibility of these fibrils to trypsin reveals their discrete
nature is associated with localized denaturation of their comprising collagen (Arrows,

C,D). Reproducedvith permissiorfrom [12].
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Figure 1.8 DSC endotherms of overloaded and paired cbténdon samples

demonstrating a decrease in onset temperatyre);Tpeak temperature §day, and
specific entropy of denaturation (ogh) foll
a doubling of thdull width at half maxmum (FWHM) of the endotherm upon

mechanical overload. The overload tendon endotherm has been shifted upwards on the y
axis to provide comparison with the control tendon endoth&sproduced with

permission fronf14].
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1919 Matri x metall oproteinases ( MMPG6s)

Matrix Metalloproteinases (MMPs) are a family of 28 zinc dependent enzymes produced
by cellsto cleave specific components of the ECM to facilitate cell mobility and wound
healing.[19-152] MMP activity is regulated in three ways: up or down regulation of
enzyme production within cells, activation of gvtMPs in the ECM, and binding of

tissue inlibitors of matrix metalloproteinases (TIMPS) in the ECMJ1%2] Of distinct
interest during wound healirage the Collagenases (MME-8,-13-18) and gelatinases
(MMP-2,-9).[145-147] In tendon biopsies, sourced from patients undergoing corrective
surgerywithin 48 hours of tendon rupture, mRNA expression was increased fo-r-MMP
and MMR9.[147] In a time interal in vivorat tendon laceration model, it was shown that
the upregulation of MMR9 and MMRL13 is contained to the initial debridement and
remodelng stages of tendon healing.f8l4t is this initial time frame during tendon

wound healing that is of disitt interest in this thesias it focuses on the cellular

response to fibrillar and molecular ECM damage motifs.
1.9.2 In vitro cellular responseto discrete plasticity

The physiological response to the discrete plasticity damage mptésentlyin

question. Repetitive loading of tendon into the plastic regime of the stress strain curve
results in an increase in fibril and molecular damage amdjppearance of a fuzzy

surface layer obscuring-Band features as viewed by SEM.[12] As cells interact with
fibril surfaces, this fuzzy layer is likely to act as a strong signal of damage. Macrophage

like U937 cellsareable to recognize discrete pladlyolamage from bovinail tendons
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following 15 cycles of subrupture mechanical overload at 1% strain rate and a
decellularizatiorprocessalsoused in this thesis.[Bp Cellular recognition was

characterized by increased cellular contact with the dansmdesirate and decrease

MMP-9 releasate compared to cells incubated with native tiss@If1iS important to

note that future studies exploring the response of native tenocytes to discrete plasticity are
needed as thepre-existencan bulk tendon enges that they arethief i r st r espondce
tendon damaggg-11] The tendon overload protocol used to generate discrete plasticity in

this thesis did not result in macroscopic ruptures, thus it is quite possible that the intrinsic

mode of cellular recrument could be the sole mechanism of the cellular response to the

discrete plasticity damage motif following sulpture overload.[a1]
1.10 New methods forstudying discrete plasticity

The primary tool for studying discrete plasticity in this thesthe atomic force
microscope (AFM)Prior to this work, the moledar and fibrillar alteration associated
with discrete plasticity had been characterized thermodynamically by DSC and HIT,
enzymatically by incubation with trypsin, and visualized by SEM ssugdised in section
1.8.[1214] As mentioned in section 1.1, thetvation for this thesisvasto discern
between fibrillar and molecular level damage on collagen fibrils. To this end similar
thermal and enzymatic treatmeargecoupled with AFM imaging. fie AFM provide
comparable visualization to SEM with the improverhof sample purity, hydration with
buffer solution, mechanical analysis, and direct comparison of fibrils before and after
thermal and enzymatic incubations. The study of isolated fibyilsHM permits direct

correlation between discrete plasticity dg@and changes in structure and enzymolysis
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without the variation of fibril states which exist in bulk tendon. T&sxhibited

throughout the main studies comprising this thesis.
1.10.1Atomic force microscopy AFM)

Theatomicforce microscopefirst developedn 1986,hasbeenextensivelyappliedto
biological processeandin biomedicalapplicationdy measuringnolecular cellular,
viral andbacterialmechanicapropertiesandresponseto specificincubationsor drug
treatments.[18-162] The functioningprinciplesof the AFM arequitesimple.A
cantileveris deflectedby interactionof a sharptip anda samplematerial.The cantilevets
behavioris measuredy reflectionof alaserandmodeledasa spring.[13-157,163] By
varyingthe vertical positionof the cantilever mechanicainformationof a samplemay
be acquired.The behaviorof a singleindenttionof the sharptip into a samples
describedy the Sneddormodelof contactmechaits. The Sneddommodelrelaesthe
amountof forcerequiredto indentaninfinite half-spaceof a givenmoduluswith a

conicaltip andis describedy equationi,
"0 —— OAT] (1)

wheres is the Poisson ratio takentobe @5, i s t he i ndentetisconeds
the depth of indentation into the sample (varialitay the applied force by the tip

(10nN), ancE is the elastic modulus of the fibfil64] A single indentatioms cgable of

measuing, sample deformatigmndentationrmodulus, sampkip adhesiorand energy

dissipation. When multiple indentations are performed, in a raster scanning procedure,

topographic and mechanical property maps of the sample can be generd#&87]15
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1.102 Previous AFM application to collagen fibrils

The state of AFM analys of collagen fibrils up to the beginning of this thesis is quite

varied. Other than being able to resolve fibribBndon dehydrated collagen fibrjls
topologicalAFM studies on fibril growthn vitro revealedsingle collagen molecules

acting as fibril nucleation sites, fibril growth resulting in the lateral alignment of gap and
overlap structures, and the mitigation of fibril diameter and spacinigdproteoglycans

lumican and decorin.[E166] Time lapsdopological AFM imaging ofin vitro
reconstituted fibril degradation by bacter

observeenzymatigprocesses on unaltered fibril structures7]16

Indentation studies on dehydrated collagen fibrils reveaddial maluli of 9.4+1.8 GPa

and 511.5 GPa for murine fibrils and fibrils reconstituted from bovine Achilles tendon
collagen.[18,1689] Comparing the dehydrateddialmodulus of the gap and overlap
structures on collagen fibrils from rat tail tendon @&ogine Achlles tendon revealed a
gap/overlap ratio of 0.62 and 0.55 indicating that in the dehydrated state, radial modulus
does not correlate to molecular density(1L71] Upon hydration, a-3old decrease in
average radial modulus was obsernve8;:05 GPa to 2+0.1 MPa, in fibrils sourced

from bovine Achilles tendon.[2] A follow up study demonstrated that the hydrated
radialindentatiormodulus increased with ionic strength of the buffer but decreased with
increasing pH. Changes in the filmdldid indentaton modulus were negatively

correlated with changes in fibril diameter due to hydration leved][l¥vsummation, at

the beginning of this worllehydrated imaging and analysis of collagen fibrils was the

norm and hydrated analysis was oc@pable ofivera@ fibril mechanical quantification.
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1.103 Neededimprovements to AFM for fibril analysis

The dehydrated morphological studies discussed in section 1.10.1 exemplify the ability of
the AFM to produce high resolution imagiafjcollagen fibils, comparabled SEM The
hydrated mechanical studies demonsttiaghigh sensitivityof fibril structural response

to various hydrated environments B@&73]. Due to the nature of discrete plasticity,
neitherthe preexistingdehydrated or hydrated AFModalities wereadequatdor fully
guantifying the damage motif. Dehydrated imaging is capable of revealing morphological
structures similar to SEM, but the inability of dehydrated mechanical measurements to
reproduce 4/ 506s g¢a ptanwrechanzgiuantifecdtionovouklbeg ge st e
systematically skewed.fD,171] Hydrated imaging and mechanical analysis techniques
were able to measure average fibadlialindentationrmodulus butacked the resolution
necessary for quantifyingechanical variations such as théand structurand were
associated with long acquisition timd$e development and applicatioha technique
addresmg the lack of resolution in hydrated AFM amdbstantial data acquisitidime is

the first step othis thesis Chapter2).
1.104Enzymol ysis of coll agen by MMPOGSs

The use of trypsin as a probe of collagen denaturation was previously discussed in section
1.82 MMPO&s f unct i qasthsirialility koaleavetcalagenrisydpestly n
dependent upon availability of the actideavage sites depending on: molecular
conformation, fibril formation and applied tension which stabilizes collagen against

MMP cleavage.[14-177] Recently it has ben shown that the gelatinases, MidRNnd

MMP-9 are functional cola agteaiarss si,n cd ®lawhb Ing
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37°C. Cleavage occurs at the characteristicGlieu’®s i t e of MMP6s, r esu
Ya, ¥4 fragments as seen with MMP collagses.[18,178-180]. The ability forMMP-2

and MMR9 tocleave fibrillar collagen has nbeen demonstrated
1.11 ThesisJustification and Outlook

Discerning between fibrillar and molecular damage in collagen fibrils is necessary for
understanding the alteration of collagen fibrils to mechanical overload. Discrete plasticity
is an establishedHil level alteration following the mechanical overloafd

tendon.[13,130] The damage motif has been examined via SEM, HIT, DSC, and
enzymolysis by trypsin.[1:24,131,] The results of this workvealdiscrete plasticityo
berepeating dissociation alorgcollagen fibri] coupled with decreased thermal stail
and increased susceptibility to enzymolysis by trypsinla231,15-150] The

combination of these techniques for studying discrete plasticity is useful, but limited by
sample coatingsample aktration bythermal denaturatiothe nonspecific cleavge of
trypsin and the lack of specificity associated with bulk tissue studitesse limitations
prevent sequential, multaceted analysis of individual samples, and are further
complicated due thdilution of the discrete plasticity signal in these meas due to the

nonpervasive nature of discrete plasticity in overloaded tendon.

Alternatively, AFM has demonstrated a high capacity for studying collagen fibril
structure with minimal alteratioim both dehydrated and hydrated states and during
enzymaysis.[166-173] By removing sample alteration from the analysis process and by
focusing solely on isolated collagen fibriisis possible to combine multiple analytical

techniques on an individuaaple while removingignal dampening of each technique,
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associated with bulk tendon measurement. This thesis represents a sequential series of
experimentaising AFMon isolated fibrils taletermire the structural and molecular
alteration of collagen fibls sourced from mechanically overloaded tendon, spadific

those displaying discrete plastic{f@hapters 25).

The first study (Chapter 2) focuses on the developmeanhofel AFM technique based
upon highspeed indentationydrated radial modulu$iRM) and its sensitivity to
mechanical and thermal damagfandividual collagen fibrils. The second study
(Chapters 3 and 4) revolves around the application of this novel technique to isolated
native and discrete plasticity collagen fibrils and the quaatibn of longitudinal and
radial structures and damaigeboth fibril types.Chapter 4 lacks any defined
objective/hypothesis structure as the results presented in the chapteowe primary
focus of the study, butiscoveredy post hoc analysisfdhe large data set acquired in
chapter 3, based on preus findings in chapter Z’he culminating stud{Chapter %
couplesAFM analysis of isolated natividorils andthose displayingliscrete plasticity
before and after incubation with the trypsin anislP-9. This single fibril enzymatic
assaysolates thesusceptibility of individual fibrils to enzyme digestion by dimensional

analysis while studying a selective avenue for discrete plasticity debridement.
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Chapter 2: Nanomechanical Mapping of HydchRat Tail

Tendon Collagen | Fibrils

This chapter has been reprodudeain the articlsh Nanomec hani cal mappin
rat tail t end omthpermissiorafrgra BiophysichliJdunmnal (Appeéndix
F). The authors of the article areasfolow i Bal dwi n, S. J. , anQui gl ey,

Kr e pl a k firstduthad |. wasAesponsible for experimental design, data acquisition,
the majority of data analysis, amadliting of the first draft of the documeas well as

participaing in the subseque edits

36



2.1 Motivation and Hypotheses

The motivation for this study was founded on the chance observation of increased
structural sensitivity along a collagen fibidllowing AFM mechanical mapping of
collagen fibrils ahighindentationspeed. The study was designexquantify the
relationship between indentation speed and the hydrated radial m@dRIMg of a
collagen fibril test the techniquie sensitivity to changes in fibril structure associated
with thermal treatments aratquire preéminary data about the viable structure of a

collagen fibril The following hypotheses were tested.

Hypothesis 2.1The HRM of collagen fibrilswill increasewith increasing AFM tip

indentation speedused irmechanical measurements.

Hypothesis 2.2increases in fibritadiusassociated with water uptake following thermal

treatments of collagen fibrils witlecrease agbril HRM increases

Hypothesis 2.3High-speed indentation HRM of collagen fibritsincreased witthigher

molecular density andeceasedvith lower molecular density

37



2.2 Introduction

Collagen is the primary protein component that provides structural integrity to
mammalian tissues. Of the 28 varieties of collagen, types I, II, I, V, XI, XXIV, and
XXVII form fibrils that provide mechanical strength to tissues such as bone, tendon,
ligament, and skif4,15,18.]) There is a vast body of literature describing the
architecture and macroscopic mechanical properties of these tissues atheyave
influenced by age, anatomical location, damage, exercise, and d{Féa8é116,18-

188] In contrast, the relationship between structure and mechanical properties at the

single collagen fibril level is much less understood despite some recamicad181]

Collagen fibrils are linear aggregates of 300 nm long collagen molecules that have a
diameter of 1.5nm and a distinctive trigielical structurg21,181l] Tens to hundreds of
thousands of collagen molecules are covalently bound to eachogtbersslinks and
packed radially in a serarystalline fashion to form 50 to 500nm wide fibrils spanning
microns to millimeters in lengtf29] There are two intermediate stages of organization
between individual molecules and the fibril, the microfiand the subfibl. The
microfibril consists of five strands of laterally organized collagen molecules with a
diameter of 48nm, the subfibril has a diameter of around 25 nm but is not as well
described in the literature as the microfilf8it.,40] Both theindividual mdecules and the
intermediate structures run almost parallel to the fibril axis while the molecules are
staggered with respect to each other giving rise to 67 nm wide bands also named D
periods. The current molecular model of thgp&iod invdves two regios one where all
the molecules overlap and one where 20% of the molecules are missing due to an axial
gap. The relative length of these regions is 0.46 and 0.54 of the 6-pendd
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respectively. This modevas proposed on the basis of elestmicroscopymages of
negatively stained collagen fibrils and further refined with small angiay)6cattering

data of rat tail tendofb,30]

Mechanical measurements of single collagen fibrils are typically performed under tension
using micreelectremechanical devies (MEMS) or nandensile testers, in bending

where a microcantilever is used to apply loads on suspended fibrils, and via atomic force
microscopy (AFM) based nanndentation115,16,189-192] These studies

acknowledge that collagen fibritgge heterogermais yet only provide a single value for

their mechanical properties. Previous namfentation measurements on dried collagen |
fibrils demonstrated a factor of two in elastic modulus between the overlap and the gap
region of the Bperiod[171] Another stong indication that mechanical properties are not
homogeneous along a collagen fibril is the occurrence of discrete plastic deformations
observed along fibrils inside oveadedbovine tail tendon§l2] Both results are strong
incentives to dvelop a methe capable of mapping mechanical properties of an entire

fibril at high spatial resolution while in a hydrated state

The technique of choice that combines mechanical measurements and high spatial
resolution is an AFM mode named foidistance(FD) curves hsed imagingl193] In

this modean FD curve is measured at each pixel of the im&ge resulting data is then
used togeneratenaps ofthemechanical properties the sample, such as tredial
elastic modulus, the deformation of the saenpider & appliedload, the adhesion force
between tip and sample and the amount of mechanical energy dissipatey
indentation In this study we take advantage of the Higloughput capabilities of the

technique to generatadialmodulus maps of sgle collagn fibrils in water at a spatial
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resolution around 10 nm and at indentation speeds arodmuhrl§. We demonstrate that
this hydratedradial modulugHRM) of collagen fibrils stiffes by a factor of five when
varying the indentation speed fror@®1o 1¢ nm/s. This effect allows us to observe the
D-period in theSneddommoduluschannel. We report a 20% decreasthenHRMfrom

the overlap to the gap region of thepPriod as well as long range fluctuations in along
the length of the fibrils thdtave not been reported so far. Furthermore, collagen fibrils
exposed to temperatures between 50 and 62°C and cooled back tienoopenature

show a sharp decreaseHRM and a swelling of the fibril. This is also associated with a
disappearance of the-ieriod and the appearance of twisted subfibrils ingheddon

modulus channel of the image that persists upon dehydration oitagen fibril.

2.3 Materials and Methods

2.3.1 Sample Preparation

Rat tailsfrom 2-yearold, male Sprague Dawley ratere dissected to extract tendon

fascicles for use as a sample sowith approval by the Health Sciences Research Ethics

Board ofDalhousie University (1185c). First the dermal layers were removed from the

tail exposing the skeletal frame and tendontheftail. To prevent tensile loading during

tendon extraction, a scalpel blade was inserted between the skeletal structuee and th

tendon and was used to sever connecting material. Tendons were then lifted from the

skeletal structure and storedin20mPBS t h 500¢l of anti-bacteri :
Aldrich, USA) for no longer than 1 weekollagen fibrils were dissected from tail

fascicles in phosphate buffer salii®@. minimize fibril damage, a thin glass rod was used

as the main dissection tool. Fasc&cigere held at one end with tweezers while the glass
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rod was inserted in the fascicle and moved along its longitudinal axi®ww gentle

separation of the hierarchical subcomponents. Great care was taken to keep the fascicles
hydrated at all times duninthis process. The phosphate buffer saline solution containing
the dissected fibrils astransferred to glass bottom petri dishes with a pipet and left for

30 minutes allowing the fibrils to physically adhere to the glass substrate. The dishes
were theninsed three times with éenized water to remove unattached material and
residual saltsThe samples were either used immediately or kept at 4°C until AFM

measuremerfor no longer than 1 week
2.3.2 Atomic force microscopy (AFM)

All the experiments wre performed with a Bioscope Catalyst atomic force microscope
(Bruker, USA) mounted onmnalX71 inverted microscope (Olympus, Japan) with a
differential interference contrast module and a 100X, 1.3NA, oil immersion objective.
This setup allowed the optidavisualization of single collagen fibrils in water prior to

AFM imaging. Samples were mged in peak force quantitative nanomechanical mapping
mode (PFQNM) using ScanAsyst liquid+ (Bruker, USA) cantilevers with a nominal
spring constant of 0.7 N/m, a noral tip radius of 2 nm and an equivalent cone half
angle of 18°. Prior to each experimiéme cantilever spring constant was calibrated with
the thermal noise methq#l94] Images were acquired at a cantilever oscillation
frequency of 1 kHz, a scanning dreency of 0.5 Hz and at an indentation speed between
400 and 1200 ¢ m/ass oftheTdiagen ffibvila meadurediin tmsanvork
was perpendicular to the fast scan axis unless otherwise mentioned. All indentation speed
and heating images wergken at an imaging speed of 5um/s while the 20um, 40um, and
80um maps were acquired atrfs, 5Sum/s, 10um/s respectively. The peak force was
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kept between 1 and 10 nN depending on the scan size. The total number of pixels per

image was kept constant at @85

We also used the heating stage of the Bioscope Catalyst to expose single colidgen fib
to different temperature$he temperatures reported in this work are solution
temperatures calibrated by thermal couple for 3ml of water within an AFM samble dis
Due to condensation issues it was not possible to continuously image the fibrils while
increasing the temperature. For each AFM measurement the fibril was first kept at the
target temperature for 15 or 30 min then cooled down to room temperature (a28°C)
imaged at that temperature. During each heating and cooling cycle, the sample was
covered to limit evaporation. The heatiraje wasl0°C perminuteand cooling ratevas

2°C per minute. The total amount of water was fixed to 3ml to ensure a constant
temperature profile between samples. Mechanical maps were acquireddyNwBnce

the samfe had cooled to 25°C. Each fibril was either exposed to 62°C for 30 min or
treated to subsequent temperatures of 50, 55, 58, 60, and 62°C, in that order, each time
for 15 min. After the final heating and cooling cycle, the samples were dehydrated and

imaged once more to reveal topological structures not visible ihyteated state.
2.3.3 Data analysis

Force curves were sel ect edmeterfmmtheaapex afr e a
the collagen fibril by a simple filtering methodologyppendix AFigure 1-5). Based on

the shape of our tips and the typical indentation depth that was in the order of 30 nm we
used the Sneddon model including adhesion to fit &&cle curve and extract the

hydrated radiailnodulus(HRM).[164,195] The Poissa ratio of a collagen fibril was
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assumed to be 0.5 as accepted in the literature for an incompressible rfiatgfiahe

point of tipfibril contact was determined by least sgufitting of the force curv§l96]

The influence of the underlying glass substrate was minimized by only fitting the force
curves to an indentation depth of 10% of zleecforce height ZFH) of the fibril,
according t ql9BBEThdZFHobie fibrilwhseestimated by addirige
height and deformation channels, extracting the values along the apex of the fibril and
averaging; this value was typically around 200 nm. The deformation of the fibril at any
given point was estimated using the diste between thadentation at marium

applied force and extension curea given force value. We used 15% of the peak force
value to estimate the deformation and saw no significant difference when varying the
peak force percentage to values as lowlabthe peak force. Below this tisteold the

measurement of the deformation was unreliable.

In somecasesyve imaged fibrils over their entire length. Mechanical maps of each
section of a given fibril were stitched manualRMs profiles were extractealong the
entire fibrils and Fourietransformed to reveal periodic fluctuations. We used adjacent
averaging to remove long wavelength fluctuations from the data to determine the

amplitude of the short wavelength fluctuations observed.

24 Results

24.1 Influence of indentation speecn HRM

Typically, AFM based indentation measurements on collagen fibrils are performed at

indentation speeds in tleen/s rangd173] To investigate the viscoelastic response of
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collagen fibrils in water we measure the dependency dfili with indentation speed

over 4 decades from 100 nm/s to 1 mm/s\{Fe@.1).

To average out spatial variations and fiboHfibril variations we use 3 different fibrils
and a 5 & m fdreachdibrils Tdeamermntwhich we measure the FD curves
for the different indentation speeds is different for each fibril to avoid bias due to
indentation history. ThelRM is weakly depend# on the logarithm of the indentation
speed belowroughly 78 m/ s and t hen ifoldnore decades (Figei v e
2.1). The same behavior is observed for each fibril individually but the rangRdfis
large in the higkspeed regime. When acgug HRM maps we are in the regime where

the collagen fibrippears to stiffen significantly compared to previously pubtisadial

modul us data that are typicall[p73lobtained

Interestingly the indentation speed degiemce observed in this study is very similar to
the one observed for a model cris&ed polymer network below the glass to rubber
transition[199] In the glass state the mobility of the chains within the netugork

constrained in comparison to the rubbgte, yielding an apparent stiffening of the

network for indentation speeds well above the mobility of the chains. This means that in

our case we are acquiritdRM maps in a regime where some characteristic atia@x

mechanism of the molecules withitilril is suppressed giving rise to an elastic contrast

that should depend mainly on the molecular density.
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deviation of each measurement.
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24.2 HRM variations along a single fibril

A first demonstration of the capabilities of our approacine observation of the-D

period in theHRM maps of single collagen fibrils mom temperaturevaterat an

i ndentati on SApaesead size 6f 2 By th ¢ mbesiod X visible in the
heigh, theSneddommodulus and the deformation channels (F&f.2). The variation
between gap and overlap regions in each channel is sp3afin2for the higght and
deformation, and several MPa for tHRM. However the three channels are correlated
with the overlap region being higher, stiffer and less deformable than the gap region as
expected (Figre 2.2, B-D). Over a two micron range ttdRM maps are quét uniform
except for the Bperiod, but it is not true at letigscales of tens of micronsnaging
fibril segments of 80 em, 40 e€m, and 20 &m
respectively reveals loagnge variations iHRM that are on the micrescaleand

fluctuations associated with structural anoma(iggure 2.3, A-C).

Two interesting features are fibril ends and sharp bends that exhibit kdRrthan

their surroundings. ThElRM behavior of these defects appearatdeasta fourfold

decreasén HRM at the defect site with a linear gradient towardstieanHRM of the

fibril spanning ~5um (Figre 2.3, arrows). From the Fourier transforms of HiRM
profiles extracted from the 40 em and 20 ¢

period at 66.48.2 nm and 67.6+0.2 nm, respectively {(Fig2.4 A and B).

To estimate theneancontrast itHRM between the gap and overlap regions of the D
period, we usedth maps, (Figre2.3B and C) excluding the 5 egn

surrounding the sharp bend and fibns, respectively (Tab.1). Calculating the
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moduli of the gap and overlap regions from theanmoduli of the fibril and the root
meansquare of the Bpeliod reveals a gap/overlap ratio of 0.80£0.04 and 0.82+0.04 for
the 20 em and 4 0. Ehimis imaxpelientragreementavithithe e
molecular density ratio between the two regions as proposed by Hodge and HBtruska.
This in turn indicates thahe HRM scales locally with the molecular density as

mentioned above.
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Figure 2.2 Observation of the fperiod along a hydrated fibrih) Height, Sneddon
modulus(HRM) and deformation channel of a single collagen fibril. The differences in
apparentiameter of the fibril are due to the choice of scale bar range used for each

channel tovisualize the Bperiod. Scale Bar: Height 1480 nm;Sneddon modulu8-30

MPa; Deformation28t 0 nm. The | en gt hD)Gdmparidoreofthe b r i |

height,HRM and deformation channels are shown for 500 nm segments demonstrating
the alignment othe HRM and height of the fibril and thE80 phase shift between the
HRM and deformation of the fibril. The-Period is visible in all three channels. The

overlap region appears higher, stiffer and less deformable than the gap region.
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A

Figure 2.3 HRM maps of collagenfibrilsA) 80 em | ong segment
pixel resolutionwith fibril bend (center arrow) and fibril end (right arrow) B) 40 ¢
long fibril at 20 nm pixel resolution, tHdRM decays from the center to the ends
(Arrows). C) lén@ segmmnt of fibril at 8 nm pixel resolution, a sharp bend appears
softer than its surroundin@rrow). Structural variations not associated with structural
anomalies were also observed in all three fibril m@udor Scale Bar: 80 MPa (A, C);

O-50MPa ( B) . Length scale bar: (A) 20 &m,
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Table 2.1 Summary of BbandHRM variation and period with staact deviation
(HRM data) and pixilation (Eperiod) as error.
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40 3316 30+1 371 0.82+0.04 66.4+.2
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2.4.3 Structural and mechanical alterations due to temperature

exposure

As a next step we measure tHBM of 5 um long segments of two collagen fibrils
expo®d to temperature ranging from 25°C to 62°C in wateguifé2.5. We use a softer
cantilever than stated previously with a spring constant of 0.3 N/m and an indentation
velocity of 1.2 mm/s. At 25°C thievo fibrils show aHRM andZFH of 12.7+0.3 MPa
and250nm (Figire2.5A andB), and 9.8+0.2 MPa and 350nm (&ig2.5D andE),
respectively. TheselRM values are below the 24D MPa range mentioned above for the
same indentation speed. This is due tauge of a different cantilever (MSNL, Bruker,
USA) with a lower spring constant of 0.25 N/m compared to previous measurements
(Figure2.1). The lower spring constant had a maximum measurable value of ~15MPa.
This was selected to provide higher contrashatower elastic moduli observed after
fibrils were exposed to a temperature greater than 5SDHE behavior of the fibril

between 25°C and 50°C was checked with a ScanAsyst cantilever and showed the same
behavior as the MSNL cantilev@ro compare results from both fibrils, we normalize all
HRM values tahe ones obtained prior to any temperature exposifter exposure to
temperatures above 50°C, fibrils exhibited a sharp decre&ieNhwhen measured at
room temperature (Fige2.5). This decrease iHRM progressed with exposure to
temperatures asdgh as 62°Git which point theHRM was found to be around 1MPa, or
10% of its original value. This decreaseHRM was found to persist up to 36 hours after
temperature exposure, suggest@ngermanent alteration to thbrillar structure The

softeningof the fibrils for temperatures above 50°C is accompanied by two structural
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changes. Th&FH of the fibrils increases by 15% and 30% (Kig2.5B andE) and the

D-period disappears compddy from theHRM maps (Figre2.5C andF).

To quantify this disapearance, we compute the FFT of HieM profile extracted from
the apex of each fibril after each temperature exposure. The amplitude epthed

peak in the FFT is a measure of its visibility in tHHieM maps. This quantity is presented
in Figure2.5and shows that the fperiod has compleledisappeared after exposure to
60°C. The disappearance of thefd@riod is associated with the appearance of subbril
structures that are only barely visible in the peak force error channel when the fibril is
pempendicular to the fast scan agiSgure 2.6,A). However they appear clearly on the
HRM maps when the fibril is tilted 45° from the fast scan axisui€g.6,C) or when

the fibril is dried (Figire2.6, E). The subfibiiar structures were determinedie

subfibrils as their diameter (~2 nm), was far larger than that of microfibrils, 4
8nm[40] Our besHRM map image showing subfibrils with a pitch in the micron range
was obtained after directly exposing a fibril to 62°C for 30 min and themgabback

to 25°C (Figire2.6,C). Thesestructures were not observed on the fibril at 25°C prior to
heating (Fig2.6B) or after dehydration (Fige 2.6,D). All the fibrils exposed to a
temperature of 62°C, stepwise (&ig2.6,A) or directly (Figure 2.6, C) show both a b
period andprominentsubfibrils with a minimum diameter of 20 nm when dehydrated

(Figure2.6, B.
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Figure 2.5 TheHRM (A, D), ZFH (B,E) and FFT amplitude of tHéRM profile at the

D-period wavelength (C,F) for two 5um segments a@gliirom two collagen fibrils as a

function of applied temperature. The indentation speed was 1.2 mm/s. Vertical error bars

are the standard deviation of each measurement.
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No alteraton to the Dperiod was observed between dehydrated control filbil§, + 2.7

nm and fibrils dehydrated after being exposed to 62°C, 66.1 + 1(Faloke 2.1)

However the height difference between the overlap and gap regions decreases from 5.6 +
0.3 nmto 2.8 £ 0.3 nm after exposure to 627dis decrease inDand contastis

coupled with a decrease in the relative length of the gap region from 44 + 2% (n=2) of the
D-period to 34 £ % ofthe D-period.These two values are different from tiedative

length of the gap region, 54% of thep@riod, measured by-Kay scatteng for hydrated

fibrils at room temperatur®0] The discrepancy between theray value and the AFM

value of control fibrilscan be attributed to a combination of drying &M imaging

artifacts due to the tip shaf#00] Admittedly, the sample sizesagsin this studyn=2)

are insufficient for statistical statements, but should be taken as a preliminary look at

fibril structures response to temperature and measuremenrd witel technique.

25 Discussion

2.5.1 A rat tail collagen fibril behaves & a polymer network in a glassy

State

In solution, the triple helix motif characteristic thie collagen molecule becomes

unstable around body temperat{B6] Within a fibril the same structural motif shows an
increased thermal stability due to the proiynof neighboring chains. The decrease in
mobility of the molecules in the crowded fibril environment compared to a dilute solution
is associated with a dease in conformational entropy at a given temperature. This is the
so-called polymer in a box motlef collagen fibril denaturation. In other words, below

the denaturation temperature, typically 65°C, the molecules within a collagen fibril are
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less mobilehan above that threshdle8] This is comparable to polymer networks where
the relaxation time d@racteristic of chain motion increases significantly below the glass

transition temperature.

As mentioned aboveherelationship betweemdentatiormodulusand indentation speed
of polymer networks below the glass transition temperature is very similae one
observed for collagen I fibrils at room temperature ((Fé@.1).[199] Based on this
comparison we found that collagen | fibrils display a charestierelaxation time of 0.1
ms, estimated using a typical deformation of 20 nm and a critidahtation speed
around 7 @rezlnWisen theFekpgrimental time is smaller than the relaxation
time the collagen fibril stiffens by nearly sevenfoldhim the accessible range of
indentation speeds (Rige2.1). In that regime the collagen moleeslhave no time to
rearrange locally and should deform cooperatively. The resulting deformation should be
similar to the one observed after permanently indgndiried collagen fibril§169] Using

a 20 nm radius tip, Wenger and coworkers achieved an itrg@pth of 30 nm that
extended along the fibril axis over two2riods[169] If this picture holds for the high
indentation speed regime observed in thisyttlils means that all the collagen
molecules in contact with the tip apex during indentatiorbare homogeneously. It
follows that the measurddRM should be proportional to the molecular density. With
this in mind the amplitude of tHéRM contrast obswed within a Dperiod (Figire 2.2)

is directly related to fluctuations in molecular density.tReirmore, our observation that
the HRM of the gap region is 80% of the overlap region supports the cssagggered

model of collagen fibril axial structuraqposed by Hodge and Petrugk.
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Figure 2.6. Structural changes in fibrils exposed to high pematures. Sneddon
modulus and Logneddormodulus channels of two collagen fibrils after repeated
temperature exposure from 262°C as seen in Rige 2.5(A), and a fibril before (B) and
after (C) 30 min exposure to 62°C. Peak force error channel inndgetypical
dehydrated collagen fibril (D) and of a fibril exposed to 62°C for 30 min before

dehydration (E).
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252 The effectsoft e mper ature exposure on col

and mechanical properties

The glassy state model discussed in ttevipus section predicts that collagen fibrils

should soften as the temperature is raised towards 65°C. This is confirmed by our
temperatire exposure experiments with an onset of softening around 50°C and an overall
tenfold decrease iHRM (Figure 2.5). Based on similar results obtained for a model
crosslinked polymer network, we expect at most a figll decrease iIHRM when

crossing tle glass to rubber transitigh99] The extra twefold decrease can be attributed

to fibril swelling due to water uptak&igure 2.5). Assuming that the length of the fibril
remains constant due to thd@sarption to the glass substrate, and that the meabiR®

at high indentation speed scales with molecular density as mentioned above, the 30%
increase in fibriZFH (Figure 2.5) should yield a 1-old decrease ilRM due to the

shift in molecular density associated with the increase of the fibrils-seosnal area.

Water uptake by the fibril also has important structural effects beyond radial swelling.
The D-period disppears almost completely from tHRM maps in the hydrated state

above 50°C (Figre2.5) but it is visible in the dehydrated state allvéith a reduced

height contrasts between gap and overlap regions. A simple explanation for these results
is a homogeration of the molecular density along the fibril axis due to water uptake.
Details of the homogenization mechanism are difficult to ififan our data. Howeveit

is likely that most of the water uptake is concentrated in the overlap region sinca it has
higher molecular density than the gap region at room temperaturgth®tgiituation is
complicated by the appearance of twisted subfibrils after temperature exposure (Fig

2.6, C andE) indicating that water may accumulate between these subfddtisrrithan
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being uniformly distributed in the fibril crosection. Theséwisted structures are similar

to those seealongin vitro fibrils with no temperature exposurddpendix A,Figure7)

Finally, our temperature exposure experiments on single &iteiln excellent agreement
with second harmonic generation (SHG) measergmof rat tail tendons and pig corneal
stromal200,2@] In both cases the SHG signal intensity decreases with temperature
exposure in a similar wagsthe HRM in our study (Figre2.5). It has been shown
previously that the large SHG signal observeddtagen fibrils is due to the tight
packing and alignment of weakly efficient harmonoph§2€8] A radial swelling
associated with an increase of angular spread of the molecuteregiect to the fibril
axis would yield a sharp decrease in SHG sign&nsity. Matteini et al. came to the

same overall conclusions based on theoretical considerg02k.

2.5.3 Effect of mechanical deformations

There is mounting evidence that $8a loading can generate plastic deformations called
kinks alongcollagen fibrils[12] These kinks are short segments of the fibrils, around

200 nm in length, that are characterized by a decreased enthalpy of denaturation and an
increased sensitivity twypsin digestion compared to pristine collagen fibfil$,14]In

this study, there is no indication that removing the fibrils from their tissue leads to the
formation of kinks but we observe two other types of mechanical damage, ruptured ends
and sharpt bent segments (Rige 2.3). In both cases thdRM decreases bytee to

fourfold compared to pristine regions of the same fibrils. The surrounding area exhibits a
decrease iHRM exhibiting the Dperiod with the same 20% contrast between gap and

overlapregions. The only point where thef2riod is not observed is right the point
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where the mechanical deformation took plagppendix A Figure6). Interestingly, the
sharply bent segments display a much higttet than the pristine segments of the firil
while the ruptured end of the fibril haZ&H consistent withts pristine region. This
suggests that the two types of damage are distinct, while having the same effect on the
local HRM of the fibril. Since the quartestaggered organization of theriib does not

seem affected, we propose that the observed deared&M is due to a loss of mature
crosslinks between collagen molecules (ruptured end) and/or the uptake of water in the
fibril bend, similar to what is observed with temperature expo3inis.loss of the glassy
state could be associated with the uptakeater in the fibril bend, similar to fibrils
exposed to temperatures higher than 58°C. Alternatively the possibility of the loss of
mature crosslinks is strongly supportedHfyM data ob&ined on fibrils assemblad

vitro from acid solubilized collagemolecules extracted from rat tail tendon. These fibrils
have aHRM five times smaller than thex vivofibrils, which is consistent with an

absence of mature crosslinks, and still showdéygendency on indentation speed

characteristic of a glassy stagppendix A Figure 8).[63]
2.6 Conclusion

In this study, we demonstrate that nanomechanical mappegtiot collagen fibrils at
indentation speeds around®1fn/s can detect subtle chasge molecular dynamics and
fibril architecture due to an external stimulus such as temperature. This is opening the
road for the study of mechanical damage at the esifiigtil and the study of gene

mutations that are suggested to impact collagen fitotitgire and mechanical properties.
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Chapter 3Characterization via atomic forceiaroscopy of
discrete plasticity in collagen fibrils from mechanically

overloaded tendons: Natszale structural changes mimic

rope failure
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3.1 Motivation and Hypotheses

The study presented in Chapter 2 solidified our understandiniglepeedAFM
indentation as a means to quantifying localizedcsural vaiations along the axis of a
collagen fibril. Furthermore, exposing fibrils to temperatures up to 62°C resuked
increase in zero force height and a decrease in hydrated radial modulus. Concurrently,
colleagues in biomedical engineering were studyfregeffects of tendon overload on
collagen fibrils.In their workthey observed structural phenomenguiscree plasticity,
where localized kink structuregere generated along the length of individual collagen
fibrils within the overloaded tendoin this chapter the goal wastise high speed peak
force quantitative nanomechanical mappinguantify the structtal alteration of
collagen fibrilsdisplayingdiscrete plasticityThe hypotheses below were influenced by
the observed alteration of hedteollagen fibrils discussed in Chapter 2, and structural

observations associated with discrete plasticity presemi€Hapter 1

Hypothesis 3.1Fibrils displaying discrete plasticity wittsemblehermally treated
collagen fibrils when measured by higheed PFQNM, with a lower

HRM and increased water content compared to unloaded fibrils.

Hypothesis 2: HRM and waér uptake by fibrils displaying discrete plasticity will
decrease and increase respectivwith the serial kink density of an

individual fibril.

Hypothesis 3: HRM and water uptake by fibrils displaying discrete plasticity will be
heterogeneous due tize localized nature of discrete plasticity and

associated fibril shell.
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3.2 Introduction

Tendonsaretensionbearingtissueghatconvertmusclecontractioninto skeletal
movemenusedfor everydaylocomotion.Thefunctionalattributesof tendonarethe
resultof a highly organizecdhierarchicalstructureof extracellulamatrix proteins.The
mostmechanicallystructuralelements collagen,its most fundamentaktructuralunit
beingthe nanascaledfibril.[4,204] Injury dueto mechanicabverloadof atendonresults
in thedisruptionof its orderedhierarchicalstructureJong-termalterationits mechanical
propertiesandlossof function.[2(,206] A structuralmotif for collagendamagedueto
tendonoverloadhasrecentlybeenidentified. It is characteized by a serialdisruption
(kinking) of collagenfibrils structurealongtheirlength.[12]Termeddiscreteplasticity,
suchdamagas associatedavith increasegnzymesusceptibility,decreasethermal
stability anddenaturatiorof collagen,andcellularrecognitionof locally kinked

fibrils.[12-14, 18]

The nativestructureof a collagenfibril (in bovinetendon)consistsf collagenmolecules,
self-assembleadhto five moleculecrosssectionmicrofibrils approximatelyda nmin
diameterthesethenassembledhto subfibrilsapproximatelyl0-40 nmin diameter.[28]t
hasbeendemonstratethatsubfibrilsandmicrofibrils arewoundaboutthe axis of the
fibril in amannersimilarto thatin alaid ropestrand.[34,38,40,41,Z(2(08]
CharacteristicperiodicD-bardingis observedalongthelengthof nativefibrils. This
appearances aresultof the nonintegerstaggeringf collagenmoleculeswithin
microfibrils, resultingin moleculardensityfluctuationsalongthef i b length.A single

periodof the D-bandis ~67 nmin tendonfibrils andconsistsof a gapandoverlap
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componentvherethegaphas4 / ®fahe moleculardensityof the overlap

region.[5,28209]

It is now clearthatoverloaddamagen atendoninvolvesalterationto molecular
conformationor packing orderat the nanescalewithin individual collagenfibrils.[12-
14,153] In particulartwo significantstructuralalterationgo fibril morphologyhavebeen
reportedn associatiorwith discreteplasticityunderscanningelectronmicroscopy

(SEM): (i) the appearancef a shelllayerwhich obscuresr replaceD-banding.and(ii)

serialkink sitesalongthefibril slength.Thesechangesappeato relateto radialand

longitudinalalterationgespectivelywithin the collagenfibril.[12] To thispointin time,
discreteplasticityhasbeenobservednly underSEM, andthatafterdehydratiorand
sputtercoatingto achievenanometeresolution.In the presentstudy,we havesoughtto
circumventthesealterationgo collagenfibrils beforeobservatiorby applicdion of

atomicforce microscopy(AFM).

We havepreviouslydemonstratedcquisitionof high-resolutionmechanicamapsfrom
hydratedcollagenfibrils via AFM, usingthe peakforce quantitativenanomechanical
mapping(PFQNM) mode.[20] Fromtheacquireddat we areableto calculatethe
maximumpenetratiordepthof thetip into the collagenfibril, andthef i b hydrated s
radialmodulus(HRM), all with a spatialresolutionof around10 nm. Thesemechanical
propertiesvereshownto be a measuref thelocal moleculardensityof thefibril. By this
meansthe penetratiordepthand Sneddormodulusimagesvisualizethe interior of the
fibril atdistinctdepths.In the presenstudy,we haveusedthis techniqueto analyze25

controland25 overloadkinked collagenfibrils, seekingo furtherour understandingf
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themolecularalterationsn collagenfibrils associatedavith discreteplasticitydamage.
Basedon theresultingdata,andmakinguseof previousdescriptionof the collagenfibril
asahanoscaleopeandor asatubelike structure we suggestnewmodelof kink

formationwhich resembleslamagemotifs foundin laid ropestrands.[36,38,41]

3.3 Materials and M ethods

3.3.1 Sampleacquisition

Tissueharvestingandhandlingwereapprovedy the HealthSciercesResearcltthics
Boardof DalhousieUniversity (Protocolapprovald-14-20, 1-16-20 and118-15C).
Bovinetails wereacquiredrom 18-24-monthold steerammediatelyafter slaughterfor
meatat alocal abattoir.Thetails werestoredfor no morethan2 hoursat4°C, afterwhich
thetendonswveredissectedrom the dorsalregionof each.In this studytail tendongrom

5 animalswereusedwith a singletendonsourcedrom eachtail.

3.3.2 Tendon preparation

A segmentl cmin lengthwascut from eachtendn to serveasa controlandstoredin
phosphatéufferedsalinesolution(PBS)with apH of 7.4at4°C. Theremainderof the
tendon(5-7 cm) was thenclampednto anMTS SeriesA58servehydraulictesting
machinefor mechanicaloadingwith aninter-grip samplelengthof 2-3 cm. Eachtendon
underwent pre-loadingcycle at 1% strainpersecondo a maximumstrainof 10%. This
wasfollowed by 5 overloadcyclesinto the plasticregionof theload-deformationcurve
undercomputercontrolat a strainrateof 1%/sasdescribedgreviously.[13]At thetime of
this study,this repeateaverloadregimehad beendemonstratetb producethe most

collagenfibrils displayingdiscreteplasticityin thetendoncollagenwhile retainingawide
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rangeof kink densityamongthe individual fibrils.[13] Duringloading,thetendon
samplesverekepthydratedby continuousapplicationof PBSwith a pipette At
completionof theloadingprocedurethe overloadedendonwasremovedrom the
apparatusandthe clampedendswerecutaway. Both the controltendonsampleandthe

trimmedoverloadsamplesverethensubjectedo adecellularizatiorprocesgFigure 3.1).

3.3.3 Decellularization

Decellularizationwvasundertakeno allow clearvisualizationof individual collagen
fibrils andhas previouslybeendemonstratetb preservaliscreteplasticitydamage.[15]
Theprocesshasbeenfully describedreviously(Appendk E).[211] It beganwith
treatmenin a hypotoniccell-lysing solutionlasting36 hoursat 4°C, followed by
exposurdo aTriton X-100solutionat4°C for 24 hours,a sterile3 hourwashin a
DNase/RNaseolutionat 37°C,andfinally a sterile24 hourwashin Triton X-100
solutionatroomtemperatureAll solutionswerereplacedwith freshsolutionevery12
hourswhererequired Following thefinal washin the Triton X-100solution,samples
wererinsedin sterilePBS,in antifungal/antibioticsolution,andtwice in a sterile
PBS/antibioticsolution,eachwashoccurringat roomtemperatur@andlasting30 minutes.
A final washin sterilePBS/antibioticsolutionatroomtemperaturéasted48 hoursand
occurredbeforestoragen PBS/antibioticsolutionat4°C. The maximumstoragdime for

thenowssterile,decellularizedendonsamplesieverexceede® weeks.

3.3.4 AFM sample preparation

AFM samplepreparatiorfollowed the methoddescribedyy Baldwin et al.[210]

Decellularizedendonsamplesveretakenfrom storageandplacedon a plasticdissection
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dishin 1ml PBSat pH7.4.Collagenfibrils weredissectedrom thetendonsausing
tweezersandathin glassneedle After sufficientdissectionthe PBS/fibril solutionwas
pouredontoa glassbottomeddishandallowedto settlefor a minimumof 45 minutesto
facilitatefibril adsorptiorto the bottomof thedish.TheseAFM samplesverethen rinsed
3 timeswith deionizedwateranddriedundera flow of nitrogenfor 10 minutesto
completelyadherethefibrils to the glasssubstrateAt this pointthe samplesvereready

for AFM imaging.

3.3.5 AFM imaging

AFM imagingwasperformedwith a Biosampe Catalystatomicforce microscopgBruker,
USA) mountedon anIX71 invertedmicroscopgOlympus,Japanequippedwith
differentialinterferencecontrast(DIC) anda 100X, 1.3NA, oil immersionobjective,
which allowedopticaltargetingof singlecollagen fibrils. ScanAsystiquid+ cantilevers
(Bruker,USA) with a springconstanbf ~0.7N/m,resonancérequencyof ~150KHz, tip
radiusof ~2nm,andconehalf-angleof 17.5degreeswereusedin thiswork. All
cantileverswnerecalibratedusingabsolutecalibration. The deflectionsensitivitywas
measurean fusedsilica andspringconstaniwasdeterminedisingthe thermaltune
componentbf the Nanoscope.15software(Bruker) which makesuseof thethermal
noisemethodof cantilevercalibration.[19] All AFM imageswereacquiredn peakforce
guantitativenanomechanicahappingmode(PFQNM) with atip velocity of 1.2mm/s
anda peakforce setpointof 10nN,resultingin a 256x256grid of force displacement

curvesallowing analysisof the sampleareasnechantal properties.[20]
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3.3.6 AFM data acquisition

In this study,tenfibrils from eachof 5 tendonsvereimagedalong10 um of their length.
We selectedive fibrils from eachcontrolsampleandfive fibrils from eachloaded
samplewhich displayedsitesof discreteplasticitythatwe will subsequentlyeferto as
kinks. In total, we imaged50 fibrils, 25 controland25 kinkedfor atotal axial lengthof
500um. Threeessentiaktepswerefollowed in this orderfor all dataacquisition:(i)
opticaltargetingof dehydatedcollagenfibrils, (i) AFM imagingof eachdehydrated
fibril usingPFQNM with a pixel sizeof 20 nm, and(iii) AFM imagingof rehydrated
fibrils using PFQNM imagingwith a pixel sizeof 8 nm. Imagingof hydratedcollagen
fibrils wascarriedoutin PBS with atpH 7.4 andatroomtemperatureAll collagenfibrils
wereexposedo a singledehydratiorstepduringsamplepreparatioranddehydrated
imaging,followed by a singlehydrationstepprior to hydratedmaging.Samplesvere
allowed30 minutesto rehydrateprior to hydratedmaging andshowedno progressive
hydrationwith longertime periods(datanot shown).Thedehydratiorprocessvas
necessaryo ensurethatfibrils displayingdiscreteplasticitywerecompletelyadsorbedo
theglassAFM substrag. We acknowledgehatthe dehydration/rehydratioprocessnay

alterthefibrils, butdeemedt to be experimentallynecessary.

3.3.7 Data analysis

All daaanalysiswvasperformedusingSPIP6.3.3software(ImageMetrology). Fromthe
acquireddata,6 propertiesof the collagenfibrils wereof interestthe heightand
deformationof thefibrils in bothhydratedanddehydrategtatesthe HRM, andthemean

saial kink density(kinks/um)alongeachfibril overa 10 um length.The deformationof
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afibril atany pointwasdefinedfrom the force/distancelataasthe distancebetweerthe
extensiorcurveandmaximumindentationat 15% of the peakforce (maxforce) (Figure
3.2). Thiswasusedasan estimateof the deformationof the sampleby the AFM tip, with
the 15% setpointapproximatingooththe contributionof cantilevercomplianceassociated
with its sensitivitymeasuremerdndthe point of contactbetweerthe AFM tip andthe
collagenfibril. All heightanddeformationrdatawereextractedrom a 20 nmwide strip
alongthe apexof the collagenfibril. Thedeformationsn the hydratedanddehydrated
statesveresummedwith the correspondingpeightmeasureo provide a valuetermedthe
zeroforce height(ZFH). This measureepresentethe correctecheightof thefibril in the

absencef appliedforcedueto the AFM tip.[210]

Usingthe meansf the hydratedanddehydrated FH, a swellingratio aswascalculated

for eachfibril asshownin Equation2:

3xAl 2 EDES (2)
Thisratio providedinsightinto thef i b mter&ctoswith the surrounding®BSmedium.

TheHRM of collagenfibrils wascalculdedby fitting the Sneddormodelto theretract

curveof the AFM indentationasdescribedn Equation3:

~

0 —— OAT ] (3)

whereF is theappliedforce, 3 is the Poissorratio, Uis the half angleof the cone,tiis the
depthof indentationinto the sampleandE is the elasticmodulus(HRM) of the
sample.[164,195,19d]he Poissorratio of thefibril wastakento be0.5,characteristiof

incompressibility.[73,210]Theretractcurvewasselectedor Sneddommodulusfitting
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asthe point of contactbetweerthe AFM tip ard the collagenfibril is poorly defineddue

to the low radialmodulusof the collagenfibril.

Thehydratedradialmodulusobtainedby fitting Equation3 servesasa probefor the
moleculardensityof the collagenfibril.[2 10] The Sneddormodelwasselecte for
modulusanalysisdueto the AFM tip geometryanda minimumindentationdepthof
~30nm uponthe apexof the control collagenfibrils. Thefit rangeof eachforce curve
wasdeterminedisingB u e ¢ kulega@réspondingo a maximumfit rangeequivalent
to 10%of thef i b ZRAH[1874.98] This procesgproducednapsof the HRM of the
collagenfibril from which valueswereextractedalonga 20 nm wide strip alongthe apex
of thefibril. Outliersin theHRM of a singlefibril weredeterminedisingJMP sdtware
(version11.0.0,SAS Institutelnc.) andremovedrom thedataset. ThemeanHRM and
the coefficientof variationof the HRM werecalculatedor eachfibril. ThemeanHRM
wasusedto quantifythe moleculardensityof thefibrils, asjustified previously, while the
coefficientof variationof the HRM provideda measuref the heterogeneityf the

moleculardensityfor the collagenfibril.[2 10]

Themean serialkink densityalongeachfibril wasdeterminedy countingthe numberof
kinks alonga 10 um length.Thiswasperformedon 10 um x 10 um dehydraed height
imagesof kinkedfibrils wherea kink wasclassifiedasa transversafault line on thefibril
(Figure 3.3). Kinked fibrils weresplit into two separatgroups kinked (meankink
densitylessthan1.5kinks/pm),andvery kinked (meankink densiy greaterthanl1.5

Kinks/um).
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3.3.8 Image analysis

To visualizethe data,mapsof height,deformationandHRM wereextractedusingSPIP
6.3.3andstitchedtogetheinin AdobePhotoshopAll crosssectionaldatapresentedavere

extractecalonga 20 nm-wide strip alongthe apexof the correspondingollagenfibril.
3.3.9 Statistical Analysis

StatisticalAnalysiswasperformedusingJMP software(version11.0.0,SAS Institute
Inc.). A 2-way ANOVA wasperformedfor swellingratio, HRM, andcoefficientof
variancedatawith variablesof five animaltails andthreekink densitygroups(control,
kinked, verykinked). Where appropriateafterthe 2-way ANOVA, Bonferrontcorrected
posthoctestingwascarriedoutusingF i s hLeast8ignificantDifference(LSD) test.

All parametricdataarepresente@dsthe meant the standardleviation.
34 Results

Topographianappingof dehydratedollagenfibrils extractedrom controltendon
samplesverefree of curvatue andshowedhe periodicD-bandingpatternindicative of
proper,nativemolecularpackingwithin thefibrils (Figure 3.3, A). By contrastfibrils
extractedrom overloadedtendondisplayingdiscreteplasticitydamagefollowing a
twistedpathwith the D-bandinterruptedat sitesof sudderdirectionalchangesn the
fibril axis(Figure 3.3 B). Thesesiteswereconsistentvith thekink structuregreviously
observedinderSEM.[1214,153] The persistencef the D-bandingbetweerkinks

suggestsetentionof orderedmolecularpackingin theseregions(Figure 3.3, B, arrows).

73



Uponhydrationin PBS,both controlanddamagedibrils swelledsignificantly (Figure
3.3). In the hydratedstate D-bandingwasbarelyobservabldor the controlfibrils (5-10
nm fluctuaion) andnot observabldor the kinked collagenfibrils (Figure 3.3, C andD).
This observatiorsuggestshatthe gapandoverlapregionsof the D-bandhavedistinct
swelling ratiosin PBS,resultingin a nearlyconstantrosssectionalareaalongthelength
of controlfibrils. The heterogeneityn swellingdoes,however permitobservatiorof D-
bandingin the HRM mapsof collagenfibrils.[210,212] Indeed,in the preset study,D-
bandingof controlfibrils wasobservedn bothdeformationandSneddomodulus
imagey(Figure 3.4, A andC). Kinked fibrils, by contrastoftenshowedno D-bandingin
eitherdeformationor SneddormodulusimageqFigure 3.4, B andD). Insteadwe
observed highly penetrableshelllayerenvelopinghe collagenfibril (Figure3.4, B,
arrow)anda newperiodicHRM fluctuationoccurringat the kink sitesalongthe collagen
fibril (Figure3.4, D). An inverserelationships expectedetweerthe defamationand
HRM valuesof a collagenfibril. A highly deformedregionshouldhavealower HRM
andvice versa.This relationshipbrokedownin the kinkedregionsof damagectollagen
fibrils (Figure 3.4, B andD, rectanglesyvherea decreasen HRM wasobseredin the
kinkedregiond withoutanincreasen deformationThis observations anartifact, due
to theindeterminannatureof the point of contactbetweenAFM tip andcollagenfibril
associateavith soft samplesandthe methodin which the deformationis measurean

forcecurves
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Comparisorof Sneddormodulus(HRM) imagesfrom control, kinked,andverykinked
collagenfibrils demonstratethe progressiorof damageasserialkink densityincreagd
alongcollagenfibrils (Figure 3.5). No correlationbetweerntendonsourceanda regionof
thekink densityrangewasobserveddemonstratingno dependencen kink densityand
the macroscaléoadingof thetendonsAgain, notall kinked collagenfibrils displayeda
completelack of D-bandingwhenvisualizedvia HRM (Figure 3.5, B andE). Plottingthe
HRM, coefficientof variationof the HRM, andthe swellingratio of the collagenfibrils
againstserialkink densityrevealedanincreasan swellingratio anddecreasén HRM
with increasingink density(Figure 3.6, A, C andE). Thisis consistentvith the notion
thatadecreasén HRM is dueto a decreasén moleculardensity.Comparisorof the
meanpropertiedrom thethreefibril groupsshowedsignificant,systematidifferences
betweerthe control, kinked,andverykinked collagenfibrils

(Figure 3.6, B, D andF, Table3.1). MeanHRM andHRM heterogeneitycoefficientof
variation)weredistinctbetweereachof the threegroups,while the swellingratio
increasedsignificantlybetweerthe controlandvery kinkedfibrils (Figure 3.6, B andF).
It is striking thatthe heterogeneityn the HRM changedso greatlywith damagethe
coefficientof variationof HRM in contol fibrils is morethandoubledin bothkinkedand

very kinkedgroups,Jargelyindependentf kink density(Figure 3.6, C andTable3.1).
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3.5 Discussion

Our previouswork hasaddressetivo basicquestionsFirst, whatdoesit meanfor
collagento bemechanicalljdamagedn anoverloadevent?Secondarethereidentifiable
structuralmotifs, at somecharacteristiscale which areassociatedvith damageThese
arequestionsvhich areimportantfor our understandingf evolutionaryii d e sin g n 0
collagenandfor biomedicalidentificationandtreatmenbf soft tissueinjuries. Examining
overloaddamagedovinetail tendonsvith SEM, we haveidentifieda characteristic,
nanascaledmotif for damagen thefundamentatollagenfibril: local kinks which
increasedn serialdensityunderincreasingcyclesof plasticoverloading.[12,13As well,
treatmentwvith theacetyltrypsin,a serineproteasegemonstratethatmolecularcollagen
wasdenaturedluringthis processgradualy obscuringD-bandingin SEM imagesand
occurringmostintenselyat thekink sites.[1214] Mechanicakvidencesuggestshat
thesekinks maybe partof a structuralmechanisnwhich absorbsoverloadenergyvia
sacrificialdestructiorof certainsubfibrils,tougheningcollagenat a very basiclevel. Due
to the verylocal natureof the kink formation,we havetermedthis damagenechanism
Adi splr &4 teCGutuie of geaellularizechativeanddamagedendonswith immortal
macrophagdike U937 cellshasgiventhefirst evidencehatinflammatorycellsmaybe

ableto recognizeandrespondo discreteplasticitydamage.[15]

We recognizedhatthe kink morphology observedy SEM only providessurface
characterizatioof the collagenfibrils following significantalterationdueto dehydration
andmetalsputteringin the presenstudy,we havesoughtto removethis barrierandto
look at nativeanddamagedibrils in anunfixed, hydratedstate By comparingfeaturesn
dehydratecandhydratedspecimensye directly examinethe importanceof water
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solvationin ourimaging.Further,by carryingout nanescaledmnechanicaéxaminatiorof
fibrils, we areableto probetheinterior of damagedibrils via indentation In short, AFM
offeredthe opportunityto determinewhetherthe kink morphologyof discreteplasticity
damagewvasartifactualto anysignificantdegree andto greatlyexpandour structural

understandin@f accumulatingmechanicalamageatthefibril levelin collagen.

3.5.1 Hydration revealsstructural featuresassociatedvith discrete
plasticity

ComparinghedehydratedFH, hydratedZFH, HRM, anddeformationof kinkedand
controlcollagenfibrils revealedalterationof molecularpackingdueto tendonoverload.
Newly-validatedstructuresncludea low-density shellwhich encompassedhigher
densitycorein thedamagedaollagenfibril. SEMimagesafteracetyltrypsindigestion
suggesthatthis layer is composedf denatureatollagen.[1214] Along the coreof the
fibril, the periodickink structuref discreteplasticityhavebeenconfirmed,ashavethe
relativelyundamageahter-kink regionsspanningconsecutivekinks (Figure 3.4). The
kink structuesaremechanicallycharacterizedy a sharpdecreasen HRM comparedo
theinter-kink regionsandanincreasean deformationby thetip (Figure 3.4). The
alterationin mechanicaftesponse®f the shellandkink sitesis mostlikely dueto uptake
of waterassociatedavith thelossof nativemolecularpackingandlocal denaturatiorof
triple-helicalcollagen.Thisis supportedy the preferentialenzymaticdigestionof
materialfrom the shellandkink structuresdy trypsin,aswell asthe decreasé thermal

stability of the overloadedendon.[12,14]
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Thedramaticincreasen the coefficientof variationof the HRM betweerthe control
fibrils anddiscreteplasticity-kinkedfibrils (Figure 3.6D) suggestshatthe kink/inter-kink
HRM differenceis conservedindependenof kink density thatis, akink is alocal
structurewhich haslimited influenceon the mechanicabehaviorof neighboringregions
in thefibril. Thisfinding contrastawith the decreasén the meanHRM of damagedibrils
askink densityincreasegFigure 3.6A). Fitting the meanHRM versuskink densitydata
with alinear (r?= 0.042)andanexponentiafit (r? = 0.62) bothwith p values<0.05,
demonstratethe meanHRM is not solelydueto anaccumulatiorof discretekink
structures.lt follows that, while the kink/inter-kink heterogeneityvascapturedoy the
coefficientof variation,thefall in meanHRM with increasingkink densityis associated

with boththeformation of the shell structureandaccumulatiorof kink sites.(Figure 3.7).

The D-bandingseenin the HRM mapsof controlbovinetail collagenfibrils is similar to
thatseenin rattail collagenfibrils.[210] Increasingevelsof damagen varioustendon
oveloadfibrils wereassociatedavith anincreasan kink density,decreasingneanHRM,
anddisappearancef the D-bandingin Sneddormodulusimages(Figure 3.8). Thelossof
D-bandingis tied to increasinghicknessof thefibril shellwhich parallelsincreasng
serialkink density.The swellingratio in our experimentslsoincreasedvith greaterkink
density(Figure 3.6, E). Whenthe samplewasdehydratedthough,this shelllayer
collapsedandthe D-bandcould be seenin thetopographyof the inter-kinked regionsof
thekinkedcollagenfibrils (Figure 3.3,B andD). This suggestshatthe shellstructure
consistf ageklike layerof denaturedollagenmoleculeshighly solvatedn water.
This denatureatollagenis likely not solubilizeddueto the presene of crosslinking

betweemeighboringalphachains.[63,24] Thesimilarity in themeandehydrated& F Hd s
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of controlandkink collagenfibrils suggestshatno significantmolecularcontentis lost
duringkink formation,suggestingetentionof the entireshell layer (AppendixB Figure

1).

Thehigherdensitycoreinsidediscreteplasticity-damagedibrils wasprimarily observed
in the deformationmapsratherthanin the HRM maps.Thisis dueto the differencein
depthsensitivityof thetwo measurement$iRM mapswerecalculatedoy fitting the
force curvesto a maximumdepthof 10%of thefibrils ZFH (~40 nm indentation) while
the deformatiormapsarecalculatedrom the maximumindentationdepthof the AFM tip
into the collagenfibril (~100nm). Therefore the deformationmapshaveincreased
sensitivityto featuresurieddeepwithin the coreof thefibrils: e.g.theappearancef D-
bandingin someinter-kink regionsof very kinked collagenfibrils (Figure3.9). The
inconsistencyf D-bandobservatiorin theinter-kink regionsmaybe dueto regional

variationin thefibril shellthickness.

3.5.2 Laid rope damagemotif model of collagenfibrils

It is clearthatdiscreteplasticitydamageealts from tendonoverload andthatthe
intensityof the associatedtructuralchangesncreasesvith repeatedoadinginto the
plasticregionof thetendonstressstraincurve.Nonethelesshekinks which we have
now observedn dehydratecandhydratedspecimensunderboth SEM andAFM, are
reboundstructuresvhich resultafterunloadingof damagedibrils. We know little about

themechanisnvia which thelocal damageoccursandhow the kinks form.
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A collagenfibril consistof helicallywoundsubfibris andmicrofibrils composed
primarily of crosslinkedtriple-helicalmolecules.[28,34,20208] The crosslinkingof the
collagenmoleculesandthe twistednatureof the collagenfibrils subcomponentsuggest
thatanaptmacroscopicstructuralanalogof the collagenfibril mightbethatof a
polymerizedaid ropestrand.[41]While notin the contextof understandinglamage,
modelsof this sorthavebeenpreviouslyproposedSomeinvestigatordavesuggested
thatcollagenfibrils arenanoscaleopeswhile othershavesuggestea tubelike
organizatioror aliquid crystallinemodelfor thefibrils structure.[36,38,4] If we
considerthecollagenfibril asalaid ropestrandwithin alargerrope,it is intriguingto
considemwhetherthe shellandkink structiresobseredin discreteplasticitysamples
might resembledamagemotifs foundin laid ropes,associatedavith internalabrasiorand

axialcompressiorfatigue.[41,20]

Theradialvariationof the shellcorestructuresof kinked,damagedibrils, coupledwith
theincreasesn bothswellingcoefficientandshellthicknesswith kink density,offersthe
possibilitythatthe shelllayermaybetheresultof forcesactingdirectly on the surfaceof
the collagenfibril. Thereis supportin theliteratureto suggesthatshea stresplaysa
strongrole in the behaviorof tendonsundertension.[25-218] Indeed,inter-fibril shear
stresshasrecentlybeencalculatedasbeing32kPa.[28] In overload,if shearstressvere
appliedto a particularcollagenfibril, we would expectthatanysheafinduceddamage
might propagatenwardsfrom the affectedsurface Molecularalterationdueto
interfibrillar shearwould thenexplainthe formationof the denaturedhelllayerof the

damagedaollagenfibril. Onepossiblemechansmfor suchdenaturatiornn the shellmight
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beinter-stranddelaminationa phenomenomvhereinU-chainsparticipatingin a crosslink
arepulledout of their respectivecollagenmoleculestherebyleadingto a permanent,
stable,denaturation]4,125126220,221] In shearloadingof thefibril, such
delaminationwould propagateadially inwardsfrom the surfacetowardthe coreof the
fibril. Thismechanisms similarto internalabrasionwithin aropestrand characterized
by alow densityshellandlossof substructurattheropesurfacé featureseenn the
shellof discreteplasticitydamagedaollagenfibrils.[41] In consideringsucha possibility,
we mustalsoconsideranalternativehypothesisthatthereis a pre-existingradial
heterogeneityn thefibril structue which preferentiallypre-disposeshe outermost
molecularayersof thefibril to damageperhapssacrificialdamagevhich absorbsenergy
prior to fibril fracture tougheninghefibril. Suchaheterogeneithasbeenproposedn
thetubelike modelof a collagenfibril.[36] It is not possibleat presento differentiate

which of thesemechanismsnaybeat playd if notboth.

Thekink structurebservedn associatiorwith discreteplasticityarethoughtto be
causedy structuraldamagevhich occurredduring the overloadingof thetendon but
actuallyformeduponremovalof load. Observatiorof the kink structuresnow with both
SEMandAFM, confirmstheir similarity to kink structureseenin laid ropeswhentheir
lower hierarchicacomponerd experience&ompression.[144,41,18] Oneexperimental
difficulty which emergesvhenintacttendonsaremechanicallymountedandoverloaded
is thatthe resultingdamages heterogeneoushatis, only subpopulationsof the collagen
fibrils within thetendondisplaydiscreteplasticitydamageSomeregionsappeato have
beensparedverloadandremainentirelyintact.[12] Suchheterogeneougamagecould

leadto regionswhich experiencesomedegreeof compressiomuponremovalof external
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load, perhapseaulting in kink formation.Shouldthis bethecas® andmorphological
similarity betweerengineeredopeandcollagenfibril structurecertainlyd o e €anférmh
thismechanisd we might askwhethercompressivelamagenould occurduring
physiologicaloverloadng of a musck-tendonbonecomplex,or whetherit is peculiarto a

testingmachinesamplemountedn grips.

Onedamagemotif foundin laid ropes,termedaxial compressioffiatigue,is characterized
by periodicZ-shapedink structuresalongthelongitudinalaxisof lower hierarchical
structuresThesestructuresn somewaysresemblehekink structureobservedn
discreteplasticity. Formationof ropekinksin axial compressioriatiguehavebeenshown
to betheresultof twisting of the hierarchalstructuesundertenson, anda mismatchin
componentengthsandmechanicapropertiesTheir locationsarethoughtto be
determineddy regionsof low torsionalresistancer the nonuniform loadingof rope
components.[41We havepreviouslyshownmicron-scalevariationin a collagenfibril 6 s
densityalongits length.This observatiorsuggestsveakpointsmayexistalongthe

fibril .[210] Furthermorethereis heterogeneityn fibril diameteiin tendonwhich may
imply accompanyindpeterogeneityn fibril mechanichpropertiescorrelatedwith
diameter.[22] It maybethe casethatsomefibrils or fibril regionsareparticularly
susceptibleo the effectsof local stressconcentrationywhethervia torsionor othermodes.
Whetherthe morphologicakimilaritiesbetweenaid ropefailure motifs anddiscrete
plasticityin tendoncollagenfibrils aremorethanintriguing coincidencesemainghe

subjectfor furtherstudy.
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3.6 Conclusions

In thiswork, we haveusedAFM in a hydratedenvironmento quantifythe effectsof
tendonoverloadon the structureof individual collagenfibrils. We haveconfirmedthe
morphologyobservedinderSEM, but havenow demonstratethe dependencef water
upteke andmeanHRM on serialkink density.Further,we haveshownthatkink and
inter-kink regionsmaintaina constantHRM ratio, independendf kink density,
suggesting truly local mechanisnfor kink formation.Our datasupportghe conclusion
thatthe shdl andkink structuresareassociateavith moleculardenaturationWe have
alsodescribed setof interestingresemblanceletweerfailuresin engineeredaid ropes
anddiscreteplasticitykinking seenin tendoncollagen.lt mayfollow thatdiscrete
plasicity kink formationis aneffectof fibril substructureandlongitudinal,structural
heterogeaitieswhich play out underthe sortof unevenoadingwhich occursduringin
vitro testingof tendonsampleslit remaingo bedemonstrated thisis alsothecase
duringphysiologicaloverloadsn high-loadbearingtendonsasin, for instancestrain
injuries. Discreteplasticityin tendoncollagenis animportantandcomplexphenomeno,

andatomicforce microscopyis a particularlyvaluabletool for its examination.
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Chapterd: A newlongitudinalvariationin the structureof
collagenfibrils andits relationshipto locationsof

mechanicatlamagesusceptibility

This chaptethasbeenreproducedrom the article iA newlongitudinalvariationin the
structureof collagenfibrils andits relationshipto locationsof mechanicalamage
susceptibilitp submittedto the Journalof IntegrativeBiology (AppendixF). Theauthors
of thearticleareasfollows i B a | dSw.iSampsonJ.,PeacockC., Martin, M.J.,
Veres,S.P. Lee,J.M. andKreplak,L.0 As First Author | wasresponsibldor
experimentatesigndataacquisition,majority of the dataanalysisof the AFM work, and

producingthefirst draft of the documen&andparticipatedn the subsequergdits.
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4.1 Motivation and Hypotheses

The study presented in this chaptethis tesult of post hoc analysis of data on unloaded
collagen fibrils, sourced from Chapter 3, and scanning electron microscopy images of
tendon fibrils displaying discrete plasticity fils, acquired by colleague¥wo major
guestions were to be asked byisiting these data sets: \Merethe micronscale

variations observed in Chapter 2 consistent within a fibril poputagpQould those
micron-scale fluctuations in a fibd HRMlocally predispose the fibril to the discrete

kink formationassociated h discrete plasticity? In this chapter the first question will be
answered using a modified analysis of HRM variation as described in Chapter 2, while
the second question will be addresbgdcomparing the length scalekthe variation of
unloaded collgen fibrils with the kink spacing observed along fibrils displaying discrete

plasticity.
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4.2 Introduction

Collagenfibrils aretheropelike supermoleculaproteinstructuresvhich arelargely
responsibldor thetensilestrengthof tendonandmanyotherconnectiveissuesThe
impactof collagenon mechanicapropertiesvariesbaseduponits hierarchicalassembly,
type,crosslinking,andassociatednoleculeqd17,63,23-225] Dueto the pervasivenature
of collagenthroughouthe bodyandits critical mechanicafunction,muchresearcthas
beenconductednto the vanation of collagenfibril s with respecto anatomicalocation,
loadinghistory, mechanicalamageage,diseaseandgeneticvariationsof the collagen

moleculef[12,39,210,211,226-230]

A commonfeatureof all collagenfibrils is a hierarchicalstructureconsistingof 3
sublevelsthe collagenmolecule microfibril andsubfibril. Thesehierarchical
componentareheldtogetherandorganizedoy intermoleculabondingandcovalent
crosslinksbetweenndividual moleculed21,28,37]A characteristideatureasseiated
with anorganizedcollagenfibril is a periodicmoleculardensityfluctuationtermedthe D-
bandwhichis observedalongafibril's length. Thisis aresultof the noninteger
staggeringdf theindividual moleculeswithin thefibril subcomponentshat persist
throughoutthe hierarchicalassembly5,32,29,40,23] Eachperiodof the D-bandconsists
of gapandoverlapregionswherethe gaphasfour-fifths of the moleculescomparedo the
overlapregion[5,231] The periodicityof the D-bandhasbeenshown to vary between
tissueslin the caseof tendon,t hasbeenreportedas~67nm[28,37,22,233] Asidefrom
thelongitudinally-repeatingd-band,collagenfibrils havebeentakento be structurally

homogenouslongtheirlength.
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Interestingly,however asessmenbf collagenfibrils aftertensileoverloadhasshown

the developmenbf discrete repeatingsitesof plasticdeformationjongitudinally

separatetby hundredf nanometersa damagemotif termed-discreteplasticity’.[12]

Discreteplasticityis characterizedy localizedkink structureghatform alongthelength
of collagenfibrils in responséo mechanicabverload[32] Firstidentifiedin bovinetall
tendoncollagenthe phenomenologyf discreteplasticityis well-establishedhowever,
the meclanismby which eachkink formsat a particularlocationremainsuncertainlt is
possiblethatcollagenfibrils maypossesgre-existingstructuralvariations,not
previouslyidentified, which renderthemlocally susceptiblé¢o formationof discrete

plastcity kinking.[12,210]

Recently, an atomic force microscopy (AFM) based, high resolution, high velocity,
hydrated mechanical mapping technique has been applied to single collagen fibrils from
tendons. Using this technique, structural variations were raekbtha¢ were asciated

with D-banding, cleaved fibril ends, sharp bends, hydrated temperature rise above 37°C,
and the localized plasticity resulting from repetitive mechanical overload: discrete
plasticity.[210,226] One structurenechanical feature notea that worl®d but not

attributed to any particular structural métifvas micrescale variation in thaydrated

radial modulusKiRM) along the lengths of unaltered (native) collagen fibril)[Z5iven

the localized formation of kinks in overloaded colladinils, we suspect that such pre
existing structural variation could provide an underlying mechanism for the discrete

plasticity phenomenon occurring locally along fibrils.[12]
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In the presentvork, we haveexploredthisideamorefully, seekingo link local variation
in collagenfibril structurewith local susceptibilityto plastickink formationwhenthat
fibril is overloadedTo this end,we haveexpandedhe limited samplesizeof our
previousstudyto demonstratéhe prevalenceof micro-scalevariations amongunloaded
collagenfibrils. We havemechanicallyandtopographicallynappedibrils from bovine
tail tendon® bothhydratedanddehydrated over10umsegmentsf theirlengths All
fibrils imageddemonstratedhicro-scalevariation.We havethencalcuatedthe
distributionof thesevariationsalongthefibril length,andcomparedhatdistributionwith
thedistributionof discreteplasticitykinks observedn SEM sampledrom overloadedail
tendonsThetwo distributionstakethe sameform. We proposefrom this datathatthe
mostlikely sourceof the micro-scalevariationin HRM is local differencesn the number
of collagenmoleculegperunit lengthand/ordifferencesan crosslinkdensityaspreviously
observedatthis scaleby axial massdistributionandureaexposuraespectivelyWe
furtherproposethatlocal structuralvariationalongthe lengthof the collagenfibril
predetermineghe sitesof kink formationin mechanicabverloadfailure via discrete

plasticity.[39,22-230]
43 Materials and Methods

43.1 AFM

Samplesource

Whole bovinetails sourcedrom 18 24-monthold steersvereacquiredmmediately
afterslaughterfor food at alocal abattoirandstoredfor 2 hoursat4°C. Tendondrom the

dorsalregionof eachtail wereremovedandplacedin phosphatéufferedsalinesolution
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(PBS, pH 7.4,at4°C for four hoursprior to decellularizationIn total, singletendons
from five differentindividualswereusedin this study.Tissueharvestwasapprovedy

the University Committeeon LaboratoryAnimalsat DalhousieUniversity.
Tendondecellularization

All tendonaunderwentdecellularizationfollowing the protocolestablishedby Ariganello
etal. (AppendixE). to preservehetendonsreduceinterferenceof otherbiomolecues,
andsterilizethe sampes[211] In brief, the decellularizatiorprocessonsistedf four
distincttreatmentsa 36 hourbathin a hypotoniclysing solutionat4°C, a 24 hourbathin
a Triton X-100solutionat4°C, a3 hoursterilebathin a DNase/RNaesolutionat 37°C,
anda 24 hoursterilebathin a Triton X-100solutionatroomtemperaturekreshsolutions
wereexchangeaveryl2 hours.After thefinal sterilebathin Triton X-100solution,the
samplesvererinsedoncein sterilePBS,twice in steile PBSantifungal/antibiat
solutionandtwice in a sterilePBSantibiotic solution,with eachsteplasting30 minutes
atroomtemperatureA final, 48-hourbathin sterilePBSantibiotic solutionat4°C

occurredbeforestoragen freshsterilePBSantibiotic solutionat 4°C until use.Sterile,

decellularizedendonswverestoredat4™ C for a maximumof 3 weeksbeforeuse.

Samplepreparation

Decellularizedendonsamplesvereremovedirom storageat 4°C andsplayedusinga
glassrod andtweezersnto a plasticdissectiordish contaning 1ml PBS.The splayingof
thetendonresultedn theisolationof collagenfibrils from the bulk tendon After
sufficientdissectiorof fibrils via this method the PBS/fibril solutionwaspouredontoa

glassbottomedAFM sampledishandallowedto setle for 45 minutesto allow fibril
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adsorptiorto the glassbottomof thedish. The AFM samplewasthenrinsed3 timesin
deionizedwateranddried undernitrogenflow for 10 minutes At this stagethe AFM

samplesverereadyfor imaging.[2L0]
Imaging

A BioscopeCatalystatomicforce microscopgBruker,USA) wasusedfor all AFM
imagingin this study. The AFM wasmountedon an|X71 invertedmicroscope
(Olympus,Japan)which providedopticaltargetingof individual fibrils. All theimaged
fibrils wereopticaly resolvedby useof differentialinterferencecontrastDIC) anda
100X, 1.3NA, oil immersionobjective.All the AFM cantileverausedin this studywere
ScanAsystiquid+ cantileverswith a springconstant-0.7 N/m, resorancefrequencyof
~150KHz, tip radiusof ~2nm,anda conehalf-angleof ~18°. Eachcantileverwas
calibratedprior to imagingby measuring singleforce/indentatiorcurveuponfused
silicafrom which the deflectionsensitivityof the cantileverwasdetemined.Following
this processthethermalnoisecantilevercalibrationmethodwasemployedo determine
the springconstanof the cantilever[194] All AFM imagingwasperformedusingpeak
force quantitativenanomechanicahapping(PFQNM), with anindentationvelocity of
1.2mm/sanda peakforce of 10nN.Eachimagecontaineda 256x256grid of force
displacementurvesallowing for high resolutionmapping(8nm)of the collagenfibril &

local mechanicapropertied210|
Data acquisition

Priorto AFM imaging,fibrils wereoptically targeedwith theinvertedmicroscopeOnly

fibrils displayinglinearregionsof a minimumlengthof 40um werechosenAll AFM
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imagingwasperformeduponthe middle of thetargetedinearregionto avoid sharp
bendsor cleavedfibril ends(AppendixA, Figure6). Five fibrils weresourcedrom each
tendonfor atotal of 25fibrils spreadacrosdive individual animals.Eachfibril was
sequentiallymagedby AFM along10um of its lengthin boththe dehydratecind
rehydratedstatesDehydratedmaginghada spatialresolutionof 20nm.Hydrated
iImagingwasperformedafter 30 minutesof rehydrationin PBS,pH 7.4,atroom
temperatee, andwith a spatialresolutionof 8nm. Dehydratedmagingconsistedf a
single10um x 10um imagewhile hydratedmagingconsistedf five 2um x 2um

adjoiningregionswith eachregionhaving200nmof overlap.

Data extraction

Dataextractionfrom the AFM imageswasperformedusingthe SPIP6.3.3softwarefrom
ImageMetrology (Denmark).All datawereextractedrom a20nmwide strip alongthe
top of the collagenfibril. Of interestin this studywerethef i b dehydratédand
hydratedheights the deformationcausedy the AFM tip, andthe HRM. The
deformationof afibril ata givenpointwasdefinedfrom theforce/distanceurveasthe
differencein vertical positionbetweerthe AFM tip undermaximumappliedforceand
underl5% of the maximumappliedforce.Summingthe deformationandheightdata
resultedn the zeroforce height(ZFH). The ZFH representshe verticaldimension
(height)of thefibril in the absencef appliedforceby the AFM tip. It is aproxyfor the
f i b diamletérkit wereto havea circularcrosssectionwhenadherento the
surface.[20] Usingthis data,thefollowing characterizingparametersverecalculatedor

eachfibril : the periodof the D-bandingthe gap/overlapatio of the HRM, the coefficiert
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of variationof the HRM, thedehydratedFH, the hydratedZFH, andthe

hydrated/dehydratedlFH ratio.
Data analysis

By averaginghe ZFH measurement®r a collagenfibril, a hydrated/dehydratedrH
ratio wascalculatedor thatfibril to quantifythefibril's ability to takeup PBS.The HRM
of eachfibril wasextractedrom the force/indentatiorcurvesusingthe Snedde model
which describeshe behaviorof a conicd indenterpushednto aninfinite half space.

Equation3 describeghis calculation:
"0 —— OAT (4)

wheres is the Poissorratio takento be 0.5, Uis theindenterc o n leahangle(18),lis
the depthof indentationinto the sample(variable),F is the appliedforce by thetip
(10nN),andE is the elasticmodulusof thefibril. [164,195,196] The Poissorratiowas
takenas0.5, representingnisotropicincompressiblenaterial, asis standad in the
literature[173,210] Theelasticmoduluswascalculatedoy fitting Equation4 to the
acquiredforcecurves.Theregionof fit of theforcecurveswasin accordancevith
Buecklds rule which stateghatregionsof fit shouldnot exceedl0% of the overallZFH
of thesample(20-40nm)lestsubstratesffectsbeginto contributeto the
measuremerfti97,198] It wasfrom thesecalculatedHRM mapsthatthe HRM values

wereextractedalongthetop 20nmof the collagenfibrils.
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The coefficientof variationof the dehydratedFH, the hydratedZFH, the
hydrateddehydratedZFH ratio andthe HRM of eachfibril wascalculatedusingEquation

35;

6 £ QQQBEMDE WD 6 Qe (5

While traditionallyusedasa statisticalvalue,the coefficientof variationis appliedhere
asameansof quantifyingthe measuredariationof the parametes listed abovealongthe
lengthof individual collagenfibrils. In turn, the calculatedcoefficientof variationvalues
cancapturethe ability of eachtechniqueo observestructuremechanicalariability

alonga singlefibril.

TheacquiredHRM datatakenfrom each2um x 2um imagewereusedto determinethe
gap/overlagHRM ratio andfor FFT analysisasfirst describedn Baldwin etal[210] The
datafrom eachimageweretreatedseparatelywith theresultsbeingaveragedogetherto
provideasingle meanyvaluefor eachfibril. Moving averagespanning® datapoints(72
nm), correspondindgo approximatelyone D-band,wereperformedon theraw, extracted
datato provideanaveragdocal HRM which wasnearlydevoidof D-bandproduced
variability. Subtractinghe movingaverags from the raw dataresultedn a plot of
fluctuationsaroundthe baseHRM correspondingo the D-banding.The amplitudeof
thesefluctuationswasgivenby the root meansquarg RMS) of their values(Equation6),
wheren is the numberof HRM datapointsperfibril andx; is asingleHRM datapoint.
Subtractinghe RMS from themeanHRM gavethe meangapHRM valuewhile adding
the RMS to the meanHRM providedthe meanoverlapHRM value (Figure4.1). Using

thesetwo valuesthe gap/overlagHRM ratio wascalculated Equation?).
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(7)

Thefluctuationswerediscretefast Fouriertransformedandthe signalamgitudes
averagedvertheimagesfor eachfibril. Theresultingpeakwastakento bethe periodof

D-bandingin theHRM.

In addition,we usedthe acquired2um x 2um imagesto assemblédRM profilesovera
distanceof roughly10 um for 10fibrils (2 fibrils pertendon).Moving averages spanning
9 datapoints(72 nm), correspondingo approximatelyoneD-band,calculatecalongeach
of theseprofilesto qualitativelydemonstratéhe presencef micro-scalevariations.The
unadulterategrofileswerediscretefast Fouriertransformedo computetheir
autocorrelatiorfunction. The raw autocorrelatiorfunctionsweresmoothedisinga
movingaveraggo removethe maximaassociateavith the D-band.Themicro-scale
spacingoetweersuccessivenaximawasobtainedusinga peakfinding algorithmin

MATLAB.
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Figure 4.1: The Sneddommodulus(HRM) channelfor an AFM imageof asingle
collagenfibril (A). A crosssectionalongthe apexof thefibril in this channelis extracted
(B). A nine-pixel (72 nm) movingaverages taken(C). Fluctuationsn the Sneddon

modulus(HRM) correspondingo the D-bandaregivenby the differencebetweerthe

raw extraction(B) andthemovingaveraggC) to yield thedatain (D).

104



AFM statistics

JMP software(version11.0.0,SAS Institutelnc.) wasusedfor all statistcal analysis A
1-way ANOVA wasperformedfor thefour coefficientsof variationreportedn Figure2.
BonferronicorrectedoosthoctestingwascarriedoutusingF i s hLeast8ignificant
Difference(LSD) test.All bargraphdataarepresentedsameanwith errorbars
representinghe standarddeviation.The Histogramof peakspacingobtainedfrom the
autocorrelatiorfunctionsof the 10 AFM HRM profileswasanalyzedwith a

Kolmogorov+SmirnovD-testfor goodnes®f fit asperthe SEM data.

43.2 SEM

Sanple sourceand preparation

As per the AFM samples and under the same ethical approval, tail tendons were
harvested from steers age#i 36 months, slaughtered for food at a local abattoir. Tail
tendons were extracted from the dorsal proximal region of taldnd storect 4°C in
Hanks solution with pen/strep antibiotics until use.-Saimples of each tendon
underwent one of two mechanical treatments: (i) simpletpullipture or (ii) 5 cycles of
overload into the plastic region of the ledeformation cowve without rupure, as
previously described.[120,2BEach overloaded sample (from both groups) was then
fixed in 25% glutaraldehyde, bisected longitudinally so that the inner structure of the
tendon was observable, and prepared for scanning electromspopy as praegusly
described. After examination at up to 100,000X magnification, images were captured of
regions which showed significant kinking consistent with the discrete plasticity

mechanism.[12,13]
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Data acquisition

A total of 38 images at 25,000Magnificationwere selected from a much larger
collection: 20 images came from samples which had been subject-to-pyture, and

18 came from samples which had been subject to 5 cycles of overload without rupture.
Criteria for selection of images ilnced having may fibrils with multiple discrete

plasticity kinks in them, fibrils lying in the plane of the picture (confirmed by correct
spacing of visible Ebanding), and the absence of obscuring cellular debris. In each
image, 3 fibrils were selectedheh showed regated, serial kinks extending across all or
most of the image: a total of 114 fibrils. Three adjacent-kitgdt segments were then

assessed for each fibril, for a total of 342 segments.
Data analysisand statistics

For each intekink segmat, three indepndent assessors used Image J software to
capture the center of the two kinks forming the boundaries of that segment. The x and y
coordinates for these kinks were captured and thekim&rdistances calculate@he
population of measuredterkink distances which occurred was plotted as a histogram
and the distribution of data analyzed using JMP software (version 14, SAS Institute). A
Kolmogorov+Smirnov Dtest for goodness of fit test was performed to determine what
distribution type thabestdescribed the daténalysis of confidence intervals from the
bestfit distributions showed that the measurements by the three assessors were
indistinguishable, so their measurements were averaged for eackinmteegment

distance value.
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Figure 4.2: Thecoefficientof variationof the measuredlehydratedFH, hydratedZFH,
hydrated/dehydratedFH ratioandHRM of all collagenfibrils in this study plottedasa
functionof hydratedZFH, herea proxyfor fibril size(A) andaveragedcrossall fibrils
measuredB). Thevariationseenn the HRM measurementsas4-8 timesthatobserved
in the othermeasurementslemonstratingreatersensitivityof thatfibril stiffnessto

structuralfluctuationsin thefibrils.
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Figure 4.3: DehydratedZFH (A), hydraedZFH (B), andHRM (C) mapsshownwith
crosssectionalprofiles of the sameregionof a collagenfibril. The degreeof variation
observedn the Sneddormodulus(HRM) channelC) is not observedn eitherthe
dehydratedr hydratedZFH of thefibril. Theredline in (C) representgshe 72nmmoving

averageof the HRM, smoothinghe D-bandrelatedvariation.
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44 Resultsand discussion

4.4.1 HRM mapping and ZFH data

In the presenstudywe wereableto employhigh velocity HRM mappingfor detectionof
structuralvariationsalongsingle (undamagedgollagenfibrils. Thistechniquemade
possiblea 4-8 timesincreasan structuralsensitivitycomparedo traditionalmetrodsof
AFM measuremer(fFigure4.2). Qualitatively,comparisorof the mapsof the dehydrate
ZFH, hydratedZFH, andHRM of anindividual fibril (Figure4.3) highlightedthis

sensitivity.

Of thethreeseparateneasureshe hydratedZFH topographianapdenonstrated
minimal contrastbetweerthe gapandoverlapregionsof the D-banding(Figure 4.3B).
Thiswasdueto the gapandoverlaphavingdistinctcapacitiedor the absorptiorof water.
Thelower moleculardensityin the gapregionspermittedgreatemwate uptakethanin the
overlapregions thusminimizing differencesn measuredhydratedZFH between
them.[210,212] Theratio of the gapto overlapmoduliwasin closequantitative
agreementvith the predictedmoleculardensityvariationof 0.8 betweerthetwo regions
(Table4.1 andAppendixC, Figure 1). This predictablevariationin HRM acros<D-
bandedegionsprovided a firm basisuponwhichto assessuperimposedicro-scale
variationin structuremechanicabehavior We usedthe coefficientof variationof
sequentiameasuremen@longanindividualf i b lengthasameasuref spatial
variationin propertiesalong thefibril. The coefficientof variationfor (i) dehydrated
ZFH, (ii) hydratedZFH, (iii) hydrated/dehydratedFH ratio,and(iv) HRM areplotted

versudfibril size(Figure4.2). It is clearfrom this datathattherewasmuchgreder
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variationin the HRM dataalongthe lengthof individual fibrils thanin the other
parametergFigure 4.2, B). Making useof theviscoelastiadependencyf fibril HRM
provideda moresensitivewindow into structuralvariationthancould be capturedoy

assessmerdf topography.

4 4.2 Micro-scaleVariation: observationand function

Along the length of individual fibrils, two types of structural variations were observed,
the Dband gap/overlap repeat and a miscale variation observed in hydrated
nanonechanical mapping. The micszale variation (Figure 4.3, C, red profile) was not
associated with the topography of the fibril. Plots of 10 moving average HRM profiles (2
fibrils per tendon) illustrates, qualitatively, the presence ofDdrand variationslong

the length of all the assessed collagen fibrils (Figure 4.4). The autocorrelation function of
each raw profile (Figure 4.5, A) showed peaks spaced typically 0.parm that were

easily identified after filtering peaks associated with thleadding(Figure4.5B). The
observed spacing followed an asymmetric distribution with a main peak at 0.5um and a
mean at 1um (Figure 4.5, C). With all fibrils studied displayimgilsir structural

variation, it is likely that the repeating locations of low HRM fanectionally significant.

One such function may involve the manner in which collagen fibrils respond to

mechanical overload.
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Figure 4.4: A sampleof 72nm(9-pixel) movingaverageHRM profilesof 10 collagen
fibrils (2 pertendon).ThenonD-bandfluctuationsin thef i b HRM oscarredn all the
profilesandshowedno observablgeriodicity. Modulusticks onthe y-axisarespacedLO

MPaapart.
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When overloaded in tension, the collagen fibrils of bovine tail tendon develop discrete
kinks that repeatalor f i br i | 6s | engt h. Using scanning
overloaded bovine tail tendons, we measured the distances betweesisaddaks on
individual fibrils. The resulting histograms showed that for the damaged fibrils from both
ruptured and cyatially overloaded tendon, int&ink spacing followed a legormal
distribution (Figire4.6, B andC): strikingly similar to the distribution diRM variation

found within undamaged fibrils (Fige 4.6, A). Kolmogorow+Smirnov goodness of fit

tests for all hree lognormal distributions were significant, withh@alues greater than

0.15. For the unloaddibrils the scale parameter u was 6.65 and the shape paramneter
was 0.66. For the putb-rupture samples and thecycle overload samples the p asd
valueswere (6.35, 0.44) and (6.02 ,0.50) demonstrating a progressive decrease in g with
an increase ifoading history.[13] Earlier data from our group had previously showed the
peak of the intekink segment distance distribution was lower for 5 cycles ofloadr

than for a simple rupture.[13] That was confirmed here with the peak for tmotatal

fit occurring at about 450 nm for the ruptured samples, while it was at about 300 nm for
the 5cycle overload samples.[13] The novel discovery presented heeepsutallel

observed between the miesoale variation iHRM of unloaded fibrils and the intéink
spacing in fibrils damaged by excessive tensile stress. This evidence strongly supports
thatpre-existingstructural variations within unloaded collagerrifdocorrespond to

locations ofincreasedusceptibility to mechanical damage.[12]
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Figure 4.5: (A) Autocorrelationfunctionof oneof the HRM profilesin Figure4 .4,
beforefiltering. (B) Sameautocorrelatiorfunctionafterfiltering of D-bandrelatedpeaks.
(C) Histogramof peakspacingobtainedirom the autocorrelatiorfunctionsof the 10
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Figure 4.6: Thedistributionof HRM peakvariationsalongunloadecdcollagenfibrils
HRM profiles(A), inter-kink segmentengthscalculatedrom imagesof the pull-to-
rupture(B) andcyclic overloadsamplegC) werenot normallydistributed but werevery

well-describedy a Lognormaldistribution.
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Anotherpossiblefunction of the micro-scalevariationmaybe the manneiin which
collagenfibrils interactwith matrix metalloproteinase@MPs). MMPs area family of
enzymedoundin extracellulamatrix which, in woundhealing,tissueremodelingand
cell mobility, areknownto beableto cleavevarioustypesof collagen.[25-237] In two
recentstudies Ditmore andco-workersandSarkarandco-workershavetrackedthe
bindinglocationsof fluorescentlymarkedMMP-1 moleculesalongthelengthof collagen
fibrils.[238,239] MMP-1 is a knowncollagenasegapableof cleavingnativetriple-helical
collagenmoleculesn solution.In bothstudiestheyfoundbindingsitesto belocatedat
discreteocationsspacedapproximatelyli 2umapart,a similar lengthscaleto the
variationin fibril HRM thatwe observedn the currentstudyusingAFM (Figure4.5, C).
Thereforethe presencef pre-existingsitesof mechanicalulnerabilityalongthe length
of collagenfibrils maybeimportantto biologicalremodelingof tendon,with
mechanicallyactivatedsiteshavingdistinctproteinbinding capabilitiesandenzyme
susceptibility.It would beinterestingn the futureto apply AFM mappingandMMP
localizationsequentiallyon the samefibril to determinaf the observedstructural

variationcorrelateswith the discretebindingsites.

4.4.3 Origin of the micro-scalefluctuation on unloadedfibrils

Fortheunloadedibrils measuredn this study,the meancoefficientof variationin HRM
wasabout20% (0.209+/- 0.005).A variationthis largecannotbe dueto D-banding
alone.Consideringonly the 4/5 gap/overlagatio knownto existfor D-banding,a perfect
squarewavevariationwould yield a coefficientof variaion of 11%,while a sinewave
whichtook into accountconvolutionwith the AFM probewould yield a coefficientof

variationof atmost7.8%.The scaleof thesetwo valuesis in goodagreementvith the
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fluctuationsin HRM observedat the submicronlengthscale(Figure 4.1, C and4.3). In
otherwords,the micro-scalevariationsin the movingaverageHRM alongthefibril axis
contributeto atleasthalf of the observedcoefficientof variation.We notethatit is likely
the micro-scalevariationsarealsoresponsibldor the observedlight deviationin the

gap/overlagHRM ratio from theexpectedralueof 4/5 (Table4.1).[5,231]

Interestingly the observedrariationsin HRM alongsinglefibrils arein goodagreement
with previousstudiesusingscanningransmissiorelectronmicroscopy(STEM) to
measurehe axial massdistributionof driedfibrils.[227-229] The mostdetailedstudyof
thistypeanalyzedsinglecollagenfibrils extracte from adultbovinecornealstromaand
reportedwo kindsof variationsin massperlength:D-bandvariationsbetweer3 and6%
superimposedn long range(tensof microns)variaion in themeanmassperlengthof 5
to 11%.[23] More comparabld¢o our data,a massper-unit-lengthprofile extractecalong
asinglefibril from a 12dembryonicchick metatarsatendonshoweda coefficientof
variationof 7% overa 12 micronlength(dat digitalizedfrom reference228).[228]
Basedon theseresults,we canhypothege thatpartof the micro-scalevariationwe
observen theHRM is dueto variationin the numberof collagenmoleculegpresenin
thelocal crosssection.This maybedueto local, stochastigrregularitiesin assemblyof

the collagenfibril from triple-helicalmoleculedeavingsolution.

Anotherfactorwhich likely contributego the observednicro-scalevariationin HRM is
variationin crosslinkdensityalongthelengthof collagenfibrils. Periodicmicro-scale

dissociatiorof fibril subcomponentsasobservedoy Lille andco-workersin collagen
fibrils from thedermisof a 70-yearold manin responséo incubationwith urea,butnot

for thedermisof a 6-weekold child.[39] This differencen responsevasattributedto a
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higherdensityin crosslinkingassociatedvith the ageof thetissuedonor.In previous
work, we observedalower HRM alongin vitro fibrils thanthosesourcedrom 2-yearold
rattail tendon.A possiblecontributorto thisis differencedn crosslinkingdensity
betweerthetwo fibril types(Figure2.1andAppendixA Figure8).[210] Combiningthe
observation®f Lille et.al. with ours,we suggesh correlationbetweerthe micro-scale
variationsin HRM (Figure 4.4 and4.5) andlocalizedcrosslinkingvariationsalonga

collagenfibril & length.

We notethatit is diffic ult to parseout which of thetwo suggestednechanismgnumber
of moleculegerlocal crosssectionor degreeof local covalentcrosslinking)contributes
mostto the observednicro-scalevariations.Oneapproachs to conside thatlocal HRM
shouldfall with higherlocal watercontent(thuslower molecularcollagencontent)in a
hydratedfibril of agivensizeasdemonstrategreviouslyby thermallydrivenhydration
of collagenfibrils.[28] In the presenstudy,plotsof local HRM versusthe
hydrated/dehyditedZFH ratiod a proxyfor relativecontentof absorbedvate® showed
no correlationbetweerthetwo propertiedAppendixC, Figurel, F). Furthermoreno
spatialcorrelationwasobservedetweenocal HRM andhydrated/dehyditad ZFH ratio
(Datanot shown).We thereforeproposehatthe observedmicro-scalevariationsare
morelikely theresultof avariationin the covalentcrosslinkdensityalongthe axis of the
collagenfibril.[39,230] Validation of thisassertiorwill requre furtherexperimentation

which is outsidethe scopeof the preseninvestigation.

Collagenfibril covalentcrosslinkingconsistof two classesenzymaticcrosslinks
betweenysine/hydroxylysingesiduedocatedat the gap-overlapinterface andnon

enzymaticadvancedlycationendproducts(AGEs),which haveatotal of 86 available
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sitesalongthe collagenmoleculeto form bothintra- andinter-molecularcovalent
crosslinksn the presencef glucose.[71Pueto thefixed locationof the enzymatic
crossinks, it is unlikely theyareresponsibldor the micro-scalefluctuationobservedn
the HRM. Alternatively, AGEshaveanaveragespacingoetweenravailablecrosslinking
sitesof approximately3.5nmalonganindividual collagenmolecule. This suggestshat
localaccumulatiorof AGE'scould beresponsibldor the gradedmicro-scalefluctuation
in acollagenfibril HRM. Thatsaid,ouranimalswereyoung,adultmalecattle,andhave

no detectabled G E §284]

45 Conclusions

Collagenfibrils from bovinetail tendonsshowstructuralvariationidentifiableunder
AFM usinghigh velocity, hydratedhanomechanicahappingof individual fibrils. This
variationoccursoverabouts00nmalongaf i b tengthand,while observablevia local
HRM, it is not observablesia dimensionameasuremenilone.Thedistributionof HRM
variationsidentified hereusingautocorrelatioranalysiswaslog-normaB andremarkably
similarto the distributionof inter-kink distance®bservedn SEM of oveloaddamaged
tendoncollagen.This stronglysuggestshatlocal disruptionin mechanicallyoverloaded
collagenfibrils occursat sitesof local mechanicakusceptibility.Sincethe HRM
variationappearso beindependentf variationin local molecularpaking andhydration,

we proposehé its sourcelies in avarying crosslinkingdensityalongthefibril.
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Chapters: MMP-9 SelectivelyCleavesNon-D-Banded
Materialon CollagenFibrils with DiscretePlasticity

Damagan MechanicallyOverloadediendon

This chaptethasbeenreproducedrom the article iIMMP-9 SelectivelyCleavedNon-D-
BandedMaterialon CollagenFibrils with DiscretePlasticityDamagan Mechanically
Overloadedrendor, with permissiorfrom the Journalof MechanicaBehaviorof
BiomedicalMaterials(AppendixF). Theauthos of thearticleareasfollowsfi Ba | d wi n,
S.J, Kreplak,L. andLee,J . MAs#&irst Author | wasresponsibldor experimental
design,dataacquisition,dataanalysiswriting thefirst draft of the documentand

participding in the subsequergdits.
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5.1 Motivation and Hypotheses

Prior to this studyenzymatic susceptibility dfulk tendon displaying discrete plasticity
was assessed usimgubationwith trypsin followed by hydroxyproline assay and
scanning electron microscop$EM). While informative, bulk tendon enzymolysis
studies of discrete plasticity using trypsin ace idealdue to: the heterogenous
generation of discrete plasticity within a tendon, the dependence on hydroxyproline as a
marker for solubilized collagen, and the knownli&pfor trypsin to cleave native
collagen molecules. Furthermore, SEM of bulk tendon sancplesotimagea single
sample both before and after enzyme incubation. In this Chapter we make use of the
previouslydescribed AFM imaging technique usedhe pevious chapterand both
trypsin and MMP9 to quantify fibil responsdo enzyme incubation. MM was chosen
for this studydue to its physiological significancis limited cleavage sites along a
native collagen molecule and its upregulation duringrnfial stages in tendon healing
after injury. The followinghypotheses for this work are strongly influenced by the
literature detailing discrete plasticity respomsdibrils, and the progressive nature of

fibril damage associated with increased kiekisity, as described in Chapter 3.

Hypothesis 51: Regions devoid of Ebanding structure will be the primary substrate for

collagen enzymolysis.

Hypothesis 5.2Trypsinwill solubilize more materiathan MMR9 from isolatednative

collagen fibrilsand thoe displaying discrete plasticity

Hypothesis 53: Fibril enzymolysis by trypsin and MMPB will be dependent on serial

kink densityin collagen fibrils displaying disete plasticity.
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5.2 Introduction

Within the body, forcesaretransmittedbetweemmuscleandbonebytendonsT e nd o n 6 s
ability to carryhigh tensileloadsis dueto its hierarchicalstructure puilt from bundled
collagenfibrils throughmultiple levelsof organization.[4]The collagenfibril itselfis a
ropelike supermoleculaaggregatef collagenmoleculestypically 50/ 500nmin
diameterandupto severamillimetersin length.[38]It toois a hierarchicalstructure
composeaf subfibrils,approximately20nmin diameterwhoseinternalmolecular
packingis semicrystallinein natureandconsistsof 5Snmmicrofibril
structures.[28,4@25,232] Themolecularorganizationwithin individual collagenfibrils
resultsin a periodic(67nm)moleculardensityfluctuation,termedD-banding. The D-
bandconsistof alternatinggapandoverlapregionswhere the gaphas4/5 of the collagen
densityof the overlap[5,231] The D-bandis inherentin theassemblyof the collagen
microfibril, persistinghroughthe hierarchicalstructureof thefibril. In microscopythe
lossof D-bandingindicatesthelossof naive molecularpackinganddamageo the

calagenfibril.

Whenatendonis damagedn vivo, via chronicoveruseor sudderrupture,thereis an
associatedecreaser lossof mechanicafunctionindicatingchangesn the collagen
support.t is of considerale interestto determingust whatthe structuralmotifs arefor
damagen tendoncollagenandthereaftetherelevanceof suchmotifsto cellularactionat
thedamagesite. Recently,a noveldamagamotif hasbeendiscoveredn sometendons
aftermechanichoverload[12] This motif, termeddiscree plasticity, is characterizethy
serialkink structuresalongthelengthof a collagenfibril anda disorganizedghellonthe

f i b surfdcegBsth structuresareassociatedvith thelossof characteristi®-
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bandng[12] Work to datehasfocusedon undestandingthe degreeof moleculardamage
associateavith discreteplasticityandthe inflammatorycell responséo it. Damaged
fibrils havebeenincubatedwith the serineproteasdrypsin,awidely-usedprobefor
denaturedcollagenmoleculeslit preferentily removednonD-bandednaterialfrom
fibrils displayingdiscreteplasticityandrevealingD-bandedsectionsalongthe collagen
fibril which spannedhekink structuresTheseresultssuggestedhatdenaturedollagen
moleculesarepresenin bothkinks and shell[12,14] A follow-up studyusing
macrophagdike U937 cellsculturedfor 3 dayson discreteplasticity-damagedibrils
demonstrated distinctivespreadmorphologyto the cells,with increaseatontactarea
betweercellsandcollagen After 3 daysof incubation the discreteplasticity-damaged
fibrils werealtered,suggestinghatcellshadbegunto enzymaticallydegradehe

damagedibrils. Undamagedibrils werenotdegraded153]

Theremodelingof extracelular matrix (ECM) componentsuchascollagenis
accomplishediia matrix metalloproteinase@IMPs) [145-151,240] Altered expression
of theseenzymedy the U937 cellsincubatedon discreteplasticitydamagesuggests
role for the MMPs in degradingdamage collagen[153] The MMP family encompsses
28 zinc-dependenénzymesknownfor facilitating cell mobility andparticipatingin
woundhealingthroughselectivecleavageof ECM proteins.[18,240] Within the MMP
family therearesix subgroupsbaseduponther activesubstratescollagenases,
gdatinasesstromelysinsmatrilysins,membranaype M M P Gaisdothers.R4q The
molecularstructureof this proteinfamily consistsof a Prodomainwhichinhibits the
activity of theenzymewhile attacheda catalyticdomainwhich containsheactivezinc-

dependentleavagssite,a hingeregionallowing flexibility, anda hemopexirdomain
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which assistsn substratéinding[151,240] Multiple studieshaverevealedhat
collagenaseMMP-1 and-13, aswell asthe gelatinaesMMP-2 and-9 arekey
componentsn the collagenremodelingprocesg145-151,240] Following atendoninjury,
theseMMPs areup-regulatedor periodsof time thatcorrelatewith specificsequencem
thewoundhealingprocesg145,146] Along thelengthof a collagenfibril displaying
discreteplasticitydamagethe sectionsspanninghekink siteshavebeenshownto retain
native D-bandingunderneatithe shelllayer of thefibrils.[12,226] Therefore thosefibril
regionsdisplayingthe D-bandarenot damagd. This makesa casefor the selective
removalin vivo of the damagednonD-bandedsectionsof afibril displayingdiscrete
plasticity. The gelatinase$IMP-2 andMMP-9 arenaturallyprime candidategor this
selectivedegradationOf these MMP-9 is of particularinterest.t is activeon fewer
collagentypes thanMMP-2, andis specificallyup-regulatedduringdebridemenof
damagectollagenmatrix within thetendon anddownregulatedduringthe subsequent

depositionof newmatrixin anin vivo tendoninjury model[145-148,151,240]

In the presentwork, we explorethe ability of MMP-9 to selectivelyremovematerialfrom
collagentakenfrom: (i) controltendons(ii) partially heatdenaturedendon,and

(i) mechanically}damagedendonswvhosefibrils display discreteplasticitydamage.
Atomic force microscopy(AFM) wasusedto imageindividual collagenfibrils in both
dehydratecandhydratedstatespbeforeandafterincubationwith theenzyme Our AFM
techniquehaspreviouslybeenusedto visualizetheinternal andexternalstructureof
discreteplasticity-damagedfibrils, andallowsfor sequentialmagingof the effectsof
enzymeaction[226] We showthatnon-D-bandedmaterialwasthe only activesubstrate

for MMP-9. In contrastpbothnonD-bandedandD-bardedcollagenfibrils were(to
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varyingdegreesactivesubstratedor trypsin. Theidenticalactionof MMP-9 on nonD-
bandedmaterialgeneratedby thermaldenaturatioror by mechanicabverloadsupports
the conclusionthatthe two typesof non-D-bandeddanagedcollagenare

indistinguishabléo MMP-9.

5.3 Materials and Methods

5.3.1 Tendon source, treatments,and AFM sample preparation

Bovinetails wereacquiredirom steersagedl18i 24 months slaughteredor food. Tissue
harvestwasapprovedoy the Dalhouse University Committeeon LaboratoryAnimals
(protocolnumber:116-20). Thetails werekeptat 4°C for 2 hoursuntil tendonswvere
dissectedrom the proximal dorsalregionof thetail. ExtractedT endonsverestoredat
4°Cin phosphatéufferedsaline(PBS)for lessthan2 hoursaspairedcontroland
overloadedsubsamplesvereprocessedor eachtendonasdescribedelow. To generate
discreteplasticityalongcollagenfibrils, atendonpiece5-7 cmin length hydratedwith
PBSby dropperwasclampednto an MTS seriesA58 servehydraulictestingmachine
with inter-grip lengthof 2-3 cm, andpre-stretcheb timesto 10%strainat a stran rateof
1%/sandthenoveloaded5 timesinto the plasticdeformationregionof the force-strain
curveatastrainrateof 1%s?. Eachindividual tensileoverloadwasuntil the stressstrain
curvehadreachedzeroslope,a measurgrovidedasa feedbackparameteduringthe
loadingprocedurd13] Thisloadingprocedurenvasselectedo generataliscreteplasticity
damagelongindividual fibrils thatspannedhe entirerangeof kink densitiegpreviously
observed.[13After theloadingprotocolall samplegcontrolandoverloadedunderwent

adecellularizatiomprocesspanning/ days(AppendixE).[211] Decellularizedendon
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sampleswerethenstoredin sterileconditionsin anantibioticPBSsolutionat 4°C until
AFM samplepreparatior(no longerthan4 weeks) AFM samplepreparatiorhasbeen
describedn detail previously.[2B] Briefly, the processnvolvedsplayingaparteach
tendonsampleusingtweezersandathin glassrod within a plasticdish containinglml
0.1M Tris-HCI buffer with 20mM CaCb. Eachtendonwassplayeduntil sufficient
collagenfibrils werereleasednto the 1ml solution.Thefibril solutionwaspouredinto a
glassbottomedAFM dishandleft undisturbedor 45 minutesascollagenfibrils adsorbed

to the bottomof the dish. The sanpleswerethenrinsed3x with 5ml nanopurevater,

dehydratedindernitrogenatroomtemperaturdor 10 minutes,andstoredwith desiccant
until usebutnolongerthan2 days

5.3.2 AFM imaging

AFM imagingwasperformedaccordingo the methoddescribedreviously[226] All
imagingwasperformedwith ScanAsystiquid+ cantilevergBruker,USA). ScanAsyst
liquid+ cantilevemominalpropertiesare:a springconstanof 0.7 N/m, resonance
frequencyof 150KHz,tip radiusof 2 nm andconehalf-angleof 17.5degreesCantilever
springconstantvasdeterminedrior to measurement@a thethermalnoise
method[194] Hydratedimageswereacqured with peakforce setpoints(PFSP)of 1nN
and10nNconsecutiely, while dehydratedmageswereacquiredwith tip velocity of
0.6mm/swith a PFSPof 10nNon a 10umby 10umareawith aresolutionof 20nm,

followed by a 3.33umby 3.33umareawith aresoldion of 6nm.
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5.3.3 Enzymetreatment and AFM data acquisition

A total of 20 collagenfibrils wereimagedin dehydratecandhydratedstatespeforeand
afterincubationwith anenzyme The 20fibrils consistedf 2 groups.Half (10) were
sourcedrom unloadedtendonsamplesandthe otherhalf (10) weresoucedfrom
overloadedendonsamplesvhich displayeddiscreteplasticitydamageFive fibrils from
eachgroupwereincubatedor 24hourswith either0.1 mgacetylatedrypsin(Bovine
PancreasCatalog#T8003) in 3ml 0.1M Tris-HCI buffer pH7.6with 20mM CaCkb at
roomtemperaturer with 1 0 gegombinanhumanMMP-9 (Catalog#SRP6271)1 € ¢
Trypsin,and3 ¢ gerineproteasenhibitor (Catalog#T9003)in 3ml 0.1M Tris-HCI buffer
pH 7.6 with 20mM CaCkat 37°C.The MMP-9 protocolalsorequiredactivationof the

erzyme(seebelow).All enzymesandinhibitorswerepurchasedrom SigmaAldrich.
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Figure 5.1: Schematic of procedure for performing enzyme incubation and AFM data
analysis (A). Schematic detailing theopedure for activating MMP® with trypsin and

the following inhibition of trypsin by serine protease (B).
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Data acquisition involved six step(i) optical targeting of dehydrated collagen fibrils,

(ii) dehydrated AFM i mdwgith 20gm pixél size,dolleeved al on g
bya3. 33em zoom in with a 6nm pixel size, (I
prior to hydrated AFM magi ng of 5em al ong eachwith i br il
a pixel size of 8nm, (iv) 24 hour incubation with@mzyme solution, (v) repetitive

rinsing of the sample with 0.1M Tr4CI buffer pH 7.6 with 20mM CaCl2 prior to

repetition of step (iii), (Vi repetitive rinsing with nanopore water followed by

dehydration of the AFM sample under nitrogen flow and then repetition of step (ii)

(Figure5.1, A). Hydrated imaging was performed in 3ml of 0.1M THEI buffer pH 7.6

with 20mM CaC# at room temperature. Prior to hydrated imaging, all samples were

allowed 30minutes to rehydrate. Enzyme incubation took place on a linear shaker table

set to 1.5 Hz. Following enzyme incubation and sequential hydrated imaging, the sample

was rinsed threemes with 5ml of the TrigHCl CaCb solution and nanopure water

respectivey. All dehydrated imaging was performed after 10 minutes of drying under
nitrogen gas and a minimum of 12 hours sto
exposure to a humidraosphere. All imaging from step (i) to (vi) was performed at the

same locabn along the collagen fibril in all steps.

5.3.4 MMP -9 activation

HumanMMP-9 waspurchasedn the inactivatedpro-MMP state Activation of proMMP-
9 wasachievedyy incubationwith trypsin, followed by a serineproteasenhibitor to
ceasdrypsinactivity.[241] Initially a 5-minuteincubationat 37°Cof 10ugof ProMMP-9
andlugtrypsinin 1ml 0.1M Tris-HCI buffer with 20mM CaCk at pH 7.6 wasusedto

activatethe ProMMP-9. To deadivate thetrypsin,the solutionwasthenaddedo 2ml
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0.1M Tris-HCI buffer pH 7.6 with 20mM CaCk containinglOugserineproteasenhibitor
sourcedrom soybeanThe combinedsolutionwasincubatedat roomtemperaturdor 1
hourunderconstantgitation.At this point, the solution(3ml Tris-HCI bufferpH 7.6
with 20mM CaCb, 10 pg MMP-9, 10 pg serineproteasenhibitor and1 pg trypsin)was
readyfor incubationwith the AFM sampled with the MMP-9 activeandthetrypsin

inactive(Figure5.1, B).
5.3.5 Confirmation of enzyme activity

Partiallyheatdenaturedollagenfibrils wereusedto testenzymeadivity. The
preparatiorof thesesamplesnvolved heatingcoveredAFM samplesf unloaded
collagenfibrils to 62°Cfor 45 minutesin 3ml of nanopurevaterusinga Bioscope
CatalystAFM heatingstage.[20] The samplesvereallowedto cool to roomtemperatue
afterheatingrinsedthreetimeswith 5ml nanepurewater,dehydrated. 0 minutesunder
nitrogenflow, andthensealedwith desiccanfor aminimumof 12 hours.Threeseparate
solutions;(i) 3ml 0.1M Tris-HCI buffer-20mM CaCb at pH 7.6 with 1mgserineprotease
inhibitor and0.3mgtrypsin, (ii) 3ml 0.1M Tris-HCI buffer with 20mM CaCbh atpH 7.6
with 0.3mgtrypsin,and(iii) theactivatedVIMP-9 solution,wereincubatedwith the
thermallydenaturedibrils for 24 hours.Thefirst andsecondsolutionswereincubatedn
sequencen the samecollagenfibrils (AppendixD, Figure 1), while the third solution
wastestedon a separatsample Dehydratedmagesalong10um of the samecollagen
fibrils wereacquiredafterincubationwith every sdution. Theseexperimentdestedhe
following: (i) thatthe serineproteasenhibitor could preventtrypsinfrom cleaving
denaturedollagen (ii) thatincubationof the samedenaturedollagenwith activetrypsin

would resultin cleavageandremova of denaturedcollagen (iii) thatthe MMP-9
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solutioncontainedactive MMP-9 despiteinactivationof trypsinwith the serineprotease
inhibitor. Takentogetherthesetestsdemonstratethat MMP-9 wasthe only active

enzymein thethird solution.
5.3.6Data analysis

Thebulk of thedataanalysiswvasperformedusingthe methodslescribed
previously[226] Briefly, usingSPIP6.3.3software(ImageMetrology), structural
propertiesvereextractedrom the AFM imagesof the collagenfibrils: the hydratedand
dehydraedheightsanddeformationof eachcollagenfibril, aswell asthe meankink
density(kinks/pum)along10umof eachcollagenfibril imagedin the dehydratedtate.
Thekink densityprovides measuremerfor the degreeof discreteplasticitydamagen
eachfibril. ThehydratedlnN PFSPimageswereusedto calculatethe hydratedheight
anddeformation.The correspondindpeightanddeformationmageswereaddedogether
to providethe zeraforce height(ZFH) of eachfibril, which functionsasa measuref the
fi b r dimerisionin theabsencef the AFM tip. Crosssectionaldatawereextracted
alongthe apexof collagenfibrils asdescribegreviously.[28] The 10nNPFSimages

wereusedto visualizethefibril structuresvhile hydrated.

Using Gwyiddionimageanalysissoftware the meancrosssectionakreaof eachfibril in
thedehydratedstatewasextractedA zerobasisfilter of 5nmwasapplied,selectinghe
entirecollagenfibril. Summingthe volumeof eachpixel in the selectecareaanddividing
this volume by thelengthof the collagenfibril in theimageyieldedthe meancross
sectionalarea.Crosssectionalareameasurementseretakenon hydratedfibrils but

discardeddueto AFM imagingartifactsandthe exceedinglyjow hydratedradialmodulus
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(HRM) shdl structure pothbeforeandafterenzymeincubation.[2B] Dueto thisfactthe
measuref ZFH wasemployedobothasa metric of fibril dimensionin the hydratedstate,
andin wateruptakeby takingtheratio of the hydrated/dehydratedl F H. @ tse percent
changef eachf i b dehydratedFH, hydratedZFH, ZFH ratio,and meandehydrated
crosssectionalreawerecalculatedrom datatakenbeforeandafterenzymeincubation
andservedasa quantitativemeasuref fibril alterationassociateavith eachenzyme.The
resultingpercentthangedatawerethengroupedby fibril typeandenzymeexposureor

plottedasa functionof kink densityfor eachenzyme.
5.3.7 Statistical analysis

StatisticalanalysiswasperformedusingJMP software(version11.0.0,SAS Institute
Inc.). A oneway ANOVA wasperformedwith Bonferronicorrectionfor posthoct-
testingfor four groups.Leastsquaresegressioranalysiswasperformedo obtainbest

linearfits to scattemplot data.
54 Results

DehydratedAFM imagingshowedhatcontrol (unload),heatedanddiscreteplasticity
damagedibrils wereaffectedin differentwaysby enzymeincubationfor 24 hours.The
D-bandstructureof unloadedibrils wasnot alteredfollowing incubationwith either
enzyme(Figure5.2, A andB). In contrastpbothenzymessolubilizedregionsof non-D-
bandedmaterialon heatedcollagenfibrils (Figure5.2, C andD). This confirmedthat
bothenzymeswvereactive,andthatthermallygeneratednon-D-bandedmaterialis
susceptibléo MMP-9 andtrypsin. A largeportionof the shell structurewassolubilized

from collagenfibrils displayingdiscreteplasticitydamageywhile the coreof thefibrils

132



remainedhearlyunaltered Figure 5.2, E andF). A keydistinctionbetweerthesetwo
structuress thelack of D-bandon the shellandthe presencef the D-bandin the coreof
thefibrils. The selectiveability of bothenzymedo solubilizemateriallackingthe D-band
structure jndependenof damagéeype (thermalor mechanical)suggestshe lossof the
D-bandcoincideswith theformationof activebindingsitesfor bothMMP-9 andtrypsin:

thatis, bindingsitesassociateavith collagendenaturation.

Groupindfibrils by damagecondition(unloadeddiscreteplasticity) andincubation
enzyme(trypsin, MMP-9) demonstatedhow the enzymedifferentially affectedfibril
dimension(Figure5.3, Table5.1). Thereductionsn dehydrated FH anddehydrated
crosssectionareaseenafter MMP-9 andtrypsinexposurevariedsignificantlywith
damagdevel. If thesamplesvereundanaged MMP-9 did not changedimensims.By
contrasttrypsinproduceda significantdecreasén unloadedibril dimensionseither
comparedo theeffectsof MMP-9 or to fibrils notincubatedwith enzyme(Figure5.3, A
andD). Thisindicatesthatunloadedindividualfibrils, fully D-bandedcanbeactive
substrate$or trypsin,but notfor MMP-9. If discreteplasticitydamageavaspresentthe
effectsof MMP-9 andtrypsinwereequivalent(Figure5.3, A andD). Whenthesame
fibrils wereexaminedn the hydratedstate the resultsindicatedthatsolubilizedmaterial
wasreplacedoy waterabsorptionyestoringthefibril heigh. A positivechangan ZFH
ratio (hydratedheight:dehydratecdeight)afterenzymatiancubationwascorrelatedwith
lossof dehydratedFH (Figure 5.3, A andC). Thatis, theenzymetreatmensolubilized
collagenbutincreasedheability of the remainingcollagento absorbwaterin the

hydratedstate.
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Figure 5.2: Dehydrated height images beforgdnd after (+) incubation with tryps

(A,C,E) or human MMP9 (B,D,F) for 24h. Shown are native (control) collagen fibrils
(A,B), heated collagen fibrils (C,D), and collagen fibrils displaying discrete plasticity
(E,F). The denatured material from the heated samples was completely remdatd b
enzymes (C,D, aows) as well as most of the shell material from the fibrils displaying
discrete plasticity (E,F, arrows). Alteration to the native fibrildydhded regions of

heated fibrils, and the danded core of the collagen fibrils was liedt demonstrating a

selective action of the enzymes on structuradlyered regions of collagen fibrils.
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