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Abstract 
 

Articular cartilage possesses unique material properties due to a complex depth-dependent composition 

of sub-components. Raman spectroscopy has proven valuable in quantifying this composition through 

cartilage cross-sections. However, cross-sectioning requires tissue destruction and is not practical in-

situ. In this thesis, Raman spectroscopy-based multivariate curve resolution was employed in porcine 

cartilage samples (n = 12) to measure collagen II, glycosaminoglycan, and water distributions through-

the-surface and in cross-sections. These data were then used to create depth-dependent material 

property finite element models of cartilage, optimized to match experimental results. Through-the-

surface Raman measurements could predict composition distributions up to a depth of approximately 

0.5 mm. Depth-dependent FE models averaged an 18% reduction in error for predicted reaction force 

compared to simplified homogeneous distribution models. Use of a fructose-based optical clearing 

agent was found ineffective in homogenizing scattering. This measurement technique could be 

applicable for non-destructively modeling the evolution of joint diseases such as osteoarthritis. 
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1. Introduction  

1.1 Problem statement 
 

Everyday locomotion in humans results in their musculature exerting forces on the surrounding bones. 

The resulting movement is dependent on bone-to-bone connections to transfer these forces and 

moments to the desired location. The linkages that make this possible in the majority of the body are 

diarthrodial, or synovial, joints [1]. Within diarthrodial joints the bearing surfaces enabling this motion 

are made up of a tissue called articular cartilage [2]. Failure of these joints leads to arthritis [1] which is a 

term used to describe over 100 joint related diseases [3]. When this joint failure is specifically related to 

the destruction of articular cartilage, and without inflammation, it is known as osteoarthritis (OA) [4]. 

OA is a chronic and debilitating disease which can severely limit the quality of life in those affected [5]. It 

is also the most common joint disease among adult humans [6], with some studies suggesting up to a 

third of the adult population show radiological symptoms [7]. Reports from Statistics Canada estimate 

10% of the population above the age of 15 is affected by OA [8]. While inflammation is a major side 

effect of OA, it is not considered a classic inflammatory disease due to the lack of a systemic 

inflammatory response [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 of 49 [8]. While OA is 

reported in numerous joints, the high load bearing knees and hips are more commonly affected [6, 8]. 

Based on these statistics alone it is clear that joint diseases in general, and OA specifically, represent a 

significant burden to the Canadian health care system. Direct costs of OA on the Canadian economy are 

expected to exceed $500 billion by the year 2040 [5]. While its symptoms are well documented, the 

specific origins of the disease are not well understood. However, its pathogenesis is intimately linked to 

slowly developing changes in the complex structure and composition of articular cartilage [4]. Research 

into better understanding the role sub-components play, along with their distributions, in this 
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composition is essential to gaining information about the etiology of joint diseases like OA. It also offers 

key insight into the general functionality of this remarkable tissue. 

1.2 Diarthrodial joints 
 

Diarthrodial joints, for example shown in Figure 1.1, are a feat of evolutionary biomechanics enabling 

nearly friction-free ( f˃ = 0.005-0.05) movement for hours a day under loads up to ten times body weight 

[1, 10]. The simplified structure of these joints consists of adjacent bone ends surrounded by synovial 

fluid and encapsulated by a fibrous tissue [11]. The contacting bone ends are covered in hyaline cartilage 

which acts as the bearing surface for load transmission. Lubrication of these contacting surfaces relies 

on a complex interaction of tissue and hydrodynamic properties [12]. The non-Newtonian synovial fluid 

in the joint cavity, produced by the synovium, provides a lubricating film less than 15 µm thick [1] for 

these contacting surfaces. The lubricating properties of this fluid are mainly due to the presence of 

glycoproteins like hyaluronate and lubricin [1, 10, 12, 13]. The synovial fluid also serves as the primary 

medium of nutrient delivery for the cartilage cells due to their lack of a direct blood supply [14]. This lack 

of direct blood supply means cartilage is limited in its healing capacity. This also means the tissue must 

rely on its complex load transfer mechanisms, derived from its composition, to prevent degradation. 
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Figure 1.1: Diagram of diarthrodial joint with labeled components. Adapted with permission from D. 
Wilkin, and J. BrainardΣ άIǳƳŀƴ .ƛƻƭƻƎȅέΣCK-12 Foundation, Copyright(2015). 

1.3 Articular cartilage composition 
 

Within the human body there are three forms of cartilage, which are hyaline, elastic, and fibrocartilage 

[10]. Hyaline cartilage is the predominant form present in diarthrodial joints, where it is referred to as 

articular cartilage when present on the articulating ends of bones [1]. Articular cartilage is a porous 

material made up an extra cellular matrix (ECM) filled with interstitial fluid and a multitude of macro-

molecules. The interstitial fluid phase of articular cartilage accounts for approximately 80% of the tissue 

wet weight [15]. The solid structure is predominantly formed from linked collagen II fibrils creating a 

scaffold, with embedded chondrocyte cells that produce ECM components [2]. The ECM is also 

comprised of proteoglycans which make up the second largest portion of organic material in the tissue 

[1] along with traces of different collagen types (V, VI, IX, XI) as well as elastin. Proteoglycans consist of a 

protein core to which are covalently-bound branches of glycosaminoglycans (GAG) shown in Figure 
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1.2(b). These GAG branches consist of highly charged hydrophilic polymer chains, made from 

disaccharide subunits, which fan out to cover a large area within the ECM pores [16]. Negative charges 

present on these polymer chains attract the positive ends of bipolar water molecules which impedes 

flow. This causes the tissue to swell in its attempts to balance the charges present on the GAG side 

chains and ion concentration gradients in the interstitial fluid. The resulting pressures this swelling 

induces are known as Donnan osmotic pressures, contributing to the overall compressive stiffness and 

permeability of cartilage  [17, 18].  

When a load is applied to the tissue surface the ECM begins to deform and the reduction in volume will 

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

10-15 m4/NϽs [15]) results in high fluid pressure. This flow regulation is critical to reducing stress in the 

ECM as 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 the pressure and 

transferring the load support to the ECM. 

 

Figure 1.2: (a) Articular cartilage ECM sub-components interacting within the tissue. (b) Proteoglycan 
structure and scale. Reprinted from Biomaterials, 13(2), V.C. Mow, A. Ratcliffe, A. R. Poole, ά/ŀǊǘƛƭŀƎŜ 
and diarthrodial joints as paradigms for hierarchical materials and structuresέΣ pg. 74-75, Copyright 
(1992), with permission from Elsevier. 
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1.4 Articular cartilage structure 
 

The macroscale structure of articular cartilage is traditionally sub-divided into three main zones: The 

superficial zone, the middle zone, and the deep zone [10]. The superficial zone comprises the top 10-

20% of the tissue thickness. In this zone collagen fibrils are primarily arranged parallel to the articular 

surface to aid in resisting the shear forces present during joint movement [10]. The next 40-60% of 

tissue depth is classified as the middle zone where collagen fibrils are more randomly oriented. The 

remaining 30-40% of the tissue makes up the deep zone. In this region collagen fibrils are primarily 

oriented perpendicular to the articulating surface and insert into the subchondral bone below [1, 2]. The 

tissue-bone interface is bridged by a calcified zone, starting at the Ψtide markΩ illustrated in Figure 1.3. 

Throughout these zones the proteoglycan content gradually increases with depth [20, 21]. Water 

content reaches its maximum (90% wet mass) near the bearing surface before dropping and maintaining 

approximately 75% of the wet mass in the middle and deep zones [22]. The chondrocytes distributed 

throughout these regions begin with an elliptical shape in the superficial zone and gradually transition to 

a spherical shape in the deep zone [14]. These chondrocytes embed themselves in the ECM through the 

less stiff pericellular matrix (PCM) with an approximate thickness of 3-4 µm [23]. As noted by Darling et 

al. [23] the exact function 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 surrounding tissue.  
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Figure 1.3: Depth dependent structure and composition of articular cartilage. Reprinted from Phys Ther 
Sport, 16(4), Brody LΦ¢ΦΣ άKnee osteoarthritis: Clinical connections to articular cartilage structure and 
ŦǳƴŎǘƛƻƴέΣ pg. 302, Copyright (2015), with permission from Elsevier. 

1.5 Osteoarthritis 
 

In spite of its prevalence the specific causes of OA are not well understood [24]. The onset of the disease 

is typically classified as either primary or secondary with the latter being an indirect result of trauma, 

obesity, malposition, or other sources [6]. The degeneration of the cartilage is typically accompanied by 

a remodeling of the underlying subchondral bone, development of osteophytes, narrowing of the joint 

space, and various biochemical changes in the joint as a whole [4, 9]. Degradation of the synovial fluid is 

also typical in osteoarthritic joints, hindering its fluid film lubrication properties [13]. 

The early stages of the disease are thought to be a result of localized disturbances in the catabolic and 

anabolic regulation of the ECM by chondrocytes and matrix proteinases [9, 25]. Once these disruptions 

to regular tissue maintenance pass a threshold the damage becomes irreversible [6]. As this progresses 

the associated destruction of the ECM is accompanied by a depletion in proteoglycan content, 
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particularly near the surface, which further exacerbates the matrix degradation [4, 9]. This alteration in 

tissue composition results in an increase in water content and tissue permeability. This has been shown 

to be a side effect of the reduced flow regulating capabilities by the remaining proteoglycan content [26, 

27]; dramatically altering the mechanical properties of the tissue [28]. The net result of these changes is 

reduced interstitial fluid pressurization of the cartilage and a reduction of its compressive stiffness, 

particularly in the dynamic phases of loading [29]. In late stages of OA, the tensile stiffness of cartilage 

can be reduced up to 90% compared to healthy tissue [19]. 

Once symptoms develop, damage is typically graded using scales associated with physical evaluations 

and medical imaging [6]. A commonly used scale for OA classification is the Kellgren and Lawrence grade 

based on radiological assessments of the joint [30]. Diagnosis and monitoring of the disease in early 

stages of development is difficult due to subtle changes thought to be mainly biochemical in nature. 

However, use of vibrational spectroscopy in arthroscopic joint surgeries has recently shown potential in 

this area [31ς33]. Near-infrared spectroscopy, with the use of machine learning, has demonstrated 

reliable predictions of proteoglycan content in the superficial zone of cartilage [31] and related 

mechanical properties arthroscopically [32]. The use of Raman spectroscopy has also shown similar 

potential arthroscopically for the differentiation of heathy vs. OA cartilage [33]. 

1.6 Raman spectroscopy 
 

Raman spectroscopy has been shown capable of not only discerning minute changes to the structure of 

cartilage [24, 34, 35], but also determining macro-scale composition and organization in tissue cross-

sections [20, 21]. 

In a simplified manner spontaneous Raman scattering of light can be explained as follows. When a 

material is irradiated with light, the oscillating electric field of the light sets the electrons of its 
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constituent molecules into oscillatory motion. This induces an electric dipole moment, which can be 

expressed mathematically in the simplified case of a diatomic molecule as in Eq.(1). Here А ὸ 

represents the dipole moment as a function of time ὸ, ὸ represents the polarizability, ὧȢὧȢ is the 

complex conjugate, and Ὁ and   represent the vibrational amplitude and frequency of an incident 

electric field (Ὁὸ) respectively. 

А ὸ  ὸὉὸ ὸὉὩ ὧȢὧȢ   (1) 

However, the electrons are bound to the nuclei. As a result the electron polarizability depends on the 

nuclear motion ὗὸ and can be expressed as a Taylor series expansion as shown in Eq.(2)[36]. In this 

equation  represents the polarizability at the equilibrium position [37]. 

ὸ    


ὗ
ὗὸ Ễ (2) 

The nuclear motion along ὗ (shown in Eq. (3))can be assumed to be that of a classical harmonic 

oscillator [36], and specific vibrational modes have a non-zero rate of change in polarizability with 

respect to nuclear displacement. In Eq. (3) ὗ  is the amplitude of the nuclear motion,   represents the 

nuclear resonance frequency, and ‰ is the phase of the nuclear mode vibration [36]. 

ὗὸ  ςὗÃÏÓ ὸ  ‰ ὗ Ὡ  Ὡ  (3) 

The induced dipole moment radiating light can now be expressed through Eq. (4) [37].  

А ὸ  ὉὩ  Ὁ


ὗ
ὗ Ὡ  Ὡ   ὧȢὧȢ (4) 

The first term ὉὩ  represents an oscillating dipole moment radiating light with the incident 

beam frequency  . This corresponds to elastic Rayleigh scattering. The second and third oscillating 

terms represent radiation of inelastic Raman scattered light with a shifted frequency;    for 
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anti-Stokes and    for Stokes. These inelastic Raman scattering modes are only active if the 

rate of change of the polarizability with respect to the nuclear displacement   is non-zero [37]. 

Raman scattering is inherently weak in comparison to Rayleigh scattering, with approximately 1 in 108 of 

photons from the incident beam undergoing spontaneous Raman scattering [38]. Raman spectroscopy is 

based on detecting the intensity of this scattered light as a function of shifted frequency to understand 

molecular structure and composition in materials. The shift in frequency from Raman scattering, 

associated with the change in vibrational energy level, is typically conveyed through a wavenumber   

(cm-1) value expressed through Eq.(5). In this equation ‗ represents the wavelength of the incident 

beam, and ‗  represents the wavelength of the scattered light. 

ὡὥὺὩὲόάὦὩὶ ὧά  
ρ

‗

ρ

‗
 (5) 

 

 

Figure 1.4: Molecular energy level diagram illustrating the difference between Rayleigh and Raman 
scattering (E0 = electronic energy state, E = scattering photon energy, v = vibrational energy state, ɜm =  
shift in scattering frequency associated with a change in vibrational energy levels, ɜ0  = incident electric 
field vibrational frequency, h = PlanckΩǎ constant). 
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A simplified visual depiction of how elastic and inelastic scattering differ is shown in Figure 1.4, in 

reference to the energy state of a molecule. 

A table of tentatively assigned vibrational modes associated with articular cartilage Raman bands are 

given below based on past studies [16, 21, 34, 39]. 

Table 1.1: Tentatively assigned Raman bands with molecular vibration modes in articular cartilage based 
on past studies [16, 21, 34, 39]. 

Raman shift (cm-1) Assignment 

760 Tryptophan ring deformation 

816 Collagen/proteins, C-C stretch protein backbone 

856 Collagen, C-C stretch (Proline) 

875 Collagen, C-C stretch (Proline/Hydroxyproline) 

920 Collagen, C-C stretch (Proline/Hydroxyproline) 

938 
Collagen, C-/ ǎǘǊŜǘŎƘ όʰ-helix, Proline); 
GAG, C-O-C stretch (CS) 

958 Bone, PO4
3- stretch (phosphated hydroxyapatite) 

1003 C-C symmetric ring stretch (Phenylalanine) 

1033 C-C symmetric ring stretch (Phenylalanine) 

1042 Pyranose ring stretch  

1063-1068 GAG, SO3
- stretch (CS) 

1126 Proteins, C-C/C-OH/C-N stretching; C-O-C stretch glycosidic linkages 

1163 Pyranose ring stretch; C-H bending (Tyrosine) 

1207 CH2 twist (Hyaluronic acid) 

1235 Collagen, random coil (Amide III) 

1245 Collagen, NH2 bending (random coil, Amide III) 

1269 Collagen, NH2 ōŜƴŘƛƴƎ όʰ-helix, Amide III) 

1313 CH2/CH3 twisting  

1343 GAG, CH2/CH3 wagging  

1370 COO- symmetric stretch (Hyaluronic acid) 

1380 GAG, CH3 deformation 

1424 GAG, COO- symmetric stretch 

1450 Collagen/proteins C-H bending (CH2/CH3)  

1557 Amide II/C=C aromatic ring stretch (Phenylalanine, Tryptophan) 

1606 C=C aromatic ring stretch (Phenylalanine, Tryptophan) 

1640 Amide I/Collagen secondary structure 

1655 !ƳƛŘŜ L όʰ-helix) 

1668 Collagen, random coil (Amide I) 

1685 Amide I όʲ - sheet) 
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Several studies have taken advantage of ratios in vibrational mode intensity peaks, or integrated areas, 

to interpret structural changes in connective tissues and cartilage. One of these is the 938/922 cm-1 ratio 

to assess hydrogen bond formation between proline-hydroxyproline linkages and water molecules, 

related to collagen stability [40ς42]. In another study Takahashi et al.[35] were able to draw a 

correlation between OA severity and disorder in the collagen secondary protein structure. This was done 

using the 1246/1269 cm-1 Amide III doublet ratio to quantify the abundance of ǊŀƴŘƻƳ Ŏƻƛƭ ǘƻ ʰ-helix 

structures. Kumar et al.[24] also used this doublet ratio in a similar study to show that significant 

changes in magnitude were a potential marker for early OA development. However, Bonifacio et al.[43] 

were also able to demonstrate this doublet ratio is dependent on sample orientation, potentially 

influencing these findings. The 856/875 cm-1 ratio has also been used to assess collagen stability in 

mechanically stressed cartilage [34]. This ratio was used based on evidence of chondrocytes converting 

proline to hydroxyproline during cartilage synthesis in disrupted tissue. 

While variations in the intensity of individual Raman bands are informative, many macro-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 spectroscopy [44]. One form of this 

analysis is multivariate curve resolution (MCR) [45]. 

1.7 Raman based-multivariate curve resolution 
 

The aim of MCR is to determine the contributions of sub-components in a mixture to the overall sample 

signal [46]. This is possible with Raman spectroscopy due to the property that Raman scattering 

intensity is proportional to the density of scattering molecules [37, 47]. Sub-component reference 

spectra, of known dilution, can then be used in a correlation curve to find the concentration of analyte 

in the Raman spectrum of a mixture. These individual spectral contributions can be expressed 
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mathematically through Eq.(6). In this equation D represents the combined mixture spectra, and C 

represents a single matrix of relative concentrations for the individual pure reference spectra 

represented by the matrix S. Finally, ὓ  represents the remaining error in the fit [46, 48]. 

Ὀ  ὅὛ ὓ  (6) 

 

A MATLAB (MathWorks, Mass., U.S.A.) toolbox called MCR-ALS developed by Jaumot et al. [48] is 

specifically made for this deconvolution of spectra. The software uses an alternating least squares (ALS) 

algorithm to minimize error iteratively when curve fitting pure reference spectra and concentration 

matrices to the mixed signal. This error can be quantified by an R2, or a percent lack of fit (LoF(%)) value. 

The expressions for these terms are given by Eq.(7) and (8) respectively; where dij is an element of the 

experimental data matrix, and eij is the residual obtained from taking the difference between 

corresponding experimental and predicted values [46, 48].   

Ὑ ρππϽ
В Ὠȟ В Ὡȟ

В Ὠȟ
  (7) 

 

ὒέὊϷ  ρππϽ
В Ὡȟ

В Ὠȟ
  (8) 

 

A recent study by Bergholt et al.[20] applied Raman spectroscopy-based MCR to investigate cross-

sections of native and engineered cartilage for relative spectral contributions of collagen II, GAG, and 

water. This study also used anisotropic scattering properties to obtain information about collagen fibril 

orientation. The same group also showed that the absolute concentration was linearly proportional to 

MCR sub-component results [21]. 

These studies show the feasibility of Raman spectroscopy-based determination of composition using 

MCR analysis applied to tissue cross-sections. However, cross-sectioning requires the destruction of 
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tissues and is not practical in-situ or in-vivo. Measurements through-the-surface keeps the morphology 

intact, but the optical signal attenuates significantly with depth as a consequence of the heterogenous 

composition of cartilage [49, 50]. 

1.8 Optical clearing 
 

In a simplified description, transparency in materials such as glass or air is partly related to their 

homogeneous composition [49]. When incident light strikes these materials the molecules affected 

together in a plane will scatter light spherically in all directions, out of phase from the primary wave 

front [49, 51]. The majority of scattered light not traveling along this primary wave front direction will 

destructively interfere with the scattered light from surrounding molecules. This is due to the proximity 

of scattering molecules in the material, resulting in most scattered wavelets meeting a destructively 

interfering counterpart. However, scattered light will constructively interfere in the forward direction of 

the primary wave front as a result of all scattering wavelets oscillating in the same phase [49, 51]. This 

constructive interference allows the wave to propagate through the material with minimal scattering in 

other directions. In the case of biological tissues, the medium is typically a heterogeneous mixture of 

structures with varying composition and refractive indices. This differing composition means that 

scattered light from molecules in the same plane do not always have a destructively interfering 

counterpart. Numerous scattering molecules are then able to propagate light in all directions within the 

tissue, resulting in a turbid appearance [49]. 

Optical clearing of tissue to reduce this scattering heterogeneity is typically approached in three main 

ways [52]. The simplest mechanism involves passive immersion in an optical clearing agent (OCA). This 

replaces the interstitial fluid with a liquid that more closely matches the refractive index of the 

remaining ECM. The other two mechanisms involve the removal of lipids followed by refractive index 
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matching through either hydration, dehydration, or the previously-mentioned immersion method [49, 

50, 52]. These clearing mechanisms often lead to alterations in tissue morphology. However, studies 

involving passive immersion of cartilage in solutions have shown that a significant improvement in 

optical properties is possible with minimal damage to the ECM. Neu et al.[53] demonstrated this for 

cartilage up to a depth of 2.5 mm with a fructose-based OCA similar to SeeDB [54]. Another study by 

Bykov et al.[55] showed that optical clearing of cartilage with iohexol could enable visibility of the 

cartilage-subchondral bone interface with optical coherence tomography in as little as 15 minutes. This 

optically cleared cartilage offers improved scattering properties for spectroscopic measurements made 

through-the-surface. 

1.9 Cartilage Modeling with Finite Element Analysis 
 

A practical application of compositional information obtained from Raman spectroscopy is in finite 

element (FE) modeling of cartilage. Use of imaging techniques for applying the structural hierarchy in 

cartilage to FE models [56, 57] has proven invaluable in understanding the mechanical contributions of 

each sub-component. In particular the enhanced interstitial fluid pressurization, and associated fluid 

load support, generated in these depth-dependent models has been routinely reported due to its 

importance in reducing surface friction and wear in cartilage [56, 58ς60]. To date, use of Raman 

spectroscopy for applying this structural hierarchy to FE models of cartilage has not been reported. 

Accurate FE modeling of articular cartilage is challenging due to the complex structure and organization 

of the tissue described above. The tissue exhibits heterogeneity and anisotropy when loaded in tension 

and compression [61ς64]. In addition the tissue is viscoelastic, exhibiting a time-dependent mechanical 

response [15, 65ς67]. Traditionally, the tissue has been computationally modeled as a biphasic material 

[15, 66]. To capture the tension-compression nonlinearity in FE modeling more recent studies have 
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simulated the tissue as a biphasic poroviscoelastic (BPVE) material with fibril reinforcement [56ς58, 62, 

63, 68ς70]. Constitutive models incorporating conewise linear elasticity have also been shown to 

reproduce accurate tissue response to loads [61, 62].  

Adjusting the tissue response of these FE models to match experimentally recorded results offers a 

means of quantifying sample-specific material properties in cartilage. Three loading configurations 

commonly used for this purpose are confined compression, unconfined compression, and indentation 

(illustrated in Figure 1.5) [63, 71, 72]. These are typically used to load the tissue dynamically, or in stress-

relaxation or creep. Indentation testing is of particular interest for this thesis as it offers the most 

convenient means of testing cartilage in-situ or in-vivo with minimal sample preparation and is less 

sensitive to the natural surface curvature. However, it is characterised by complex boundary conditions, 

and, with the exception of linear elastic materials, requires FE models to assess material parameters. 

 

Figure 1.5: Typical loading configurations used for testing of cartilage. Adapted from J. Biomech, 34(4), 
M. DiSilvestro and J. SuhΣ άA cross-validation of the biphasic poroviscoelastic model of articular cartilage 
in unconfined compression, indentation, and confined compressionέΣ pg. 521, Copyright (2001), with 
permission from Elsevier. 
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A specific fibril reinforced BPVE model for cartilage which has been shown to predict tissue response 

well is the ellipsoidal continuous fiber distribution (CFD) model proposed by Ateshian et al.[63]. This 

model has been shown to be particularly accurate in reproducing tissue response in the flow-

independent stage of loading. 

1.10 Finite Element Constitutive Theory 
 

A commonly used software for non-linear finite element analysis of biological tissues is FEBio. This is an 

open source program which was developed between Columbia university and the university of Utah [73] 

specifically for the analysis of biological tissues. It implements the implicit finite element method with 

common tissue material models. To account for the solid structure of the articular cartilage the 

ellipsoidal CFD can be implemented within FEBio 2.9 in 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), respectively [63, 73]. In these equations Ὄ represents a unit step function imposing 

contributions only in tension, Ὅ represents the square of the fiber stretch, and ὲ represents a unit 

vector in the reference configuration which a fiber is oriented along (based on global orthonormal 

spherical coordinates •ȟ—). Finally, ὸ֞ ὲ  and ὅ֞ ὲ  represent the Cauchy stress and spatial 

elasticity tensors for fibers initially oriented along ὲ respectively [63].  

 

„ ὌὍ ρὸ֞ ὲ ίὭὲ•Ὠ•Ὠ— (9) 

 

ὅ֞ ὌὍ ρὅ֞ ὲ  ίὭὲ•Ὠ•Ὠ— (10) 
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These equations can be connected to the fiber strain energy density function through standard finite 

elasticity relations expressed by Eq.(11) and (12)  [63]. In these equations ὐ represents the determinant 

of the deformation gradient tensor Ὂ, and ὔ ὲṧὲ Ὅ ϽὊϽὔ ϽὊ with ὲ Ὅ ȾὊϽὲ 

representing the fiber direction in the deformed state [63]. In these equations ṧ represents the tensor 

product. 

ὸ֞ ςὐ ὍϽ
 

Ὅ
Ͻὔ (11) 

 

ὅ֞ τὐ Ὅ
 

Ὅ
ὔṧὔ (12) 

 

The strain energy density function    for the fibers is given by Eq.(13) where  ς and Ὅ ρ. In this 

equation ‚ὲ  and ὲ  are variable material properties along the direction ὲ  [63]. The former 

parameter is related to the fiber tensile modulus in units of force per unit area, the latter parameter is 

unitless.  

 ὲȠὍ ‚ὲ Ὅ ρ  (13) 

 

‚ὲ  and ὲ  can be expressed in the local orthonormal coordinates (Ὸȟ   as seen in Eq.(14) and 

(15) [63, 73]. ‚  and   represent the corresponding material parameters along the respective semi-

axes of the ellipsoid in the local coordinate system [63]. 

‚ὲ
ὧέίῸίὭὲ 

‚
 
ίὭὲῸίὭὲ 

‚

ὧέί 

‚
 (14) 

 

ὲ
ὧέίῸίὭὲ 


 
ίὭὲῸίὭὲ 



ὧέί 


 (15) 
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When  ς  this results in a jump at the strain origin for the elasticity modulus ὅ֞, creating a 

piecewise-linear stress strain relationship for fibers transitioning to tension at small deformations [63]. 

The ground substance supporting the CFD, aimed at accounting for the proteoglycans, is modeled as a 

compressible neo-Hookean hyperelastic material. The strain energy density function governing this 

material is given by Eq.(16) [73]. In this equation ‘ and ‗ represent Lamé parameters, and Ὅ represents 

the first invariant of the right Cauchy-Green deformation tensor [73].  

 
‘

ς
Ὅ σ  ‘ÌÎὐ  

‗

ς
ÌÎὐ  (16) 

 

The Cauchy stress and elasticity tensors in the ground substance can be described by Eq.(17) and (18) 

respectively [73]. In these equations ὄ represents the left Cauchy-Green deformation tensor, and Ὅ 

represents the identity tensor. The ṧ operator represents a variation of the tensor product, detailed by 

Eq. 2.1.24 in the FEBio theory manual. 

„
‘

ὐ
ὄ Ὅ  

‗

ὐ
ὰὲὐὍ (17) 

  

ὅ֞
‗

ὐ
ὍṧὍ 

ς

ὐ
‘ ‗ὰὲὐὍṧ Ὅ (18) 

 

To adequately describe biphasic porous media an expression is needed to relate the momentum 

transfer between the solid phase deformation and the fluid phase pressure. This is done within FEBio 

using the linear momentum equation for the fluid phase, and adding a term ὖ  representing this 

momentum exchange through frictional forces [73]. Combined with the constitutive relationship of  

ὖ  •Ὧ Ͻύ the momentum equation can be rearranged to express the fluid flux, ύ, as in Eq.(19) 

ǿƘƛŎƘ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ 5ŀǊŎȅΩǎ ƭŀǿ [73]. Within these expressions •  represents the solid phase 

porosity, ɳὴ represents the gradient of the fluid pressure, Ὧ represents the symmetric hydraulic 
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permeability tensor, ”represents the true fluid density, and ὦ  represents the body force effects per 

units mass acting on the fluid phase [73]. 

ύ ὯϽ ὴɳ ”ὦ  (19) 
    

It is important to note that the viscous shear forces are neglected within this framework [73], and it is 

only appropriate for low Reynolds number flows. This is deemed a valid approximation due to the low 

permeability of the tissue, on the order of 1x10-15 m4 /Nẗs [15]. 

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

stress, and the fluid pressure shown by Eq.(20).  

„ „ „ ὴὍ (20) 

  

1.11 Material parameter optimization 
 

Material parameter estimations for the constitutive model described above can be carried out with the 

built-in FEBio optimization program. This optimization is based on the Levenberg-Marquardt non-linear 

least squares algorithm [73]. The goal of this algorithm is to minimize an expression for the difference, 

Ὢὥ, between experimental data points (ώȟὼ  and model data points ώὼȠὥ created from iteratively 

varied input parameters. In this case the input parameters are material parameters for the ground 

ǎǳōǎǘŀƴŎŜ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎΣ ǘƘŜ ŦƛōŜǊ tensile modulus parameter, and the hydraulic permeability. The 

experimental data points given to the algorithm are typically the reaction forces measured by a load cell.  

Ὢὥ  ώ ώὼȠὥ  (21) 
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1.12 Thesis objectives 
 

This thesis has two objectives. First, to assess the feasibility of using Raman spectroscopy-based MCR for 

determining cartilage sub-component distributions through-the-surface. Further to this, assess if OCAs 

can improve the depth of resolution. Second, to apply this composition information to FE models of 

cartilage to assess accuracy in predicted tissue response. 

The net result of achieving these objectives will assess the viability and application of Raman-based MCR 

for determining cartilage sub-component distributions in-situ or in-vivo. It will also enable FE modeling 

of cartilage based on composition. A more detailed understanding of depth-dependent mechanical 

response to loading, i.e. based on depth-dependent composition, is also required to study the 

mechanoregulation of chondrocyte metabolism in maintaining 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 diseased tissue affect predicted material responses. This is 

particularly advantageous in monitoring of early stages or mild OA, which can be characterized by a 

severe depletion of proteoglycan content [4, 9]. As has been previously demonstrated, this 

measurement method would be applicable for assessment in-vivo [33]. 

1.13 Thesis outline 
 

The thesis objectives will be assessed in the following chapters based on the work from two manuscripts 

as follows: 

1) In the first manuscript, the feasibility of using Raman spectroscopy-based MCR composition 

information through-the-surface was evaluated. To do this Raman-based MCR results through-

the-surface, before and after optical clearing, are compared to those from cross-sections used 

as standards. Absolute sub-component concentrations are then estimated using cross-sectioned 
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MCR results in conjunction with sample volumes and weights. The effects of a fructose-based 

OCA similar to FRUIT [74] are also evaluated to see if it can improve the depth of resolution for 

distribution measurements through-the-surface. 

2) In the second manuscript, composition information obtained from cross-sections, and through-

the-surface, was applied to FE models of cartilage undergoing stress-relaxation indentation. 

These depth-dependent composition models were evaluated against homogeneous distribution 

models to compare accuracy in predicted tissue response. These comparisons will also 

determine to what extent models using Raman data obtained through-the-surface match their 

equivalent cross-section counterparts. 
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Chapter 2: 

 

Measurement of cartilage sub-component distributions through the 
surface by Raman spectroscopy-based multivariate analysis 

 

This chapter was published in the Journal of Biophotonics as: 

aŀǎƻƴΣ 5ΦwΦΣ aǳǊǳƎƪŀǊΣ {Φ ŀƴŘ {ǇŜƛǊǎΣ !Φ5Φ όнлнлύΣ aŜŀǎǳǊŜƳŜƴǘ ƻŦ ŎŀǊǘƛƭŀƎŜ ǎǳōπŎƻƳǇƻƴŜƴǘ 

ŘƛǎǘǊƛōǳǘƛƻƴǎ ǘƘǊƻǳƎƘ ǘƘŜ ǎǳǊŦŀŎŜ ōȅ wŀƳŀƴ ǎǇŜŎǘǊƻǎŎƻǇȅπōŀǎŜŘ ƳǳƭǘƛǾŀǊƛŀǘŜ ŀƴŀƭȅǎƛǎΦ WΦ .ƛƻǇƘƻǘƻƴƛŎǎΦ 

Accepted Author Manuscript. doi:10.1002/jbio.202000289 
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2. Measurement of cartilage sub-component distributions through the 

surface by Raman spectroscopy-based multivariate analysis 

2.1 Abstract 
 

Articular cartilage possesses unique material properties due to a complex depth-dependent composition 

of sub-components. Raman spectroscopy has proven valuable in quantifying this composition in 

cartilage cross-sections. However, cross-sectioning requires tissue destruction and is not practical in-situ 

or in-vivo. In this work, Raman spectroscopy-based multivariate curve resolution (MCR) was employed in 

porcine cartilage  samples (n = 12) to measure collagen, glycosaminoglycan (GAG), and water 

distributions through-the-surface for the first time; these were compared against cross-section 

standards. Through-the-surface Raman measurements proved reliable in predicting composition 

distribution up to a depth of approximately 0.5 mm. A fructose-based optical clearing agent (OCA) was 

also used in an attempt to further improve depth-of-resolution of this measurement method. However, 

it did not, mainly due to a high spectral overlap with the Raman spectra of main cartilage sub-

components. This measurement technique potentially could be used in-situ or in-vivo, to better 

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

2.2 Introduction 
 

Articular cartilage serves as the bearing surface for bone-to-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 spectroscopy have reported 

the relative distribution of this composition in-vitro with cross-sectioning [20, 21], and related it to 

concentrations determined from assay tests. However, quantifying the composition with depth through-

the-surface will keep morphology intact, and enable in-situ or in-vivo measurements. 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 (ECM) predominantly made up of collagens, 

proteoglycans, and water as well as other proteins and molecules in lower concentrations [2, 39]. 

Recently, tools such as Raman spectroscopy have proven capable of not only quantifying these sub-

component concentrations, but also observing subtle variations in their structural organization [34, 35]. 

While variations in the intensity of individual Raman bands are informative, 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 spectroscopy [44]. One form of this 

analysis is multivariate curve resolution (MCR). MCR takes advantage of the property that the intensity 

of Raman scattered light is proportional to the density of scattering molecules [37, 47], and uses this to 

decompose a mixed spectrum into relative concentrations of pure sub-component spectra. A recent 

study by Bergholt et al. [20] used MCR to investigate cross-sections of native and engineered cartilage 

for determining relative spectral contributions of collagen II, 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 absolute concentration of sub-components was linearly 

proportional to MCR results [21]. 

These studies show the feasibility of Raman spectroscopy-based determination of composition using 

MCR analysis applied to tissue cross-sections. However, cross-sectioning requires the destruction of 

tissues and is not practical in-situ or in-vivo. Measurements made through-the-surface keep morphology 

intact, but the optical signal attenuates significantly with depth as a consequence of the heterogenous 

composition of cartilage [49, 50]. The use of an optical-clearing-agent (OCA) can overcome some of this 

optical attenuation in turbid tissues [49]. 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 ECM [49]. Previous studies focusing on the effects of clearing on 

cartilage have shown that a significant improvement in optical properties is possible with minimal 

damage to the ECM. A study by Neu et al.[53] illustrated this using a fructose-based OCA to clear 

cartilage up to a depth of 2.5 mm.  

The aim of this study is to assess the feasibility of Raman spectroscopy and MCR for determining 

cartilage composition in a novel manner through-the-surface, and whether it could be improved using a 

fast-acting fructose-based clearing solution similar to FRUIT [74]. FRUIT has been successfully used in the 

past for clearing mammalian brain tissue [74], and is applied here in articular cartilage for the first time. 

Non-destructive Raman-based MCR results through-the-surface, before and after clearing, are 

compared to those from cross-sections used as standards. Absolute sub-component concentrations are 

then estimated using these cross-sectioned MCR results in conjunction with sample volumes and 

weights.  

2.3 Materials and methods 

2.3.1 Specimen preparation 
 

Skeletally mature porcine knee joints were locally sourced from an abattoir up to 48 hours after 

slaughter. Cylindrical cartilage plugs (Ø10 mm x 6 mm) from the trochlear groove or patella were then 

excised (n=12) from three joints and frozen in a 1xPBS solution. Each sample consisted of up to 2.5 mm 

of articular cartilage with the remaining height consisting of the subchondral bone below. Plugs frozen 

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

The timeline of optical clearing stages is illustrated in Figure 2.1. A preclear stage involved samples (n = 

6) being thawed for one hour then placed in a stock 1xPBS solution supplemented with an EDTA-free 

protease inhibitor (SIGMAFASTTM; Sigma-Aldrich Corp., Mo., U.S.A.). Samples then had Raman 

measurements made through the tissue surface. After being placed in a clearing solution overnight (12 

h) at 4 °C, samples were re-measured through-the-surface. This measurement stage was termed 

postclear. The clearing solution, similar to FRUIT [74], consisted of 40% wt/vol D-(-)-fructose and 24% 

wt/vol urea dissolved in distilled water. FRUIT was chosen as the OCA after preliminary tests with 

fructose required long clearing durations resulting in significant tissue degradation. The clearing window 

was reduced to 12 h. to minimize this tissue degradation as samples were not fixed. The 40% FRUIT 

concentration was chosen to increase diffusion speed into the tissue, due to its lower viscosity, and 

ensure no precipitation of solutes at the low storage temperature.  

Samples were then placed in the stock PBS solution overnight (12 h) to remove the OCA, and re-

measured through-the-surface. This measurement stage was termed recovered. After a needle puncture 

test to obtain the true thickness, samples were cross-sectioned and spectral measurements repeated. A 

portion of the cross-sectioned 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 difference [75].  

Control samples (n=6) underwent a similar testing procedure but were not treated with any clearing 

solution. Raman measurements of the control samples were meant to quantify time-related changes to 

the cartilage. Only two samples had Raman measurements taken after an elapsed time equivalent to the 

postclear stage of treated specimens. No significant changes in the Raman spectra of samples was 

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

approximately 3-4 hours each day, with the remaining time spent at 4 °C. 

 

Figure 2.1: (a) Specimen setup for Raman measurements through-the-surface of cartilage. A wire was 
placed on the bearing surface parallel to the diameter (within 200 µm of measurement location) to 
determine the reference height. (b) Raman measurement of cross-sectioned 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 stages. Images (a) and (b) are repeated in (c). 
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2.3.3 Thickness measurement 
 

To accurately obtain the sample thickness a needle was pushed through the cartilage surface while the 

reaction force was recorded using a custom-built 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 slope with respect to distance. The average sample thickness was 1.9 ± 0.5 mm. Results are 

reported as mean ± 95% C.I. unless otherwise stated. Confidence intervals for percentage values 

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

2.3.4 Raman instrumentation 
 

A lab-built Raman micro-spectroscopy setup [76] was used in this study as shown in Figure 2.2. It 

consisted of a multimode 785 nm diode laser (Ondax, CA, U.S.A.) with a maximum output power of 500 

mW, that was coupled into a 100 µm core, 0.22 NA multimode fiber. Collimated and filtered light from 

the fiber passed through a 40X, 0.8 NA water immersion microscope objective (Olympus, ON, Canada) to 

create a laser spot with a lateral diameter and depth of focus of 15 ˃ Ƴ and 32 ˃ Ƴ respectively. Raman 

scattered light from the sample was collected by the same objective and passed through a long-pass 

dichroic mirror and two long-pass edge filters (Iridian, ON, Canada) to eliminate the 785 nm laser light. A 

300 µm core multimode fiber (Thorlabs, NJ, U.S.A.) delivered the Raman signal to a compact 

spectrometer (Tornado Spectral Systems, ON, Canada). The position of the cartilage sample inside the 

laser focus (200 mW at the sample) was adjusted by means of an automated stage (FTP 2000, ASI Inc., 

U.S.A.). Spectra were measured in the 170-2400 cm-1 range, with a spectral resolution of 4 cm-1. For 

measurement of MCR reference spectra, a 20X, 0.75 NA air objective (Olympus, ON, Canada) was 

utilized for the dry laboratory grade samples. 
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Figure 2.2: Raman spectrometer schematic for measurement of immersed cartilage samples. The 
specifications of filters, and the CCD camera used, are further detailed in a report by Hansson et al.[76].  

2.3.5 Raman spectroscopy of tissue 
 

To accurately acquire the X-Y position of the cartilage plug center axis, a custom-made sample holder 

was created as seen in Figure 2.1(a) with known reference dimensions. To determine the surface 

reference height of the sample the objective was brought to focus on top of a copper wire of known 

ŘƛŀƳŜǘŜǊ όнрп ҕ п ˃Ƴύ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ǎŀƳǇƭŜ ǎǳrface near the measurement location. Raman spectra 

were recorded at depths ƻŦ л ˃Ƴ ŀƴŘ млл ˃Ƴ ƛƴǘƻ ǘƘŜ ǘƛǎǎǳŜΣ ŀƭƻƴƎ ǿƛǘƘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǘŀƪŜƴ ŀǘ нр҈Σ 

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

For cross-section measurements the wire was placed adjacent (+Y direction) to the measurement 

location, and perpendicular to the bearing surface as seen in Figure 2.1(b), to obtain the reference 

height and ensure no interfering signal. Raman measurements were taken 100 µm into the tissue and 

found not to deviate parallel to the bearing surface (Y-direction). 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 measurement being in reference to the top of the wire at new 

positions. 

Raman spectra measured through cross-sections had an acquisition time of 10 s. Through-the-surface 

measurements had a larger acquisition time of 30 s to improve the signal-to-noise ratio at depth. Each 

spectrum was averaged over 15 acquisitions. No sample degradation was observed in the immersed 

tissue samples. Raman spectra were pre-processed using MATLAB 2019b (MathWorks, Mass., U.S.A.) to 

remove cosmic rays, and relative intensity correction was done by utilizing the measurements made on 

a fluorescence standard (SRM 2241, NIST, U.S.A.) [77] twice within the testing period. To further reduce 

systematic error, measurement of polystyrene standard samples was conducted at the beginning of 

each measurement period to ensure recorded intensities were in a consistent range. The background 

was removed using the sensitive non-linear iterative peak-clipping (SNIP) baseline subtraction algorithm 

[76, 78]. The SNIP technique 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. Since the background of the Raman spectrum through-the-surface changes with depth, the 

window width for SNIP was correspondingly altered to optimize the match with equivalent cross-section 

Raman spectrum. This window size (CCD pixels) was then fixed for a given depth across all samples: 135 

at the surface and 100 µm; and 105, 75 and 85 at 25%, 50-75% and 100% depth respectively. All spectra 

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

same experimental parameters but slightly different conditions. 

Based on other studies using Raman spectroscopy in cartilage [16, 21, 34, 39] tentative wave number 

assignments were given as per Table 1.1. 
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2.3.6 MCR composition determination  
 

The goal of MCR is to determine the contributions of sub-components in a mixture to the overall sample 

signal through Eq.(6) [46]. In this equation, Ὀ represents a matrix of the combined mixture spectra, ὅ 

represents a matrix of the relative concentrations for the corresponding matrix of individual pure 

reference spectra Ὓ, and ὓ  represents the remaining error in the fit [46]. Sub-component reference 

spectra, of known dilution, can then be used in a correlation curve to find the concentration of analyte 

ƛƴ ŀ ƳƛȄǘǳǊŜΩǎ wŀƳŀƴ ǎǇŜŎǘǊǳƳΦ 

The pure signal contributions in cartilage were assumed to be composed of collagen II, GAG, and 

distilled water, similar to previously mentioned studies [21]. Laboratory grade collagen II was obtained 

from chicken sternal cartilage (Sigma-Aldrich), while chondroitin sulfate salt from bovine articular joints 

was used for reference GAG spectrum (Sigma-Aldrich). MCR deconvolutions of cartilage were fit 

between the wavenumbers 400-1800 cm-1 due to the high molecular specificity in this range [20, 21]. 

MCR was conducted separately on each specimen and clearing stage to improve sample specific 

reference spectra identification. This was also to minimize the effects organization-dependent Raman 

band intensities may have if the deconvolutions contained both cross-section and through-the-surface 

spectra. Thus, it was assumed that variations in collagen spectra were due to concentration and no 

attempt was made to account for fibril orientation. In all through-the-surface measurements the water 

spectrum was fixed to the reference to prevent unwanted manipulations by the MCR-ALS algorithm. 

2.3.7 Concentration scaling factor 
 

Once the percent signal contribution curves with depth for each MCR sub-component were obtained 

from cross-sections, they were normalized with respect to their maximum value. It was assumed that 

the absolute concentration of a component was proportional to the relative concentration C, in Eq.(6).  
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Using the measured wet and dry specimen weight, Eq.(22) and (23) were used to find a scaling factor for 

the normalized component curves. Multiplying the normalized curves by this scaling factor yielded the 

estimated concentrations of each sub-component at respective depths. 

ὡὩὸ άὥίί Ὀὶώ άὥίί ὡὥὸὩὶ άὥίί ὃὶὩὥϽὦ Ͻ” ὰὨὰ (22) 

 

Ὀὶώ άὥίί  ὃὶὩὥϽὦ Ͻ”  ὰ ” ὰ Ὠὰ  (23) 

 

In these equations ὃὶὩὥ represents the caliper-measured cross-sectional area of each sample, ” 

represents the normalized C signal curves from MCR in Eq.(6), ὒ represents the thickness of the sample, 

and ὦ represents the respective scaling factor for the sub-components. In Eq.(23) the maximum GAG 

and collagen II concentrations are assumed equal since their normalized curves are both multiplied by 

the same scaling factor. This was deemed acceptable due to the observation that peak sub-component 

concentrations roughly coincided in related studies with cartilage [21]. When using this assumption it 

was found that collagen II 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 

Figure 2.3: (a) Raw preclear Raman spectra through-the-surface with no background removal or 
normalization. (b) Offset pre-processed preclear spectra for treated sample through-the-surface. (c) 
Offset pre-processed cross-section spectra for comparison. Red labeled wavenumbers specify peaks 
most associated with collagen II, blue with GAG, and black for shared or other sub-components. 
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