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Abstract

Articular cartilage possesses unigue material properties due to a complex-deptmdent composition
of subcomponents Raman spectroscopy has proven valuable in quantifyiisgcomposition through
cartilage crossections. However, crosectioning requires tissue destruction and is not practical in
situ. In thisthesis Raman spectroscogyased multivariate cwe resolution was employed in porcine
cartilage samples (n = L& measurecollagenll, glycosaminoglycan, and water distributions through
the-surfaceand incrosssectiors. Thesedata were then used tocreatedepth-dependent material
propertyfinite element models of cartilageoptimized to matctexperimental resultsThroughthe-
surface Raman measuremersuld predictcomposition distributios up to a depth of approximately
0.5 mm.Depth-dependent FE modebsveraged ari8% rediction in error forpredicted reaction force
compared to simplified howgeneoudistribution models.Use of dructose-based optical clearing
agentwasfound ineffective in homogenizing scatteririchis measurement techniqueuldbe

applicablefor nonrdestructivdy modeling the evtution of joint diseases such as osteoartlwi
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1. Introduction

1.1 Problem statement

Everydajlocomotion inhumarsresults intheir musculature exerting forces on tis@irrounding bones.
The resulting movement is dependent on batioebone connections to transfer these forces and
moments to the desired location. The linkages that make this possiltkeimajority of the body are
diarthrodial, or synovial, jointl]. Within diarthrodialjoints the bearing surfacesnabling this motion
aremade up of a tissue called articular cartildgg Failure of these joirgtleads to arthritig1] whichisa
term used to describe over 100 joint related diseg@sWhenthis joint failureis specifically retad to
the destruction ofarticular cartilageandwithout inflammation,it is known as osteoarthritis (OA4].

OA is a&hronic anddebilitating diseas&hich canseverely linit the quality of life in those affectefb]. It
is alsothe most common jointiseaseamong adult humanfg], with somestudies suggesg up to a
third of the adult population show radiological symptofd. Reports from Statistics Canagistimate
10% of the populabn above the age of 15§ affected by O48]. While inflammation is anajor side
effect of OA, it is not considered a classic inflammatory disease due to the lack ofraisyste
inflammatory respons§9]. The average age of symptom onset in Canadians is approximately 47 years
old, with the majority of cases (55%) being reported in the people above the age®f. ¥¢hile OAs
reported in numerougoints, the high loa bearing knees and hips are more commonly affe¢ed].
Basel on these statistics alone it is clghat joint diseases in general, a@Aspecificallyrepresent a
significant bur@n to the Canadian health care systeldrect costs ofOAon the Canadian economy are
expected toexceed$500 billion by the year 2048]. Whileits symptoms are well documented, the
specific origins aothe diseasere not well under®od. However,its pathogenesiss intimately linked to
slowly developing changes in the complex structure and composition of articular caffilaBesearch

into better understanding the rolesub-componeris play, along with their distributions, in this



composition isessentiako gaininginformation aboutthe etiologyof joint diseases like QAt also offers

key insight into the general functionality of this remarkable t&ssu

1.2 Diarthrodialjoints

Diarthrodial joints for example shown iRigurel.l, are a feat of evolutionary biomechanierabling
nearlyfriction-free (> = 0.M5-0.05)movementfor hours a dayinderloadsup toten times body weight
[1, 10]. Thesimplifiedstructure of these joints consistsf adjacent bone endsurrounded bysynovial
fluid andencapsulated by a fibrous tiss{EL]. Thecontacting bone endare covered in hyaline cartilage
which acts as the bearing surface for load transmisdiabrication of these contacting surfaces relies
on a complex interaction of tissue and hydrodynapnigperties[12]. The nhoaNewtonian synovial fluid
in thejoint cavity,produced bythe synovium provides a lubricating fildess than 15 um thicjd] for
thesecontacting surfacesThelubricatingproperties of this lfuid are mainly due to thepresenceof
glycoproteindike hyaluronate and lubricifi, 10, 12, 13]Thesynovial fluid also serves as the primary
medium of nutrient delivery for the cartilage cells due toithack of a direcblood supply{14]. Thislack
of direct blood supplyneans cartilagés limited in its healing capacityhs also means théssue must

rely on itscomplexload transfer mechanisms, derived from @smposition to prevent degradation.



Enthesis

%
Articular '

=1l

Synovial
cavity

cartilage

Synovial

fluid
Ligament

Figurel.1l: Diagram of diarthrodial joit with labeled componentsidapted with permission frorD.
Wilkin, and J. BraindE & | dzY I yCKl12¥F@uhdatdrpCopyright(2015).

1.3 Atrticularcartilagecomposition

Within the human body there are three forms of cartilagdnich arehyaline, elastic, ad fibrocartilage
[10]. Hyaline cartilage is the predominant formasentin diarthrodial joints where it isreferred to as
articular cartilagavhen presat on thearticulating ends of boneld]. Articular cartilage is a porous
materialmade upan extra cdular matrix (ECM) filled with interstitial fluid and a multitude of macro
molecules The interstitial fluid phase of articular cartilage accounts for approximately &#te tissue
wet weight[15]. The solidstructure ispredominantly formed from linked collagen Il fibréieating a
scaffold, with embeddé chondrocyte cells that produdeCMcomponentg2]. The ECMs also
comprised oproteoglycans which make up the second largestion of organic material in the tissue
[1] along withtraces of different collagen type¥ (V11X Xl)as well as elastirProteoglycangonsist of a

protein core to which are covalegtbound branches of glycosaminoglycd@AGshown inFigure



1.2(b). TheseGAGoranchesconsistof highlychargedhydrophilic polymer chainsmade flom
disaccharide subunitsvhich fan out to cover a large area within the ECM p{ité} Negative charges
present on theepolymerchainsattract the positive ends of bipolar water molecules which impedes
flow. Ths causes the tissue to swaillits attempts tobalance thecharges present on the GAG side
chains and ion concentration gradientsthe interstitial fluid. The resultingressures this swelling
induces are known as Donnan osmotic pressures, contribtaitige overall compressive stiffness and

permeability of cartilagg17, 18]

When a loads applied to the tissue surface the ECM begins to deform and the reductiorumerovill

cause an outflow of interstitial fluid. Howevehe extremely low tissue permeability (on the order of

10 m%N3[15]) resultsin high fluid pressure. This flow regulation is critimateducing stress in th

ECMas the pressurized fluid typically provides 90% of the bearing capacity in dynamic loading situations
[19]. With the load held constant, the fluid will gradually flow out, reducing thesguee and

transferring the load support to the ECM

a ) b

o Monomer

Interstitial fluid Link protein

Cotiagen fibril 2 35/200-400 nm

Hyaluronic acid

L ]
1200 nm

Figurel.2: (a) Articdar catilage ECM sulsomponensinteracting withn the tissue.(b) Proteoglycan

structure and scaleReprintedfrom Biomaterials, 3(2), V.C. Mow, A. Ratcliffe, A. R. Podlé, I NIi A I 3 S
and diarthrodial joints as paradigms for hierarchivalterials andstructures pg.74-75, Copyright

(1992), with perngsion from Elsevier



1.4 Articularcartilage structure

The macroscale structure oftaular cartilagdstraditionally sub-divided intothree mainzones The
superficial zone, the middle zone, and the deepe [10]. The superficial zonemprises theop 10-
20%of the tissuethickness In this zonesollagenrfibrils are primarily arranged parallel to the adiar
surface to aid imesistingthe shear forces pesent during joint movemeritL0]. The nex#40-60% of
tissue depth is classified as the middle zarieere collagen fibrils are more randomly orientéthe
remaining30-40% ofthe tissuemakes up the deep zoneln this regiorcollagen fibils are primarily
oriented perpendicular to tharticulating surfacend insert into the subchondral bone beldy 2]. The
tissuebone interface is bridged by a calcified zone, starting atffde marlkllustratedin Figurel.3.
Throughout these zones the proteoglycan content graduatiyeases with deptf20, 21] Water
content reaches its maximurf®0% wet mas9)ear the bearing surface before dropping and ntaining
approximately75% of the wet mass in the middle and deep zof2&y. The chondrocytes idtributed
throughout these regions begin with an elliptical shapéhe superficial zonand gradually transition to
aspherical shapi the deep zongl4]. These chondrocytesmbed themselvem the ECMhrough the
less stiffpericellularmatrix (PCM) with an approximathicknes of3-4 um [23]. As noted by Darlingt
al. [23] the exact functbn of the PCM is not entirely known, but it is thought to aid in protection of the

chondrocyte as well as transmit mechanical stimuli from the surroundingetiss
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Figurel.3: Depth dependenstructure andcomposition of articular cartilagé&eprinted from Phys Ther
Sport, 16(4), Brodyd ¢ kh&e osteoarthritis: Clinical connections to articular cartilage stmecand

T dzy O (pd. Y €opyright 2015, with permission from Elsevier

1.5 Osteoarthritis

In gite of its prevalence the specifiausesf OAare not well understood24]. The onset of the disease
is typically dssified a either primary or secondawyith the latter being an indirect result of trauma,
obesity, malposition,or other sources[6]. Thedegeneratiorof the cartilagds typically accompanied by
aremodeling of the underlying subchondral bqrvelopment of osteophytesarrowing of the joint
spaceand various biochemical ahgesin the joint as a whol§4, 9] Degradatiorof the synovial fluid is

also typical in steoarthritic joints, hindering its fluid film lulzation propertieq13].

The early stages of the disease are thought t@besult oflocalizeddisturbances in theatabolc and
anabolicregulationof the ECMiy chondrocytes and matrix proteinasgd 25] Once these disruptions
to regular tissue maintenance pasthaeshold the damage becoméseversible[6]. As this progresses

the assomated destruction othe ECMis accompanied by a depletion in proteogly@amtent,



particularly near the surfagavhich futher exacerbates the matrix degradatifdh, 9]. This alteration in
tissue compositiomesults in arincrease in water content and tissue permeabilithishas been shown
to be a side effect of theeduced flow regulating gaabilitiesby the remaining proteoglycan contef26,
27], dramaticallyaltering the mechanical propertiesf the tissue[28]. The net result of these changes i
reducd interstitial fluid pressurization of the cartilagand a reduction oits compressive stiffness
particularly in he dynamic phases of loadif@Q]. In late stages of OA the tensile stiffness of cartilage

canbereduced up to 90%omparedto healthytissue[19].

Oncesymptoms developdamageis typically graded using scales associatét physicalevaluations
andmedical imaging6]. A commonly used scale for OAsddication is the Kellgren and Lawrence grade
based on radiologicalssessmentsf the joint [30]. Diagnosiend monitoringof the diseasén early

stages of develapent isdifficult due tosubtle changes thought to beainly biochemical in nature
However, use ofibrational spectroscopy in arthroscopic joint surgeries has recehtiyvn potentiain

this area[31¢33]. Near-infrared spectroscopywith the use of machine learningasdemonstrated

reliable predictions oproteoglycan content in the supficial zone of cartilagi81] andrelated

mechancal propertiesarthroscopicallyj32]. The use of Raman spectroscopy has also shown similar

potential arthroscopically for the differentiation of heathy vs. OA cartif@3&

1.6 Ramarspectroscopy

Raman spetroscopy has been shown capable of not only discerning minute changjes s$tructure of
cartilage[24, 34, 35] but also determining macrscale composition and organt#an in tissue cross

sectiong20, 21]

In a simplified mannespontaneoufkamarscattering of light can be explained as folloW¢hena

materialis irradiated with lightthe oscillating electric fieldf the light sets the electrons of its



constituent moleciles into oscillatory motionThis inducean electric dipole momentwhich can be
expressed mathematically in the simplified case of a diatomic molecuteEag1). HereA 0
represents he dipole moment as a function of tim@| © represents the polarizabilitg&ds the
complex conjugate, an® and] represent the vibrational amplitude and frequency of an incident

electric field(O 0 ) respectivey.
A o6 | 606 | 600Q RS 1)

However, the electrons are bound to the nuclés a resulthe electron polarizability depends on the
nuclear motiond 6 andcan be expressed as a Tay$eries expansioasshownin Eq(2)[36]. In this

equation| represents the polarizability at the equilibrium positif37].
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The nuclear motion along (shown in Eq(3))can be assumed to be that of a classical harmonic
oscillator[36], and specific vibrational modes have ampero rate ofchange in polarizability with
respect to nuclear displacemenh Eq.(3) 0 is the amplitude of the nuclear motion, representsthe

nuclear resonance frequency, atds the phase of the nuclear mode xattion [36].
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The induced dipolenomentradiating lightcan now beexpressed througlikq.(4) [37].
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The firstterm| 0Q represents an ositating dipolemomentradiating light with thencident
beamfrequency . This corresponds telasticRayleigh scattering.he second and third oscillating

terms representadiation of inelastic Raman scattered lighth a shifted frequency] ] for



anti-Stokes and| ] for StokesThese inelastic Raman scattering modes are only aittikie

rate of changef the polarizability with respect to the nuclear disp@eent — is nonzero[37].

Raman scattering is inherently wemkcomparison to Rayleigh scatterjngith approximately 1 in 10of
photons from the incident beam undergoing spontaneous Raman scatt@&&gRaman spectroscopy is
based on detecting the intensity tiis scattered light as a function of shifted frequency to understand
molecular structure and composition in material$ie shift in frequencfrom Ramarscattering
associatd with the change in vibrational energy levsltypicallyconveyedhrough a wavenumber
(cn?) valueexpressedhrough Eq5). In this equation_ represents the wavelength of the incident

beam, and_ represents the wavelength of the scattered light.

hho 0t 6 adl 2 P ®)

(Virtual state)

F Y
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E = hy, E=hvy-hv, E=hv,+ hv,

v=3
v=2

- L 4 v=1
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r b h 4
E
v=0 0
Stokes Anti-Stokes
{ J
I
Rayleigh scattering Raman scattering

Figurel.4: Molecular energy leveliagram illustratinghe difference between Rayleigh and Raman
scattering(B = electronic energy statd = scattering photon energy, = vibrational energy statem =
shift in scattering frequency assiated with a change in vibrational energy leyads= incident electric
field vibrational frequencyh = PlandR éonstan).
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A simplified visual depiction of how elastic and inelastittering differis shown inFigurel.4, in

reference to the energy state of a molecule

A table of tentatively assigned vibrational modes associated with articafttifageRaman bandare

given belowbased on past studig46, 21, 34, 39]

Tablel.1: Tentatively assigne®aman bands with molecular vibratiomodes in articular cartilageased
on past studie$l6, 21, 34 39]

Raman shift (cr) Assignment
760 Tryptophan ring deformation
816 Collageriproteins, GC stretch protein backbone
856 CollagenGC stretch (Proline)
875 Collagen GC stretch ProlineHydroxyproline)
920 Collagen GC stretch (Prolinglydroxyproline)
938 CollagenG/ & (i NBelix(Pioling)h
GAG GO-C stretch (CS)

958 Bong PQ? stretch (phosphated hydroxyapatite)
1003 GC symmetric ring stretch (Phenylalanine)
1033 GC symmetric ringtretch (Phenylalanine)
1042 Pyranose ring streh

10631068 GAG SQ stretch (CS)
1126 Proteins, @C/GOH/CN stretching GO-Cstretchglycosidic linkages
1163 Pyranose ring stretctGH bending (Tyrosine)
1207 CH twist (Hyaluronic acid)
1235 Collagenyandom coil (Amide III)
1245 CollagenNH; bending (random caiAmide III)
1269 CollagenNH: 06 S ¥ R AhgI&, Amitle 111)
1313 CH/CHs twisting
1343 GAG CH/CH wagging
1370 COOsymmetric stretch (Hyaluronic acid)
1380 GAG CH deformation
1424 GAG COOsymmetric stretch
1450 Collagerproteins GH bending (CHCH)
1557 Amide ll/C=Cramatic ring stretch (Phenylalanine, Tryptophan)
1606 C=C aromatic ring stret¢henylalanine, Tryptophan)
1640 Amide ICollagen secondary structure
1655 ' YA R Shelik) 6 h
1668 Collagen random coil (Amide I)
1685 Amide 10 - sheet)
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Several studiebavetaken advantage of ratids vibrational mode intensity peaker integrated ares,

to interpret structural changes in connective tissaad cartilageOneof theseisthe 938/922 cm' ratio

to assessydrogen bondormation betweenproline-hydroxygoline linkagesand water molecules

related to collagen stabilitf40c42]. In another studyl akahashet al[35] were able to draw a

correlation betweerOA severity and disorder in the collagen secondary protein structure. This was done
usingthe 1246/1269 crit Amide llidoubletratio to quantifythe abindance oNJ Yy R2 Y -efixA f (1 2
structures. Kumaret al[24] also used this doublettio in a smilar study toshowthat significant

changes in magnitude wegepotential marker foearly OAdevelopment However, Bonifaciet al[43]

were also able tadlemonstrate tlis doublet ratio is dependent on sample orientatj@otentially

influencing these findingghe856/875 cmt ratio has also been used assess collagen stability
mechanicallystressed cartilagf84]. This ratio was used based on evidence of chondrocytes converting

proline to hydroxyproline during cartilage synthesis inwjised tissue

While variations in the intensity of individual Ramzandsare informative, manynacromolecules have
multiple vibrational modes which can also overlap with others in a mixture. Because of this, multivariate
analysis is a useful tool for goi#fying signdcomposition in Raman spectroscogyt]. One form of this

analysis is mtivariate cune resolution (MCR}5].

1.7 Raman basedultivariatecurveresolution

The aim of MCR is to determine the contributions of-somponents ira mixture to the overall sample
signal[46]. This is possiblith Raman spectroscopue to the property that Raman scattering
intensity is proportional to thelensity of scattering moleculg87, 47] Subcomponent reference
spectrg of known dilution can thenbe used in a correlation curve to find thencentrationof analyte

in the Ramanrspectrumof a mixture These individual spectral contributions candx@ressed

12



mathematicallythrough Eq(6). In this equation D repsents the combined mixture spectiand C
representsa single matrix ofelative concentrationgor the individual pure reference spectra

represented by the matri§ Finally ) represents the remaining error in the {it6, 48]

0O 6"Y 0D (6)

A MATLABMathWorks, Mass., U.S.Agplbox called MCRRALSdeveloped by Jaumadt al.[48] is

specifically made foisdeconvoluion of spectra. The software uses an alternating least squares (ALS)
algorithm to minimize error iteratively when curve fitting purdergence spectra and concentration
matrices to the mixed signal. This error cango@ntifiedby an R or a percent lackf fit (LoF(%)) value.
The expressions for these terms are giverkly7) and(8) respectivelywhered; is an element of the
experimental data matrix, ane; is the residual obtained from taking the difference between

correspondingexperimental and predicted valug46, 48]

Y nﬁIBﬁQ 5q 0 (7)
P B;Q
B:Q

0El®  pmE— ®
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A recent study by Berghadt al.[20] appliedRaman spectroscogyasedMCR to investigate cross

sections of ative and engineered cartilage for relative spectral contributions of collagen Il, GAG, and
water. This study also used anisotropic scattering properties to obtain information about collagen fibril
orientation. The same group also showed that thiesoluteconcentration was linearly proportional to

MCR sulzomponent result21].

These studies show the feasibility of Raman spectrosbaggd determination of composition using

MCR analysis applied to tissue crsssions. Hovever, crosssectioning requires the destruction of
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tissues and is not practicakgitu or in-vivo. Measurements througihe-surface keepghe morphology
intact, but the optical signal attenuates significantly with depth as a consequence of itr®genois

composition of cartilag§49, 50]

1.8 Optical clearing

In a simplified descriptigriransparency irmaterials such as glass or @ipartly related to their
homogeneous @mposition[49]. Whenincidentlight strikesthesematerialsthe molecules affected
togetherin a plane will scatter light spherically in all diieas, out of phase from the primary wave
front [49, 51] The majority ofcattered lightnot traveling alonghis primary wave frontirectionwill
destructively interfere with the sttered lightfrom surrounding moleculesThis is due to thproximity
of scattering moleulesin the materialresulting in nost scattered wavelets meeting a destructively
interfering counterpartHowever scattered light wilconstructively interferen the forward direction of
the primary wave frontis aresultof allscatteringwaveletsoscillating in the same pha$é9, 51] This
constructive interference allows the wave to propag through the material wfh minimal scattering in
other directions In the case of biologicéissuesthe medium is typicallg heterogeneousnixture of
structures with varying compositicaind refractive indicesThis diferingcompositionmeans that
sattered light from molecules in the saeplane do notalways have a destructively interfering
counterpart Numerous scattering moleculege then able tgropagate lighin all directionswithin the

tissue resulting ina turbid appearanc@9].

Optical clearingf tissue to reducehis scatteringheterogeneityistypically approached in three main
ways[52]. The simplestmechanisninvolves passive immersion inreoptical clearing agent (OCAhis
replaceghe interstitial fluid with a liquid that more closely matches the refractive index of the

remaining ECMThe dher two mechanisms involve the removal of lipids followed by refractivexnd
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matching through either hydration, dehydration, ihve previouslymentioned immersion method49,
50, 52] The® clearing mechanisms often lead to alterations in tissue morpholégyever, studies
invohing passive immersion of cartilage in solutions have shtivana significant improvement in
optical propertieds possiblavith minimal damage to the ECMeuet al[53] demonstrated this for
cartilage up to a depth of 2.5 mm with a fructelsased OCA similar ®eeDB54]. Another studyby
Bykovet al.[55] showed that optical clearing of caetige with iohexol could enable visibility of the
cartilagesubchondral bone interface with optical coherence tomography in as little as 15 mifiiniss.
optically clearectartilage offers improved scattering properties ggectroscopieneasurementsnade

throughthe-surface.

1.9 Cartilage Modeling ith Finite Element Analysis

A practical application of compositional information obtained frRaman spectroscopy in finite
element(FEmodelingof cartilage Use of imagingtechniques for applying the structalrhierarchy in
cartilage to FE mode|56, 57]has proven imaluable in understanding the mechanical contributions of
each sukcomponent.In particular the enhanced interstitial fluid pressurization, and associfibéti

load support, generated in these deptiependent models has been routinely reported due to its
importance in reducing surface friction and wear in cartilfgfe 5&,60]. To date, use of Raman

spectroscopy for applying thistructural hierarchy to FE models of cartilage tnasbeenreported.

AccurateFEmodeling of artialar cartilages challenginglue tothe complex structure and organization
of the tissue described abové&he tissuexhibitsheterogeneity and anisotropyhen loadedn tension
and compressiof61¢64]. In additionthe tissue isviscoelast, exhibitinga time-dependent mechanical
responsd15, 6%67]. Traditionally the tissue has been computationally modeled ds@hasic material

[15, 66] To capture théension-compression nonlinearity in FE modelimgre recentstudies have
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simulated the tissue as a biphagioroviscoelastic (BPVE) material with fibril reinforcenib6¢58, 62,
63, 6&;70]. Constitutive modelmcomoratingconewise lineaelasticity have also been shown to

reproduceaccurate tissue responge loads[61, 62]

Adjustingthe tissue response dheseFEmodelsto matchexperimentally recorded resultsffersa

means ofguantifyingsamplespecific material propertiem cartilage.Three loadingonfigurations
commonlyusedfor this purposeare confined compression, unconfined compression, and indentation
(illustrated inFigurel.5) [63, 71, 72] Thesearetypicallyused to load the tissudynamically, oin stress
relaxationor creep Indentation testings of particular interest for this thesis aifers the most
convenient means of testingartilagein-situ or in-vivowith minimal sample preparatioand is less
sensitive to the natural surface curva&u Howeverit is characterised by complex boundary conditions

and, with the exception of lineaglastic materials, requirdSEmodels to assess material parameters

—~
Indenter
* d( Nonporous * d(®
\ Metal
Indenter Confining
Chamber
AAAAA Nonporous fff Cartilage
P caciion Forco 4 :;:""td'"g Reaction Force

Lateral N B Fluid Pf)rous

—— Subchondral Bone Flow Filter

Unconfined compression Indentation Confined compression

Figurel.5: Typical loading configur@ains used for testing of cartilagAdaptedfrom J. Biomech34(4),

M. DiSilvestro and J. St aiossvalidation of the biphasic poroviscoelastic model of articular cartilage
in unconfined compression, indentation, and confined compressiam 521, Copyright (201), with
permission from Elsevier.
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A specific fibril reinforo@ BPVE moddbr cartilagewhich has been shown to predict tissue response
well is the ellipsoidal continuous fiber distribution (CFD) model proposed by Ateshi#ft3]. This
model has been showto be particularly accurate in repduoicing tissue response in the flew

independent stage dbading.

1.10 Finite Elemen€Constitutive Theory

A commony usedsoftware for nonlinear finite element analysis of biological tissues is FEBio. This is an
open sourceprogram which was developed betwe€olumbia university and theniversity of UtaH73]
spedfically for the analysis of biological tissuksmplements the implicit finite element method with
common tissue material model$o account for the solid structure of the articular cartildige

ellipsoidalCFD can benplemented within FEBIi&.9in conjunction with a supporting ground substance.

The Cauchy stress and spatial elasticity tensor in the fiber portion of the solid matrix can be described by
Eq.(9) and (10), respectivelf63, 73] In these guationsOrepresents a unit step function imposing
contributions only in tensiofiOrepresents the square of the fiber stretdndé represents a unit

vector in the reference configation which a fiber is oriented along (based on global orthoradrm

spherical coordinatess i—). Fnally,§ ¢ and§ & represent the Cauchy stress and spatial

elasticity tensos for fibers initially oriented along§ respectively[63].

. D0 pbd & i M®Qe Q— 9)

8 00 pd & [ QEQeQ— (10)
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These equations cdpe connected to the fiber strain energy density function through standard finite
elasticity relations expressed I.(11) and (12) [63]. In these equation8represens the determinant
of the deformationgradienttensorQand0 &3 ¢ 'O O30 OO withe O o

representing the fiber direction in the deformed stafé3]. In these equatioss$ represents the tensor

product.

5 ) ¥ 11
d <O O%C}) (11

§ 10 O T,,—6§ 0 (12
10

The strain energy density function for the fibers is given bi.(13) wheref ¢ andO  p. In this
equation, ¢ andf & are variable material properties along the direction [63]. The former
parameter is related to the fibeensilemodulus in units of force per unit area, the latter parameter is

unitless.
EMNO ,¢&¢ 0O p 13

, ¢ andi ¢ can be expressed in the local orthonormal coordinai@s ( as seen iriq.(14) and
(15)[63, 73], andf represent the corresponding material parameters along the respective-semi

axes of the ellipsoid in the local coordie systeni63].

: WweEd Qe | Q8 Q¢ weéi (14)

e oosTOsQ i QTEi Q¢ Q)TEI (15)
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Whent ¢ this results in a jump at the strain origin for the elasticity modld'i’uscreating a
piecewiselinear stress strain relationship for fibers transitioning émsion at smaldeformationg[63].

The ground substance supporting t8&D aimed at accounting for the proteoglycans, is modeled as a
compressiblereo-Hookean hyperelastic material. The strain energy density function governing this
material is given b¥.(16) [73]. In this equatiod and_represent Laré parameters, andOrepresents

the first invariant of the right Canlny-Green deformation tensdf73].

1D (16)

Bl

The Cauchy stress and elasticity tensorthe ground substance can be describedeyy(17) and(18)

respectively{73]. In these equationé represents the left Cauch@reen deformation tensqrandO
represents the identity tensorTheg operatorrepresents a variationfahe tensor product, detailed by

Eq. 2.1.24 in the FEBIo theory manual
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To adequately describe biphasic porous media an expression is needed to relate the momentum
transfer between the solid phasteformation and the fluid phase pressure. This is done within FEBIio
using the linear momentum equation for the fluid phase, andiagé term 0  representing this
momentum exchange through frictional forcg8]. Combined with the constitutive relationship of

0 + Q Q) the momentum equation can be rearranged to express the fluid dyas inEq.(19)
GKAOK Aa Sl dzA @73]. Qithin thése exprésNddx r@mesents the solid phase

porosity,n 1) represents the graeint of the fluid pressuréQrepresents the symmetric hydraulic
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permeability tensor’ represents the true fluid density, ard represents the body force effects per

units mass acting on the fluid phalge].

0 oy "6 (19)

It is important to note that theviscous shear forces are neglected within this framewWd®, andit is
only appropriate for low Reynolds number flows. This is deemed a valid approximation due to the low

permeability of the tissugon the order of 1x14° m*/Nts[15].

The total stress within the tissue can now be aésed as the sum of the fiber stress, ground substance

stress, and the fluid pressure shown Hy(20).

” ” ” r‘] "O (20)

1.11 Material parameter optimization

Material parameterestimationsfor the constitutive modetiescribed abovean be carried outvith the
built-in FEBIio optimizatioprogram This optimizatiors based on thd_evenbergMarquardt nonrlinear
least squares algorithifY3]. The goal of this algorithm is to minimize an expression for the difference,
"Q , betweenexperimental data pointsi§fto  and model data pints wMd created from iteratively
varied input parameters. In thisasethe input parameters are materiglarameters for the ground
ddzoadl yoS | 2 dzy 3 QensilarfoButlzs pdrarieter) d0&thethydm@itgermeability. The

experimental datgoints given to the algorithrare typicallythe reaction forcemeasured byaload cell

QW AR AYNITA (21
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1.12 Thesis objective

This thesis has two objectivdsirst to assess théeasibilityof usingRamarspectroscopybased MCRor
determiningcartilage subcomponent distributions throughhe-surface Further to thisasses$f OCAs
can improvethe depth of reslution. Secondto apply this composition information to FE models of

cartilage to assess accuracy in predicted tissue response.

The net result ochievinghese objectives will assess the viabitityd applicatiorof Ramarbased MCR
for determiningcartilagesub-component distributionsn-situ or in-vivo. It will also enake FE modeling

of cartilage based on compositioA.more detailed understanding of depttependent mechanical
response to loading, i.e. based on deftbpendent composition, is also reiged to study the
mechanoregulation of chondrocyte metabolism in maining tissue health and in processes such as
OA.This sample specific means of data acquisition may then facilitate better understanding of how
observed compositional changes in dissd$issue affect predicted material responséhis is
particularly adantageous in monitoring of early stages or mild OA, which can be characterized by a
severe depletiorof proteoglycan contenf4, 9]. As has been previolysdemonstratedthis

measurement methodavould beapplicablefor assesmentin-vivo[33].

1.13 Thesis outline

The thesis objectives whk assessed in thfollowingchaptersbased on the work from two manuscripts

as fdlows

1) In the firstmanuscript the feasibilityof using Raman spectroscepgsed MCR composition
information throughthe-surfacewas evaluatedTo do thisRamarbased MCR results through
the-surface, beforeand afteropticalclearing, are compared to those from cres=ctions used
as standards. Absolute stomponent concentrations are then estimated using cresstioned
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2)

MCR results in conjunction with sataprolumes and weight3.he effects of a fructosbased
OCA similar to FRUI4] are alsoevaluated to see if it carimprove the depth of resolution for
distribution measurements througthe-surface.

In the second manuscriptomposition information obtaineffom crosssections,andthrough
the-surface was appliedo FE models of cartilage undergoistgessrelaxation hdentation.
These deptidependent composition modelsere evaluated against homogeneous distribution
models to compare accuracy pmedictedtissue response. These comparisons will also
determine to what extent models using Raman datsaoted throughthe-surface match their

equivalent crossection counterparts.
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Chapter 2

Measurement of cartilage stdbmponent distributions through the
surface by Raman spectroscdmsed multivariate analysis

This chapter wapublished inthe Journal of Biopbtonicsas:
al 32y> 50owdr adzNHA]JINE {d YR {LISANBI ! ®5d 6HAHAD
RAaAGNROdziA2Yya GKNRAzAK GKS adzNFIF OS o0& wlkYly &aLlSOoidN.

Accepted Author Manuscript. ddi0.1002/jbio.202000289

The chapter presented reflecgsversion of thigpublishedmanuscript, adapter for formatting within the

thesis and based oexaminer recommendations
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2. Measurement of cartilageub-component distributionshrough the
surface by Raman spectroscdmsed multivariate analysis

2.1 Abstract

Articular cartilaggpossessesnique material properties due to a complex deftependent composition
of subcomponents. Raman spectroscopy hasvero valuable in quantifying th compositiorin

cartilage crossections. However, crosectioning requires tissue destruction and is not practicaitin
or in-vivo. In this work, Raman spectroscepgised multivariate curve resolution (MCR) veasployed in
porcine cartilage sampléa = 12) to measure collagen, glycosaminogly€#G) and water
distributions throughthe-surface for the first time; these were compared against cisEssion
standards. Througthe-surface Raman measurements provetlable in predicting composition
distribution up to a depth of approximately 0.5 mm. A fructdmesed optical clearing agent (OCA) was
also used in an attempt to further improve deptifrresolution of this measurement method. However,
it did not, mainlydue to a high spectral overlap withé Raman spectra of main cartilage sub
components. This measurement technique potentially could be ussduror in-vivo, to better

understand the etiology of joint diseases such as osteoarthritis (OA).

2.2 Introduction

Articular cartilage serves as the vz surface for bond¢o-bone load transmission, and enables nearly
friction-free joint movement(2]. Fulfilling this role requires unique material properties that are derived
from its complex composition and organization. Past studies using Raman spectroscopgploakesl

the relative distribution othis composition irvitro with crosssectioning20, 21] and related it to
concentrations determined from assay tests. However, quantifying the composition with depth through

the-surface will keep morphology inta@nd enable irsitu or in-vivomeasuements. This could offer
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better insight into how joint diseases such as OA develop, especially in the early stages, and how

composition affects functionality.

Cartilage consists of a dense extracellular matrix (ECdtiominantly made up of collagens,
proteoglycans, and water as well as other proteins and molecules in lower concentrgj @4
Recently, tools such as Raman spectroscopy have proven capable of not only quantifyinglthese s

component concentations, but also observing subtle variations in their structural organizgBén3s]

While variations in the intensity afidividual Raman bandsainformative, many molecules have

multiple vibrational modes which can also overlap with others in a mixture. Because of this, multivariate
analysis is a useful tool for quantifying signal composition in Raman spectrddddp®ne form of this
analysis is multivariate curve resolution (MCR). MCR takes advantdgembperty that the itensity

of Raman scattered light is proportional to the density of scattering mole¢8fest7] and uses this to
decompose a mixed spectrum into relative concentrations of purecsumbponent spectraA recent

study by Bergholet al. [20] used MCR to investigate cressctions of native and engineered cartilage

for determining relative spectral contributions of collagen IlI, glycosaminoglycan (GAG), and water. This
study also used anisotropic scattering properties to obtain information about collagen fibril orientation.
The same group also showed that the absokdecentration of subcomponents was linearly

proportional to MCR resulf@1].

These studies show the feasibility of Raman spectrosbagsged determination of composition using
MCR analysis applied to tissue crssstions However, cosssectioning requires the destruction of
tissues and is not practicatgitu or in-vivo. Measurements made througthe-surface keep morphology
intact, but the optical signal attenuates significantly with depth as a consequence of the haters
compodtion of cartilagg49, 50] The use of an opticalearingagent (OCA) can overcome some of this

optical attenuation in turbid tissug49]. OCAs vary in clearing technique, but commonly involve passive
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immersion in a solution replacing the interstitial fluid with a liquid that more closely matches the
refractive index of the remaining ECMO9]. Previous studies focusing on the effects of clearing on
cartilage have shown that a significant improvement in optical properties is possthlemvimal
damage to the ECM. A study by Nstwal[53] illustrated this using a fructosbased OCA to clear

cartilage up to a depth of 2.5 mm.

The aim of this stdy is to assess the feasibility of Raman spectroscopy and MCR for determining
cartilage composition in a novel manner throuthfe-surface and whether it could bémproved using a
fastacting fructosebased clearing solution similar to FR{A4]. FRUIT has been successfully used in the
past for clearing mammalian brain tisspy@], and is applied here in articular cartilage for the first time.
Non-destructive Ramathased MCR results throughe-surface, before and after clearing, are

compared to those from crossections used as standards. Alge sulbcomponent concentrations are
then estimated using these crosectioned MCR results in conjunction with sample volumes and

weights.

2.3 Materials and médtods

2.3.1 Specimen preparation

Skeletally mature porcine knee joints were locally sourced from atta@bap to 48 hours after

slaughter. Cylindrical cartilage plugs (@i x 6mm) from the trochlear groove or patella were then
excised (n=12) from thrgeints and frozen in a 1xPBS solution. Each sample consisted of up to 2.5 mm
of articular cartilage #h the remaining height consisting of the subchondral bone below. Plugs frozen

together and used in testing groups were mixed from the three joints teigeomore variability.
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2.3.2 Optical clearing stages

The timeline of optical clearing stages is illustchteFigure2.1. A preclear stage involved samples (n =
6) being thaved for one hour then placed in a stock 1XPBS solution supplemented with arfleEBTA
protease inhibitor (SIGMPAST™, SigmaAldrich Corp., Mo., U.S.A.). Samplesit had Raman
measurements made through the tissue surface. After being placed in a cleatinign overnight (12

h) at 4°C, samples were mneasured throughthe-surface. This measurement stage was termed
postclear. The clearing solution, similar to FRW@4], consisted of 40% wt/vol-D)-fructose and 24%
wt/vol urea dissolved in distilled wateFRUIT was chosen as the OCA after preliminary tests with
fructose requiredongclearing duraibnsresulting insignificanttissuedegradation The clearing window
was reduced to 12 h. to minimizhis tissue degradation asamples were not fixed. The 40% FRUIT
concentration was chosen to increase diffusion speed into the tighue to its lower iscosity,and

ensure no precipitation of solutes at the low storage temperature.

Samples were then placed in the stock PBS swluwivernight (12 h) to remove the OCA, and re
measured througkhe-surface. This measurement stage was termed recovered. Afteredle puncture
test to obtain the true thickness, samples were crssstioned and spectral measurements repeated. A
portion of the crosssectioned tissue, with bone removed, was weighed wet and placed in an incubator
at 37°C for 24 hours to dry. It was subsequently weighed and the total water content determined from

the weight differencd75].

Control samples (n=6) underwent a similar testing procedure but were nategewith any clearing
solution. Raman measurements of the control samples were meant to quantifyréfated changes to

the cartilage. Only two samples h&&man measurements taken after an elapsed time equivalent to the
postclear stage of treated specéms. No significant changes in the Raman spectra of samples was

observed between the preclear and recovered stages for bathtédand control groups.
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Totaltesting time lasted four days. Each sample remained at room temperature during testing for

approxinately 34 hours each day, with the remaining time spent a4

i \
12 hr. bathin 12 hr. bathin
mm) 40% OCA stock PBS
solution solution
Raman measurements Raman measurements

through-the-surface through-the-surface

12 hr. bathin

- stock PBS - ' !

solution

Raman measurements

Raman measurements 2 .
Thickness test through cross-section

through-the-surface

Figure2.1: (a) Specimen setup for Ramareasurements througihe-surface of cartilage. A wire was
placedon the bearing surfacparallel tothe diameter(within 200 pum of measurement location) to
determine the reference height. (b) Raman measurement of esestioned cartilage plug alongside

plug schematic designating spectral measurement locations with S and B indicating the bearing surface
and bone respectively. A wire was placed perpendicular to the bearing surface to determine the
reference height. (c) Timeline of optical clearing stageages (a) and (b) are repeated in (c).
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2.3.3 Thickness measurement

To accurately obtain the sample thidgss a needle was pushed through the cartilage surface while the
reaction force was recorded using a custbmilt device[69]. The tissue surface was identified once the
reaction force exceeded 5 mN. The bone surface was identified by a sudden large change in the reaction
force sbpe with respect to distanc&.he average sample thicknesas 1.9 + 0.5 mirResults are

reported asmeanz 95% C.I. unless otherwise stat@ibnfidence intervals for percentage values

(LoF(%)) represent the range of the mean percentage value, not a pageeof the specified value.

2.3.4 Raman instrumentation

Alab-built Ramarmicro-spectroscopysetup[76] wasusedin this studyasshownin Figure2.2. It
consistedof a multimode 785 nm diode laser(Ondax CA,U.S.A. with amaximumoutput power of 500
mW, that wascoupledinto a 100 um core,0.22NAmultimodefiber. Collimatedandfiltered light from
the fiber passedhrougha 40X,0.8 NAwater immersionmicroscopeobjective(Olympus ON, Canadajo
createa laserspotwith a lateraldiameteranddepth of focusof 15> Yand32> YrespectivelyRaman
scatteredlight from the samplewascollectedby the sameobjectiveand passedhroughalongpass
dichroicmirror andtwo long-passedgefilters (Iridian,ON, Canadajo eliminatethe 785nm laserlight. A
300 um coremultimodefiber (ThorlabsNJ,U.S.A.Yeliveredthe Ramarsignalto a compact
spectrometer(TornadoSpectralSystems©ON,Canada)Thepositionof the cartilagesampleinsidethe
laserfocus(200mW at the sample)wasadjustedby meansof an automatedstage(FTP2000,ASlInc.,
U.S.A.)Spectravere measuredn the 170-2400cm? range,with a spectralresolutionof 4 cnt. For
measuremenbf MCRreferencespectra,a 20X,0.75NAair objective(Olympus ON,Canadajvas

utilizedfor the dry laboratorygradesampes.
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Camera ™~ [ Immersed
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Figure2.2: Raman spectrometer schemafmr measurement of immersed cartilage samples. The
specifications of filters, and the CCD camera usedfuatieer detailedin a report byHanssoret al[76].

2.3.5 Raman spectroscopy of tissue

To accurately acquire the X position of the cartilage plug center axis, a custoade sample holder

was credged as seen ifrigure2.1(a) with known referencadimensions. To determine the surface

reference height of the sample the objective was brought to focus on top of a copper wire of known
RAIFIYSGUSNI 6upn p n > Yace nedr thenSeisurémént ibdatdn. Rdmun .Spestra & dz
wererecorded atdepth8 ¥ n >Y YR mnn >Y Ayidz2 (GKS GAadadsS:s

50%, 75%, and 100% of the estimated sample thickness.

For crosssection measurements the wire was placegaagnt (+Y direction) to the measurement
location, and perpendicular to thieearing surface as seenhigure2.1(b), to obtain the reference
height and ensure no interfering signal. Raman measurements were taken 100 um intestheednd

found not to deviate parallel to the bearing surfacedi¥ection). The cartilage bearing surface was
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deemed to begin where the laser spot could first focus on tissue. Raman spectra were recorded at the
same depths stated above, with each measuestrbeing inreference to the top of the wire at new

positions.

Raman spectra measured through creestions had an acquisition time of 10 s. Throtlgsurface
measurements had a larger acquisition time of 30 s to improve the signadise ratio at dpth. Each
spectrum was averaged over 15 acquisitions. No sample degradation was observed in the immersed
tissue samples. Raman spectra were-precessed using MATLAB 2019b (MathWorks, Mass., U.S.A.) to
remove cosmic raysind relative intensity correctiowas done bwitilizing the measurements made on

a fluorescence standard (SRM 2241, NIST, U[&7At)vice within the testing periodTo further reduce
systematic errormeasurement of polystyrenstandardsamplesvas conducted at the beginning of

each measurement period to ensure recorded intensiiese in a consistent rangé.he background

was removed using the sensitive nbinear iterative peaiclipping (SNIP) baseline subtraction algorithm
[76, 78] The SNIP teclgue iteratively determines a baseline to subtract from the spectrum by finding
the minimum between a given point and the average value of the outer edges of a window centered on
that point. Snce the background of the Raman spectrum throtlgé&-surface chnges with depth, the
window width for SNIP was correspondingly altered to optimize the match with equivalentsgotsn
Raman spectrum. This windaize(CCD pixejsvas then fixed for aigen depth across all samples: 135

at the surface and 100 um; dri05, 75 and 85 at 25%, 58% and 100% depth respectiveMl spectra

were normalized using vector normalization to facilitate comparison between spectra recorded with the

same experimentgbarameters but slightly different conditions

Based on other sidies using Raman spectroscopy in cartilddge 21, 34, 39 entative wave number

assignments were given as peablel.1.
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2.3.6 MCR composition determination

The goal of MCR to determine the contributions of susfmponents in anixture to the overall sample
signal throughEq(6) [46]. In this equationD represents a matrix of the combined mixture spectra,
represens amatrix of the relative concentrations for the corresponding matrix of individual pure
reference spectrdy andd represents the remaining error in the ft6]. Subcomponent reference
spectra, of known dilution,an then be used in a correlation curve to find the concentration of analyte

AY F YAEGdNBQE wl YIy &LISO0NHzy o

The pure signal contributions in cartilage were assumed to be composed of cdllaG&G, and
distilled water, similar to previously mentioned stad[21]. Laboratory grade collagen Il was obtained
from chicken sternal cartilage (Sigmddrich), while chondroitin sulfate salt from bovine articular jsin
was used for reference GAG spectrum (Sigkitich). MCR deconlutions of cartilage were fit
between the wavenumbers 460800 cm' due to the high molecular specificity in this rarige, 21]
MCR was conducted separately on each specimen andriestage to improve sample specific
reference spectra identificadh. This was also to minimize the effects organizatlependent Raman
band intensities may have if the deconvolutions contained both esestion and throughhe-surface
spectra. Thus, ivas assumed that variations in collagen spectra were due to corateEm and no
attempt was made to account for fibril orientation. In all throutile-surface measurements the water

spectrum was fixed to the reference to prevent unwanted manipulationkeyMCRALS algorithm.

2.3.7 Concentration scaling factor

Once the perent signal contribution curves with depth for each MCR-soimponent were obtained
from crosssections, they were normalized with respect to their maximum value. It was assumed that

the absdute concentration of a component was proportional to the relatbomcentrationC in Eq(6).
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Using the measured wet and dry specimen weight(Z2)and (23) were used to find a scaling factor for
the normalized component cues. Multiplying tle normalized curves by this scaling factor yielded the

estimated concentrations of each siwomponent at respective depths.

[

WwQa wi { O Wi { OO AIWI | 01 D o) aQa (22

Oi dooi i o1 @d O a a Qa (23
In these equation® 1 ‘Qepresents the calipemeasured crossectional area of each sample,
represens the normalizedCsignal curves from MCR Ey(6), O represents the thickness of the sample,
and@represents the respeite scaling factor for the sutomponentsin Eq(23) the maximum GAG
and collaga Il concentrations arassumedequalsince their normalized curves are both multiplieg
the same scaling factorhis was deemed acceptable due to the observatitat peak subcomponent
concentrations roughly coincided ialated studiesvith cartilage[21]. When using this assumption it
was foundthat collagen Il accounted for just over half of the dry weight, which has also been

documented[2, 4]
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2.4 Results

2.4.1 Raman spectra through the surface

D

Figure2.3: (a) Raw preclear Raman spectra throdgl-surface with no backgroungmoval or
normalization. (b) Offset prprocessed preclear spectra faeated sample thioughthe-surface. (c)
Offset preprocessed crossection spectra for comparison. Red labeled wavenumbers specify peaks
most associated witliollagen |Iblue with GAG and black for shared or other s@omponents.
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