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ABSTRACT
Articular cartilage is a connective tissue that lines the long bones and provides a near
frictionless loaebearing surface. Cartilage degeneration, which is associated with chemical
and structural changes in its extracellular components incluehigy, type Il collagen and
proteoglycans, can progress to severe forms of osteoarthritis. There are several approaches
for repair of cartilage, and quality of the tissue formed correlates to the success rate of the
clinical procedure. Conventionally, legbgy and immunohistochemisthave been used to
evaluate tissue characteristics, but they are expensive, time consuming, and require tissue
harvesting. Therefore, development of a method that can assess cartilage tissue molecular
structure, and could uttiately be used for in vivo analyses, is of great interest. Fourier
transform infrared (FIR) spectroscopy is a vibrational spectroscopic technique that is
sensitive to tissue chemical and structural properties. The studies described in this thesis
aimed b improve the FAIR spectroscopy applications in cartilage tissue assessment in the
following areas: 1. Validation of FIR derived parameters developed in previous studies for
tissues sectioned on the newly developed low emissivity infrared slides.|@atiovaof the
clinical outcome of the autologous chondrocyte implantation (ACI) cartilage repair process
using histologyjmmunohistochemistrgnd FFIR parameters. 3. Development of an in situ
infrareddata collection method using infrared fiber optic probe (IFOP) spectroscopy to assess
quality of degenerative cartilage. 4. Development of multivariate data analysis models to
predict chemical changes in repair and normal tissue and to map the distribltio
biochemical components in cartilage. 5. Assessment of the sensitivity-I6f pdrameters
for evaluation of collagen crosslinks compared with biochemical methods, and 6. Assessment

of cartilage water content using the mid infrared region of the spdatrared spectra were



collected from normal, degenerative and repair cartilage using different modalities including
FT-IR analysis of bulk tissue samplesfrared fiber optic probspectroscopy, and HR
imaging spectroscopy (FIRIS). Histology andimmunohistochemistrywere used as
standards for comparison. Chemical and structural properties of matrix components including
water, collagen angroteoglycancontent, collagen fiber orientation, and collagen maturity
were measured using univariate and ivaittate analysis of infrared spectra. Results from

the 6 studies showed: 1. iR data collected in transflectance mode are significantly
different from transmittance mode and these differences should be taken into account during
analysis. 2. FIR derivaed molecular parameters, and histology anthunohistochemistry
parameters, were correlated to clinical outcome of the cartilage repair process. 3. Quantitative
data from multivariate analysis affrared fiber optic probespectroscopy evaluation of
degenemted cartilage were correlated to histology grading. 4. A partial least squares model
based oinnfraredspectra of pure components (collagen pradeoglycaipwas able to predict
tissue matrix components. 5. The -IR derived 1660/1690 cimparameter prewusly
correlated to collagen crosslinks was only sensitive to collagen maturity in cartilage and bone
of different ages, but not to specific biochemicaltermined crosslinks. 6. The mid
infraredabsorbance centered at 2125awas sensitive to water digution in cartilage and

likely arises from bound watebased on correlation with ne@afrared data and collagen
content. In conclusion, the potential of-FR spectroscopy in assessment of chemical and
structural properties of articular cartilage anter connective tissues was established. The
results of these studies lay the groundwork for application dRF3pectroscopy in clinical

and in situ applications.
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CHAPTER 1
BACKGROUND
Connective tissue
Body tissues can be classified into falifferenttypesbased onheir function and
structure:
A Epithelial tissuecovers body surfaces and lines hollow organdbody cavities.
A Connective tissugarotects and suppathe body and itsrgans.
A Muscle tissuegenerates the physical force needethtive the body
A Nervous tissuegeneratesierve signals that hetp maintainhomeostasis.
Connective tissue is one of the mosportantand distributed tissues in the body.
There are various types of connective tissueh as tendoipone, meniscugndcartilage
with a varietyof functions[1]. Figure 1 illustratesthe anatomy of some connective
tissues in a human knee joif#]. Connective tissue consists of cells and matrix. The
matrix fills thetissue spaceand is usually secreted by the cells. Matrix determines the
quality of the tissuee.g.in cartilage matrix is soft, while, in bone it is hard. Connective
tissues usually are highly vascular, except cartilage which is avascular and tendon which
has a limited blood supply. Except for cartilage, connective tissues have a nerve supply
[1, 3].
Connective tissue cells
Connective tissue cells are originated fromsodermal embryonic cells, called
mesenchymal stem cells. Each type of connective tissue contains immature cells

including fibroblast in tendon, chondroblast in cartilage and osteoblast in bone. Immature



cells are able to secrete the matrix. In cartilage bone, once the matrix is produced, the

cells differentiate into mature cells, called chondrocyte and osteoegpectivelyl1, 4].
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Figure 1. Sagittal section ofhuman knee. Different connective tissuesre shown[2].

Tendon

Tendon is a dense connective tissue, in that, collagen fiberarameged in
parallel pattern. Tendon collagen netwopkovides great strengtland toughness
Fibroblasts, which produce theatrix, lie between the fibersType I collagenis the
predominant macromolecule in tend@® 6]. In addition to type | collagentendon
contairs water, elastin (small amoyntand type Ill collagenThe tissuecolor is silver
white [1].
Bone

Bone is the main part of the skeletal systBwne cells, osteoblast and osteoclast,

produceand maintaira mineralized collagen based matitype Icollagenis theprimary



protein of the bone. Mineralized bone consists of rEpe hydroxyapatite particles.
Bonesstore calcium, phosphorous, bone nraw cells, and triglyceride. Bone tissue is
categorized as compact (cortical) and spongy (trabecular) depending on its structure.
Compact bone is composed of Haversian system which has four different parts: lamellae,
lacunae, canaliculi and central cargbongy bone lacks Haversian system and is composed
of columns of bone called trabecu[8e7].
Meniscus

Inside some joints, such as kn#eerearecushion liketissues that liebetween the
articular surface. These pads are called menisansl composed dibrocartilage and
hyaline cartilageproduced by fibrblastsand chondrocytes respectively. Menistissue
is primarily composed of watel74%) collagen (25%) and proteoglycang1%).
Collagenrepresents60i 70% of the dry tissue weightl]. Type | collagen has been
detected in outeregion of menisais (fibrocartilage), while inneregionis composed of
type Il collagen (hyaline cartilag¢g].
Cartilage

Cartilageis a flexible connective tissue that can be found in different patteeof
body. Itis composeaf a dense network of collagen fibensd proteoglycans (PG4P].
Cartilage can endure more stress than tendon and bone. The strength of cartilage is due to
its collagen fibers and itsompressibilityis due towater absorption by negatively
chargedPGs. Cartilage cells, chondrocytes, occur within spaces called lacunae in the
matrix. A membrane called perichondrium covers the surface dlltlvartilageexcept
articular cartilageThree kind of cartilage are recogniZ&d?2]:

A Fibrocartlage



A Elastic cartilage
A Hyaline cartilage

In fibrocartilage fibroblast like chondrocytesare embeddedamong type |
collagen bundles. This tissue combines strength and rigidity and can be found in
intervertebral disks[1]. Elastic cartilage contains chondrocyte in elastic matrix. It
provides strength and elasticity in some locatidee external eafl].

Hyaline cartilageis a white shiny tissuelt providesa low friction andwear
resistanceissue which isdesigned to bear and distribute Ida§l Articular cartilage is a
hyaline cartilagewhich covers articular surfaces and provides a-fredionless load
bearing surface via interactions between its componembsdrocytesand extracellular
matrix (EQM) [10-12]. Articular cartilagematrixis composed of fluid phase (watems)
and solidphase tfype Il collagerand proteoglycarnsAnionic chargeof PGs causes water
absorption by the cartilagand makes a fluid pressurization in the tissue which
contributes 90% of the load bearing function of cartil§ty@]. Solid phase and fluid
phaseinteractionprovides the stiffness and the viscoelastic properties of carti[@ye
Because of its avascular natuegticular cartilage exmanges gases, nutrients and waste
by diffusion through synoviurfi4].

Water

Water comprises almost 80% of the cartilage volume. The amount of water, its
distribution, and interaction with other matrix components (collagen and proteoglycan)
are important to determine cartilage mecbainproperties, diffusion of small molecules
and their distributiorj2]. Traditionally cartilage water content is measured using the wet

and dry weight of the tissyé5, 16] It has been shown that there are four different types



of water in cartilage including, free water, bound to collagen, bound to proteoglycan, and
trapped in coligen network[15]. Water content is higher at superficial zone and
decreases with depth. Cartilage diseases that degrade collagen and proteoglycans increase
water content of thedsug15, 17]
Proteoglycans

Proteoglycans (PGsare biological macromoleculesthat are responsible for
compressiomesistance of cartilagaue to their affinity for water. They consist a link
protein attachedio bottle brush like molecules called aggrecan. Aggrecan composed of
core protein andjlycosaminoglycas (GAGSs) [18]. GAGs are polysaccharides include
hyaluronic acid, chondroitin sulfatejermatan sulfateand keradn sulfate. Except
hyaluronic acid, other GAGs are associated with proteins to egdpecanHyaluronic
acid attaches the link protein amla viscous and slippery substance that binds cells
together and lubricates joints. Chondroitin sulfate provides support and adhesiveness in
cartilage and bone. Tendon contain dermatan sulfate whereas bone and cartilage contain
keratansulfate, which areesponsible for linking components to each other and to the
surface of cell49, 19]. In cartilage, aggrecaconsists of a long protein core, with up to

100 chondroitin sulfate and 50 keratan sultdtains(Figure2) [9].
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Collagen

Collagen is the main structural protein abnnective tissue. Collagen fsst
synthesized as a poly peptide precursor molecule and post translational modification is
done on the molecule before its assembly into fipaQ. Triple helix structurevhich is
the common structural element of collagemily is composed of collagen fibrils. The
fibril diameter changes in the range of-P00 nm from fetal tissue to adult cartilage.
Collagen synthesis is minimal in the mature anif@hlin theamino acid sequence of the
molecule, glycine (Gly) is repeated every third residue which generates a repeating
pattern, GlyX-Y. High proportion of X and Y amino acids are the proline and
hydroxyproline[21].

There aramore thar28 different types of collagediscoveredCollagen typd, 11,
and Il are among the most common proteins in huarah called structural collagens
Type Il collagen is the main component of articular cartilage ma&#2{. Type I
coll agen i s &Il thaimwhich is theprodustfof COIL2A1 gene.
Collagen crosslink

Collagen undergoes extensive changes in primary and tertiary structure after it is
secreted into ECM. Specific peptidases cleave the amino and carboxyl extension
peptides, preparing the molecule for crosslink process. The mechanical properties of the
collagen, and therefore the cartilage, depend on triple helices intermolecular cross

linking. The degree of stable collagen crosslink increases with age up to fourth decaig of life



Table 1:

Major collagen typesand their tissue distribution [23].

Tissue distribution

Type  Molecular composition Genes (genomic localization)

Fibril-forming collagens

I [acl(D)]>a2(1) COLIALI (17q21.31-q22)
COLIA2 (7q22.1)

1 [acl(I1)]; COL2A1 (12q13.11-ql13.2)

1 [l (IID)];
Vv al(V),a2(V),a3(V)

COL3A1 (2q31)
COL5A1 (9934.2-q34.3)
COL5A2 (2931)
COL5A3 (19p13.2)
COL1IAL (1p21)
COL11A2 (6p21.3)
COL11A3=COL2AI

XI al(XDe2(XDa3(XI)

Basement membrane collagens
IV [al(IV)a2(IV); al —a6 COL4AL (13g34)
COL4A2 (13q34)
COL4A3 (2q36—q37)
COL4A4 (2q36-g37)
COL4A5S (Xg22.3)
COL4A6 (Xp22.3)

Microfibrillar collagen
VI al(VD),a2(V),a3(VI) COL6AI (21¢22.3)
COL6A2 (21q22.3)

COLGA3 (2g37)

Anchoring fibrils

VIL [al(VID]; COL7AIL (3p21.3)

Hexagonal network-forming collagens

VI [al(VII) [ha2(VILI) COLBAL (3ql2-ql3.1)

COLSAZ2 (1p34.3-p32.3)
X [a3(X)]5 COLI0AL (6q21-q22.3)
FACIT collagens

X  al(IX)e2(IX)a3(IX) COLYAL (6q13)

COLYA2 (1p33-p32.2)

XII [al(XID]; COLI2Al (6q12—q13)
XIV  [al(XIV)]; COL9AI (8923)

XIX  [al(XIX)]s COLI9AL (6q12—ql4)
XX [al(XX)]s

XXI  [al(XXD]; COL21Al (6p12.3-11.2)

Transmembrane collagens

X [al(XID]; COLI13A1 (10q22)
XVII [al(XVID]; COLI7A1 (10g24.3)
Multiplexins

XV [al(XV)]; COLI5AL (9921-q22)
XVI [al(XVD]; COLI6AL (1p34)
XV [l (XVIID] COLIBAI (21g22.3)

bone, dermis, tendon, ligaments, cornea

cartilage, vitreous body, nucleus pulposus

skin, vessel wall, reticular fibres of most tissues (lungs, liver, spleen, etc.)

lung, cornea, bone, fetal membranes; together with type 1 collagen

cartilage, vitreous body

basement membranes

widespread: dermis, cartilage, placenta, lungs, vessel wall,
intervertebral disc

skin, dermal—epidermal junctions; oral mucosa, cervix,

endothelial cells, Descemet’s membrane

hypertrophic cartilage

cartilage, vitreous humor, comea

perichondrium, ligaments, tendon

dermis, tendon, vessel wall, placenta, lungs, liver

human rhabdomyosarcoma

corneal epithelium, embryonic skin, sternal cartilage, tendon
blood vessel wall

epidermis. hair follicle, endomysium, intestine, chondrocytes, lungs, liver

dermal-epidermal junctions

fibroblasts, smooth muscle cells, kidney, pancreas,
fibroblasts, amnion, keratinocytes
lungs, liver

Given are the molecular composition, the genomic localization of the different chains as well as the basic tissue distribution.

The main residue in the structuretgpe Il collagen which makes the crdsiks
is hydroxylysyl pyridinoline (HPJ22, 24, 25] The pyridinoline structure is formed by
the interaction of two ketoamines which themselves are the products of a reaction
between hydroxylysine aldehyde (B$) and hydroxylysine. This crodmked fibrilar

strucure provides a framework that entraps P2z5 24]



The collagen crosknking has been studied using different methods, including
reducible crosslink with titrated borohydride, isolating crossfimk structural analysis
after proteolysis or acid hydrolysis as titrated peptides or amino acids and pursuing 3
hydroxypyridinium crosslink residueR5-28]. Using relatively standard methods
peptide isolation by high performance liquid chromatography (HPLC) and other
separation techniques followed by sequence analysis, many of crosslink interaction sites
have been detect¢as].
Zonal structure of cartilage

Adult cartilage has a zonal architecture which can be determined by the chemical
compositionand the alignment of its collagen fib€artilageis usuallydivided into four
zones: supertial, middle, deepand calcified cartilageones Superficial zone makes
10% to 20% of the thickness and provides smooth surface. The chondrocytes in this layer
are characterized by an elongated shape. The middle and deep zone make 70% to 80% of
the volume Chondrocytes are more rounded and columnar in middle and deep zone
respectively[9, 14].

Collagenfibers are aligned parallel to the articular surface instgerficial zone
and normal tothe surface in the deep zone. There isnigdle zone between the
superficialand deep zones where the fibers are crossing over each other with a random
orientation[9, 29]. The orientation of collagen fiber determines their functionality and
has been assessed using different techniques includirgy Xiffraction, magnetic
resonance imaging (MRI), polarized light microscopy (PLM), and Fourier transform

infrared(FTIR) spectoscopy{29].



Cartilage disease

Damage or degeneration of cartilage is frequently associated with joint pain and
with changes in the macromaldar structure and content of the primary cartilage
componentg10, 11] Articular cartilage lesions reduce or disturb skeletal functhena
result, theselesions are believed to progress osteoarthritis (OA) which is a
progressively disabling disease of the joints resulting in impaired motion, severe joint
pain andreduced quality of lif¢30]. Macroscopiacchanges in OAartilagecan be seen as
softening (chondromalacia), fibrillation, and eros[®h Histology of damaged cartilage
shows, loss of cartilage layers, cellular necrosis, chondrocyte cloning and duplication of
the tidemark OA process is directly led to the loss of %3, 32] Changein collagen
orientationhas also been seen in OA cartild§e 32 33]. After these changes, tissue
swells which allows water to flow out dfi¢ tissue. Therefore, the mechanical properties of
the cartilagediminishes[34]. Characterization of molecular change in cartilage is a critical
element in development of therapeutic approaches to cartilage diseases.
Cartilage repair

Metabolically cartilage is almost an inactive tissue that grows sldikywidely
accepted that cartilage injuries do not heal spontaneus]y which is relatedo the
avascular nature of the tissuew activity of chondrocytesand the limited ability of
mature chondrocytes to proliferate and regenerate new cafdagéiowever, avariety
of approaches have been investigated to improve cartilage healing, including
microfracture, subchondral drilling, osteochondral graftbmpemarrow stimulation and
autologous chondrocyte implantation (AGD1, 30, 36, 37] Microfracture and other

classical techniques rely on the potential of -ddferentiated cells to migrate into the



defect region and then to differentiate into active chondro@8gsACI aims to
stimulate autologous cells to make the ECM components and the spatial structure similar
to normal cartilag¢ll, 37] Brittberg et al[38] applied the ACI technique clinically for
the first time with good to excellent results. A number of studies followed with similar
results, suggesting that ACI is an effective procedure for healing cartilage defects of the
knee with success rate be®n 65% and 90%l1, 3-41]. Studies have shown that
different treatment methedmake different types of repair tissue. Microfracture forms
fibrocartilage with less PG content and poor mechanical propery, whereas
following ACI, a mixture of hyaline cartilage and fibrocartilage with a greater amount of
type Il collagen, the main collagenous protein of normal articuladagetiis generated
[35]. The presence of hyaline cigage containing type 1l collagen is correlated with good
clinical results. Therefore, it has been reported that, producing more type Il collagen is
the idealgoalto obtainhealthy articular cartilagi35].
Lysholm score

A positive clinical outcome is an important parameter that has to be demonstrated
for a new treatrant to be accepted. The Lysholm scale is a well validated functional and
pain score designed for knee injuries and has been utilized to assess the clinical outcome
of ACI procedures[37, 41, 42] Obtaining longterm clinical outcome data is very
important and requires several yearsfafow-up, which contributes to the expense of
clinical trials [41]. Development of methodology to predict clinical outcome based on
initial repair tissue properties could be a viable, shorter term, alternative to assist in

outcome assessment
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Cartilage evaluation

New treatment appeches, e.g. cell based therapy techniques, are evolving to
generate repair tissue with higher quality, which increases the need for measuring the
outcome of the treatment process and assessment of the repair tissue. This assessment
includes the evaluatioaf clinical outcome, tissue structure atissuecomposition via
histology, immunohistochemistry (IHC) and imaging technid@8s 35, 43]
Histology

The histological evaluation of cartilage is calesed to be one of the most
important methods to evaluate the level of cartilage pathology and success of its
treatment[44]. Tissue sampling, fiation, staining and microscopassessment are the
main steps of histology. Fixation aims to preserve tissue stable as much as possible.
Fixation usually is performed in formalin or etharlbhas been shown that formalin and
ethanol have some effect on collagen crosslink and also protein stfd&uaé] So, the
type offixative should be taken into account during data evalua@Gantilage usually is
harvested with subchondral bone, thus requires decalcification to facilitefia|tveng
processs [47]. Chelating ageils such as ethylenediaminetraacetic acid (EPhave
been usedfor decalcification. Thisprocess is slow and takes more time than
decalcification using stronger acids. However, it preserves cellular and molecular
morphology. Next step is sectioning. A gokdowledge of sectioning and also high
quality equipments is necessary to obtain proper sections. Seven micron sections are
usually prepared for cartilage tissue. Staining is the next Seperal dyes have been
utilized for the histochemical visualizaticof cartilage. Hematg#in and Eosin (H&E)

staining is used to detecytoplasmand cell nuclei. Glycosaminoglycans (GAGs) can be

11



visualized using Safrani@® staining. The Alcian Blue staining has also been used to stain
GAGs, however, Safrani® producesnore reproducible dat#® combination of Alcian
Blue and Picrosirius Red has been utilized to detect the collagenous stjdtiurél
Histology grading systens

Over the past years different grading systems have been developed to evaluate the
histological properties of the cartilage tissue, including Coli@&, modified Mankin
[49], O 0 D r[50]s @ARSEII[44], ICRS Il [43], and OsScorg37]. Each of these
systems consider some characteristics of stained tissue like rugyhstructure, cell
density and surface roughness to grade the tis3olins developed a scoring system

using macroscopic classification of OA changes of human p8lla

-
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Figure 3: Different validated histological scoring systenj44].
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Mankin developed awvell known histological grading systemsing microscopic
evaluation of tissuegl9]. Then, OO0ODri scoll presented a gr e
Vi vo r ep a(50].00steoarthritis Resegreh Sdgidnternational (OARSI) and
International Cartilage Repair Society (ICRS) also established committees to develop
standard scoring systef4]. The OsScore is aginated in the laboratorpn Oswestry-

UK (so called OsScore) and has been utilized to assess following parameters in repair
tissue: cartilage type, surface integrity, degree afré®inO staining, formation of
chondrocyte clusters, presence of blood vessels or mineralization, integration with the
calcified cartilage and underlying bgrend tissue morpholodg7]. Tissue morphology

is classified as fApredominantly hyaline, |
two (mixed), or f i br ous[35]t A siaximem seoretohl0no tr
corresponded to normal articular cartildg8]. Different histologicalscoring system has

been summarizeid Figure3 [44].

Immunohistochemistry

Assessment of collagen type in cartilage repair is frequently done using
immunohistochemistry (IHC) techniqué35]. IHC is a powerful tool tcassesspecific
component in the tissuégmmunological and biochemical techniques are combined in
IHC. Specific antibody is used to interact wilrget molecule (antigefidr identification
of tissue component this methodantibodiesaretagged with visible labgb1].

The presence of type 11 coll agen in rej
standardo of ar {44]caa70-90% ofche totalicdllagenen the equnaal r
adult hyaline cartilage tissue is type Il collagen. In comparison, typical fibrocartilage is

composed primarily of type | collagen with a much dergbroportion of type Il collagen
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[52]. A major concern that surrounds cartilage repair techniques, however, is that the
repair tissue that is produced tends to be of the mechanically and biologically inferior
fibrocartilaginous typg37, 53] Therefore, it is important to localize type Il collagen in
repair tissue as andicator of presence of hyaline cartilagjdC is a standard method to
prepare a map of type | and type Il collagen distribution in the tiskueever,IHC, and
alsohistologicalmethodsarecostly,destructiveand time consuming.
Imaging techniques

Compare to histology and immunohistochemistry, imaging technigngeable to
assess the repair tissue fas@md when the evaluation methodese established, the
results would be reproducible and easier to intergggtucture and distributiorof
cartilage ECM componentare important indicators of the quality of repair tissue, and
have been evaluatedsing different imaging method§54]. These techniques can be
utilized dinically or on the harvested tissue. MRI has been used clinically as a non
invasive method to assessteoarthritic cartilagavith respect to parameters like volume,
thickness and surface characterisfs]. However, it is not very sensitive to the changes
in chemical composition[32]. Polarized microscopyprovides just structural, not
chemical, information on collagen fiber organizatiBourier transform infrared imaging
spectroscopy (FIRIS) is done on harvestedissue and provide more detailed
information on the chemical and structuchlanges of the tissyg6].
Infrared

Infrared (IR) is located betweenthe visible light and microwave regianof
electromagnetic spectrum\ wave can be generated in the space Ignging of the

electric and magnetic fields. This wave has amplitude which is the brightness of the light,
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wavelength which is the color and energy of the light, and an angle of eibrahich is
called polarizatiorf57]. Electromagnetic wageas it isshown inFigure4, rangefrom a

wavelength of 18°m  ¢ayp9 to 1¢ m (radio waves).
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Figure 4: Electromagnetic spectrum.

The frequency of electromagnetic wave can be calculaded) equations =c / & .
Wher e, c Iis the speed of [b8h énfraled gdionh ofand &
electromagnetic wave is dividédlto threeregions, near IR, mid IR and far IR which are
different in wavelength. The ISO 20473 suggests the wavelength range & Q83
50 um, and 541000 pm for near, mid and far IR respectivgb9]. Energy of the
electromagnetic wave is related to the wavelength (frequénycl)l anck 6 s equat i
( h. c)/ &. Wher etheFE ainsc ktbhse ceonnesrtgayn,t [B&nid o i
In IR region, near IR has the highstel ofenergy and far IR the lowe
Infrare d spectroscopy

Infrared spectroscopy is the spectroscopy usiiegR region of electromagnetic
waves. Abney and Festing measured the IR absorption of organic molecules for the first
time in 1881[60]. Their work showed that molecules absorb IR in specific frequencies

that are characteristic of their structure. Different functional groupsnolecule vibrate
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with a specific frequency, which is related to the strength of the bond and the mass of the
atoms[61]. These functionlagroups absorb IR radiation when the frequency of the IR
radiation matches their vibrational frequendyhere are diffenat types of molecular
vibration; symmetric and asymmetric stretching, and bending (scissoring and rocking)
(Figure5). A moleculewith n atoms has 3B vibrational degree of freedom for a linear
molecule and 36 for a nonrlinear moleculd62].

The Michelson interferometewas one of thgreaestdevelopmerd to advance
IR spectroscopylt consists of a beamsplitter, a fixed mirror and a moving mirror. The
beamsplitter is designed to transmit half of the radiationrafidct the other half of it.
Each beam #&vels a path to reach rairror (Figure 6). Therefore the path length is
changing for the beam that travels to the moving mirror depending on the mirror position,
while it is a constant number for the other bef&®|. After reflecting back from the
mirrors, the two light beams recombine at the beamsplitter and then leave the

interferometer.

Figure 5: Different mode of molecular vibrations.
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Sample

Figure 6: Schematic diagram of Michelson interferometer. Slight source, My: grating mirror, M ;:

moving mirror, M ,: fixed mirror, d: optical path difference.

The resulting IRbeamis focusedon to the sample, artien,is collected by the
detector[58, 63] There are two common detectors in IR spectroscopy. ebsat]
triglycine sulfate (DTGS) detectoroperate at ambient temperature. However, their
sensitivity is not good for relatively weak signals. More sensitive liquid nitrogen cooled
mercury cadmium telluride (MCT) detectors have been used recently foetRagropy
application[64]. They operate in photoconductive mode. When the photon reaches the
detector, it promotes electrons from valence layeretwergy level Increase of
conductivity is measured #ise intensity of the bearfA) and is recorded vers@PD or
wavelength(a) to make a spectrum of IR absorptishich is called interferograrf6l].

The total interferogram measured by the detector is the summation of all the
interferograms of all the different infrared wavelengih8]. Fourier transform is then
performed on the interferogram to obtain a spectiTine. latterlR spectroscopy process

is called Fourier transform infrared spectroscopy-(RY[63].
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In an FT-IR spectrum, intensity is plotted versusvenumber (cf) which is
reciprocal of wavelength. A single spectrum obtained without a sample in infrared
spectrometer is called background. The background spectrum can be used to remove the
effect of substrate and also environment molecules such &3 wepor and carbon
dioxide in the sample spectra. So, the absorbance spectrum can be calculated form
equation 1:

Equation 1: A = -log I/l

Where, A is the absorbance, | is the intensity measured with a sample in IR beam,

and b is the intensity of backgund spectrum. Infrared absorption is related to the

concentration of different mol ecul ar speci

o

Equaton2z. A = U. c. I
Or,
Equation3: A = G. | N
Where, A is the intensity, Uoeffigenttche wav
is the concentration, I I's the optical p a

particles in the sample and N is the number of the parfe8e 63}
Signal to noise ratio

Experimental measurements are never perfect, and there are always errors.
Random errors in which there are unpredictable variations in the measured signal from
measurement to measurement are called nSigaalto-noise ratio (SNR) parameter is
used todescribe hte quality of a signal quantitative\5NR is the ratio of the signal
amplitude to the standard deviation of the n¢éle 65] By adding the IR spectrum of a

sample, random noise is reduced. The magnitude and sign of the noise is random, by
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adding the spectra to each other the positive and negative fluctuation in noise aamncel ea
other out. This process is called-adding[58]. SNR is correlated tthe number ofco-
addedscans § N R N'3) [66]. Some other parameter like the energy of the IR source,
the time of scan, spectral resolution, sensitivity of the detector and optic of the instrument
are also able to change the S[6R].
Spatial resolutionand spectral resolution

The spatial resolution of IR spectroscopy is determined by diffractiotheof
radiation. Based on definition, two individual particles camegolved if their distance is

at least equal to the radius of Airy disk whicldefined as

Equation 4: R = 0.61 (8&/ NA)

Wher e, R is the radius of Airy di sk, e
aperture of the instrumerilumeric aperture is describped:NA=n. si ne d. Wher
the refractive index of the mediums1 f or air) and d is the ha

cone of light that can enter or exit the objective and condenser. Therefore, the spatial
resolution depends on the wavelength of the radig6an 67] Spatial resolution in IR
spectroscopy can be difframt limited or pixel size limited. The former is the condition
in that, the wavelength of the radiation is bigger than detector pixel size. Pixel size
limited spectoscopy is the spatial resolution limited by detector pixel [§izg

Spectral resolution is determined by the numbethef points in a determined
range of wavenumberthat data are collected (or the interval between each two
wavenumber). Higher value of spectral resolutiodicatesdata collection withbigger
intervals betweerwavenumbersLower spectral resolutionesults inhigher signal to

noise ratig58].
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IR spectroscopyoperation modes

There are two modes of operation IR spectroscopy transmittance and
transflectancgFigure?). In transmittancenode, the beam from interferometer is focused
into a small spot where the sample is mounted. The radiation that is transmitted through

the sample is then guided to the déte.

To Optical Viewer or
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Figure 7: Typical schematic of a FFIR [61].

In transflectancanode, beam is passed to the top of the sample via a small
deflective mirror. The size and location of this mirror are such that half of the beam goes
to the sample. The beamtlenfocused on the sample, which is in the same position as
for transmittanceThe reflected beam from the sample is tieliected bythe detector
[58, 61]

Sample substrates
Substrate support a sample to be analyzed. The substrate which is conventionally

used in transmittance spectroscopy is made from a material that allows infrared to pass
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through tre slide without additionahbsorption. Potassium bromide (KBr) and barium
fluoride (BaF) are among the common materials for slides used in transmittance mode
[68].

In transflectancemode, the beam passes through thmpde, is reflected back
from the substrate, and then again passes thorough the sample before being collected by
the detector. Therefore, special type of the slide, called low emissivity (leyvslides
(Kevley Technologies, Chesterland, OH, USA), should be utilized in this mode of
operation. Lowe slides are fabricated by coating the regular microscopy slide with a very
thin layer of silverdoped tin oxide. The coating thin enoughto transmit the visible
light, while is highly reflective in the mitR region. Therefore, the tissue sample on
these slides can be assessed by visual microscopy, and reflectance spectroscopy
spontaneouslj69, 70] Low-e slides show some advantages compare to other substrates.
They costapproximately 1/50th of an HRansparent substrate made of BaF Cak,
[71]. Low-e slides arereflective to radiation. As a result, the IR beam is passed through
the sample twice, before passing to the detector. This double pass through the sample
provides better signal in margases[68]. In addition, the lowe slides are larger and
easier to handle than tlegher substratesThus, here is a developing interest in using
low-e slides in IR spectroscopy.
Scattering

Infrared spectra could be changed by distortion of the trarsrodiransflecance
spectracausedby the changing of the interaction of be#issue which is known as

scattering. It can be affected by the size and shape of particles and functional groups.
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Based on the size and shape of the particles there are two different types of scattering,
Rayleigh and Mie scattering. The scatteragagisedby the interaction of electromagnetic
radiation with particles much smaller than the wavelength of the lightlexidaayleigh
scattering which was studied first by Lord Rayle[gR]. Therefore, when the detailed
spectral propemis of the interaction of submicresize proteins (e.g. collagen) with
infrared are studied, the effects of particle size and shape have to be considered. On the
other hand, if the wavelength of the light is comparable to the size of the particle, another
kind of scattering would be happened. Gardner d7a|. 74] demonstrated that the size

and shape of the patrticles affect the spectra via a process called Mie scattering, which
was first described by Mid75]. The origin of Mie scattering and itsffect on
transflection spectra have been studied by several g{@3p&]. Diem et al. reported

that the Mie scattering is responsible for the changes of the spectral absorption of
individual cells[75].

These spectradffectshave beerobserved for tissues sectioned on Jevglide
Transflected spectra have the disadvantage that radiation reflected back from the front
face of the sample will also reach the detector and give rise to a distortion of the pure
spectrum[61]. Scattering is related to the path length (I) which is two times bigger for
low-e slide. In addition, love slide has a reflective suraevhich reflects back the light
towards the tissue. So, the scattering pattern is different we lshde[77].

The amount of scattering is also related to the size and number (concentration) of
particles which ee located in the light path and so is different for each compg¢néht
In addition,the amount oRayleighscattering is related to the wavelength to the power of

f o uf)[78]. Fherefore, the resulting heterogeneity of the spectra caused by scattering,
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need to be understood before-H spectroscopy cabe utilized as an indicator of total
tissue quality.
IR spectroscopyinstruments

There areseveral IR spectroscopy instrumentdevelogd to be utilized in
different application[79]. Fourier transform infrared (FIR) spectroscopy is a well
known technique which uses the combination of IR spectroscopy and Fourier transform
function. FFIR provides a finger pnit-like spectrum othe samplaising the vibrational
modes of molecular bond80, 81] FT-IR is a reliable tool to study changes in the
structure of living tissug[56]. The conformation of the molecule determines the
frequency at which the molecule absorbs infrared radiation. Then, this frequency can be
used to obtain information on protein structure. Using the polarized beam reghks in
information on orientation of the prot€i29].

Infrared fiber optic probe (IFOP) is an IR spectroscopy system for infrared sampling of
biological tissues. This technology enables a more flexible sampling approach|gviyrtior
an in situ assessment of the tisf8®. The use of infrared spectroscopic techniques via fiber
optic enables sampling of tissues in situ, without bi¢g&ly

Fourier transform infr&d imaging spectroscopy (HRIS) is an extension of
conventional infrared spectroscopy, where, arlFEBpectrometer is coupled to an optical
microscope[83]. This assembly creates infrared images of tissues at a pixel resolution of
12% m 50em in combination with mil84.BTsIRI® pi c
has been used to characterize the structure, distribution and orientation of eberanalitx
molecules in histological sections of connective tisf2@s84] and in particular, in cartilage

tissue inosteoarthritigesearch32]. An infrared array detector permits the characterization of
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the inhanogeneous nature of tissue composition and has the capability to provide applicable
data to distinguish between normal and repair tissue.

FT-IRIS has the advantage of easy sample preparation, rapid measurements and
no use of chemicals in contrast to ttamhal methods[85]. Previous studies have
monitored collagen and PG components in cartilage as well as collagen heéigatynt
in a semiquantitative fashiof84, 86] It also has the ability to determine the orientation
of collagen fibrils when polarized FIRIS is used[84]. Theseanalysis is based on
changes improtein moleculevibrations[29].

FTIR analysis of protein structure

Proteins are linear biological polymers of amino aciéfgyre 8). Twenty
different amino acids are used to make different type of proteins in theiRdlygoup is
different [87]. Amino acids are linked by the amino group on one amino tacttie
carboxylic acid group on another group to form an amide bond, which is also called

peptide bondFigure9).

amino group carboxylic acid
0 group

H—IT—C—C—OH
H

R \ alpha carbon

"R" group

T

Figure 8: The structure of an amino acid.
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Figure 9: Amide bond is made by linking two amino acig.

Proteins are distinguished from one another by the number of amino acids units
and by the identity and sequential order of the amino acids. The genetically determined
sequence of amino acids is the primary structure of protein. Then, amino acids make
intemal hydrogen bond to each other to make the secondary structure of the protein,
whi ch ar-8eliax-sheatsdWhen various elements of secondary structure
pack tightly together the tertiary structure of protein ari$e87]. The FFIR finger print
of proteins is affected by their structure.

FT-IR analysis ofcartilage

Infrared (IR) spectroscopy can be used to evaluate biological tissue based on the
interaction between the light and the tissue moleclles.FTIR derived spectrum of a
protein as it is showin Figure10 [56], has two weHknown featuresthe amide (AM |,

1594 1718 cnm) and amide I AM 1I, 1492 1594 cni) bands, which arise from the
C=0 stretchingand G N stretching/NH bending vibrations of the peptide backbone,
respectively FFigure 11) [56]. Previous studies have correlated the content of collagen
and PG with the integrated area under the protein amidend Bnd the proteoglycan
sugar GO-C absorbance (985140 cm'), respectively[84]. The ratio of the integrated

area of the PG absorbance to the amide | collagen absorbanceMRG8hows the

relative quantity and distribution of the PG compong®]. Yin et al. used IR
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spectroscopy to evaluatellagen andPG anisotropy in articular didlage quantitatively.
Anisotropic flipping was observed at the deeper part of cartilage in the absorption profile
of the PG band. This might be caused by the orientation changes in collager8#jrils

IR analysis of amide anisotropy was studied in Ramakrishnan et al. work. They used a
schematic model to explain the origins of this anisotropy in cartilage and té8@jon

The area under the absorbance centered at 1338 (826 1356 cml), a feature
attributed to CH sidechain vibrations in collagen, has previously been shown to
decrease in intensity as the collagen dena{®@s This absorbance ratioed to th#Al

band demonstrates the integrity of colla¢@®.

Absorbance

I side'chains

1800 1600 1400 1200 1000 800
Wavenumber (cm-)

Figure 10: A typical FT-IR spectrum of cartilage [56].

Amide 1
vibration || I

B S e S N
| Amide 11
+ H \H/ vibration
Figure 11: The vibrations responsiblefor the Amide | and Amide Il bands in the infrared spectra of

proteins.
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Earlier studies onhe biochemical analysis of collagen model peptides showed
that pyridinoline (Pyr) crosslink resulted in a band at 1660 crand
dehydrodihydroxyllysinonorleucine &DHLNL) crosslink in a band at 1690 ¢hi91]. It
is known that the content of d2HLNL decreases with collagen maturity, while Pyr
increases, because the former matures into |[g@83r Thus 1660/1690 cthpeak height
ratiowas found to ban indicator otollagencrosslink[56, 91}

It is also possible to investigate collagemrientation and anisotropy.
Ramakrishnan et al. studied the correlation of infrared anisotropy (variation in IR
spectrum versus polarization angle) of amide |, amide 1l and amide Il [@2id$t has
previously been shown that the ratio of the amide | and amide Il polarized absorbances
from collagen can be used as an index of collagen fibril orientf2@jn Polarizersare
used in spectroscopic assessment to study the sample orientation.

Light is considered as an electric field which is propagating along the z axis and
composed of electric vectors in x and y axis. Using the linear polarizer, the relative
magnitude of x and y components can be chafig@ld Using mplarizess, one component
can betransmitted through the polarizer and the other one can be reflected, redirected or
absorbed. Very fine conducting elements or grid are placed in a transparent material to
make the polarizer. Ruled or holographic wire grid polarizers are commonly uiegl in
mid-infrared range. The angle of the polarizer orientation can be adjusted by an angle
scale[93].

The collagen fibril orientation has been quantitaiethg FTIRas: (i) an amide

L/ 11 polarized ratio 02.7, representing
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I/ 11 ratio O1. 7, I mplying fibrils perpendi

ratios between 2i7.7 indicating random or ed fibril orientation29].

FT-IR spectroscopy has also been used to detect molecular changes during
maturation andosteoarthritis progression. Sakkala and his co workers reported a
depthwise analysis of OA progression in human articular cartilage using IR analysis.
Their result indicated that FIR is able to detect changes in collagen orientation and PG
content during OA31]. IFOP analysis of human articular cartilage degeneration was
reported in West et al. study. IR spectra were collected by IFOP contact with articular
surface. This study revealed that it might be possible to detecgebaelated to early
cartilage degeneration using IFOP which has the potential to perform clinically during
arthroscopy82].

Signal processg

When theFT-IR dataare collecteda post data analysigprocesscalled signal
processingcan be performed on the spediaeduce the noise, enhance the resolution,
remove the artifacts, decompose complex signals to their components, and some other
purposeg6l, 9496]. Following functiors have been used fwocessd=T-IR spectra.

Smoothing

In some spectra, many noises are seen as random changes in the amplitude of
signal from point to point. Smoothing a process thaan be used to reduce the noise.
smoothing,the fluctuation in data points, caused by random noises, can be adjusted by
reducing thendividual points that are higher than the adjacent poamdincreasing the
points that are lower than the adjacent points. This praessdts ina smoother signal

[94, 97] The simplest way to do smoothing is the moving averagthis method, each
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point in the signal is replacedith the average oh adjacent pointsThe numler of
adjacent points (n) is called smooth width asda positivenumber (minimum 3).
Smoothing can also be done using Gaussian filter and Sawdalay function.In
Gaussian filter, each point can bedefined by a fitted value determined by a Gaussian
filter function of itsn nearest pointsSavitzkyGolay is a function that fits a polynomial
equationto n adjacent points. The smoothed value of each data point can be predicted
from this polynomial equatiof®6].
Normalizing

Normalizing is used to get all the data in the same scale. There are different ways to
normalize a data set. Area normalization, mean normalization, maximum normalization, and
peak normalization can be performechtomalize the data based on the area under a specific
region of the spectra, mean value of the spectral matrix, maximum value of the spectral
matrix, and height of a specific peak of the spectrespectivelyf96].
Multiplicative scatter correction

Multiplicative scatter correction (MSC) is a signal processing method which is used to
reduce the multiplicative and additive effect in the spectruisiuied to remove the scattering
and offset effct in the spectra. The correction is done by two transformation using two correction
coefficients, that are calculated from an average spectrum in the [262381.00]
Baseline correction

Baseline correction is used to adjust the offset in the dataset either by adjusting
the data to the minimum point in the data or by making a linear correction based on two
defined point of the spectra. Offset in the dataset is uscallyedbecausef the non

uniformity in the background spectrygi].
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Differentiation

The differentiation of signals has many uses in analytical signal processing. The first
derivative of a signal is the rate of change of y with x, dy/dx, which is interpreted as the slope
of the tangent at each point. The second derivagitee rate of ciinge of the slope. It
representshe curvature of the signal. Where a sigamsdendsup, its derivative is positive;
where a signatlescendslown, its derivative is negativ€or asignalwith azero slopethe
derivative is zeroDerivative amplitude ismsaller for a wider peak. This effect is more
noticeable for igher derivative orderfl01]. The peaks that are superimposedstronger
but broader background peaks can be analyzed quantitatively byethisd

There are three main application of derivative in analytical spectroscopy: (a)
spectral discrimination; derivatives can be used qualitativeleveal small structural
differences between nearly identical spectra; (b) spectral resolution enhancement
differentiation increases thapparent resolution of overlapping spectral bands; (c)
guantitative analysjs derivative spectrafacilitates multi-component analysig101].
Because of théneatiity in differentiation processhe amplitude of a derivative tirectly
correlatedto the amplitude ofthe original signal Therefore, it is possible to do
guantitative analysi®n derivative datalf differentiation is used in combination with
proper smoothing, the signal to noise ratio is optimized gumhtitative analysis is
improved.There aredifferent methods ta@lo smoothing duringlifferentiation, e.ggap
segment and Savitzk@olay. Gap segment uses a segment with a defined smoothing size
to smooth the spectrum during differentiation. Norris gap derivative is a specific type of
gap segmentwhere the smoothing size is small. Savittkglay uses a polynomial

function to do smoothing during differentiati{@6].
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Univariate and multivariate analysis

Univariate data analysis methodsewne variable at a time to process the data. In
FT-IR spectroscopythis single variable is derived from the speatraich can be the
height of the absorption peak or the area under specific region of the spectrum.
Calculating the height of the peak oretlarea of a region, it is possible to do basic
statistics on the result and try to correlate them to specific chemical or structural
properties of the cartilage. Beeambert law relates the absorption of IR to the
concentration of specific chemical compgoits[58].

Camacho et al. did univariate analysis &T-IR spectrato measurethe
concentration of collagen and P{8¢]. The area under the PG region was ratioed to the
AM | absorption peak to increase the specificity of calculatiof@3]. They also
demonstrated that the absorption at 1338catioed by the area undeiVAll absorbance
band decreaséds collagen degradatiof®0]. The ratio of the area undaM | andAM I
polarizedpeaks waslsosuggested to determine the orientation of collagen f{28is

After the pioneering work of Camacho et al., the univariate analysis was
performed extensively to correlate the chemical and structural properties of normal,
degenerated and repair tissue tolRTspectra. lwas shown thaET-IR derived spectra
are able to reveal thehangesin the composition of the articular cartilag@l], the
integration ofcollagen fiberd90] and also the orientation of the collagen in the tissue
[29]. The cartilage composition changesgridg maturation were also investigated. It
showed that the absorption of collagen peak increases wifiG@je

However, it has been reported that the specificity of the method to predict the PG

content is limited in the superficial zone and is not in the level of gold standard, histology
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[103]. Rieppo and co workers showed that univariate analysis of IR spectra lack the
specificity to measure PG conteftarticular cartilage quantitative[ft03]. Thereis also

some overlapping in the spectra that can make some differences in pure component data
analysis. So, when univariate analysis is applied on thtRFJataset, these limitahs

should be taken into account and more advanced calculations and larger region of the
spectrum should be considered to provide specific information. Here, some sophisticated
processes like second derivative and multivariate analysis come to the phiaito

more applicable results from the spectra.

The second derivative improves the resolution of the spgtd. Univariate
analysishas beerdone on the second derivative plot using the height of the absorption
peak. However, ihas been reported that the second derivative decreases the signal to
noise ratio, although Savitzkgolay smoothing can compensate the problem, but it is not
sufficient[105, 106] On the other hand, for higher spectral resolution of the spectrum,
the height of the peaks in second deriatincreases. So, a constant spectral resolution
should be chosen for all data analysis to be able to compare the sfifglesSecond
derivative analysis was done to determine the PG content of the caitilags. shown
that the D60cni* peak in second derivative plot can be used to quantify the PG dan@int

Multivariate method, on the other handanalyzeseveral variables at a time.
Euclidian distance, cluster analysesultiple linear regression, and principal component
analysis are among the most common multivariate metHoolser et al. did the first
multivariate analysis on FIR spectra[86]. They used Euclidean distance between
digested and control bovine nasal cartilage. Euclidean distamugion was also

performed on cartilage IR spectyg DavidVaudey to find the relative concentration of
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collagen and PG107]. Cluster analysis is another type of nudtiate analysis which
separates tissue regions to two or more classes that have similar spectral properties,
qualitatively. Rieppo et al. did the cluster analysis to differentiate porcine repair tissue
from normal ong108]. Cluster analysis was also done on IR spectra to assess changes in
rabbit cortical bone during maturation and growth. The clustering method combined with
IR spectoscopy was able to predict the correct age group for all bone sgipdés
Multiple linear regression

Multiple linear regression (MLR)s a multivariate analysigechnique. Itis
basically aclassichregression analysis which is applied on several set of predjétits
MLR combines different variables (Xhia linear combination, which correlates as
closely as possible to a corresponding response (Y).
Principal component analysis

Principal component analysis (PCA) is a multivariate analysis method which can
be used to reveal the hidden structure within data. It provides a visual representation
of the relationships between samples and variables.d&Camposemformation carried
by the original variables and projects them onto a smaller number of latent variables
calledprincipal components (P§) as it las been shown in following equatif#i0, 111]
Equation 5: D= TP' + E

WhereD is the data matrixT is the scordsee below)P' is the loadinga linear
combination of matrix variables composed of a few RaDs) E is the experimental error
[61]. Each PC explains a certain amount of the total information contained in the original

data. The first P@suallycontains the greatest source of information in the datd €st.
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are orthogonaVedors, where each Pfepresent spectral information gihecific part of
the spectrunfi94, 96}

Mathematically principal componentsan be measured using covariancatrix.
EachPChas a correspondinfycored for each spectrum in the datasiedt describes the
propertiesof the spectrumwith respect to that PCScores generally show spectral
differences or similaritie§111, 112] Spectra with close scores along the same PC are
similar (Figure 12). Principalcomponen@nalysis combined with regression can be used
make models which are able to predict unknown parameters. This combination is called
principal component regression (PCRjigh is tryingto correlate PCs of variable matrix

(X) to thenumericvalues of response matrix (Y).

Variable 3 (X,)

Each point is a sample

1
|"\
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) *
\
\
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Variable 1 (X,) Variable 2 (X5)

Figure 12 Schematic diagram of first PC of a dataset with three variable€€ach point represents one

data point (spectrum). The distance of each point to the PC axis is its scof&l3].

PCA processing of IR spectra have been used in different studies to discriminate
samples with different characteristida. a chemometric study of IR spectra, different
types of glycosaminoglycans were classified based on a prinypaponent analysis
model of FFIR spectra. The result showed the best discrimination can be achieved in the
finger print region of the spectrum (below 200079nf114]. Hashim and co workers
differentiated bovinend porcine gelatin using PG# FT-IR spectra. The result showed

a clear distinction between two groups of samples. Second derivative spectra were used
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to provide a better qualitative assessm@ri5]. In another studyFT-IR spectra of
murine embryonic stem celNere proces=d by PCA to monitor cell differentiation. The
model distinguished stem cell spectra into separate clusters corresponding to different
differentiation timg116].
Partial least squares

Partial least squasgPLS) is a multivariate analysis method which is developed
based onMLR and PCA It uses the PCs of the variable mat(l) and PCs of the
response matriXY), in contrast PCR which uses numeric values of response miatrix,
make a regression model which able to predict the response from given variables
(Figurel13). PLSis also called projection to latent structubecause it reveals the hidden
strucure of the datg96, 117, 118] The PLS components are similar to principal
components but are calléfiactor®. PLS scores are interpreted the same way as PCA
scores. The -t plot which is shownn Figure 13, is unique plot fo PLS process which
tries to maximize the covariance between X and Y varsabldirst calculated factors.
Root mean square error of calibration (RMSEC) or prediction (RMSEP) are usually
reported within the PLS result to show the amount of deviation from perfect correlation.
In FT-IR spectroscopy the variables PLS processre the intensities of the spectra and
the response can leny property of the sample such @ncentration of a chemical
components. Once a reliable model is built in PLS, it should be validated and then it can
be used to predict properties of anknowndata set. Th®LS analysis has not been used
extensively for FTIR analysis of articular cartilage yet. However, initial studies that
demonstrated the use of PLS to predict visual grade of cartilage using an infrared fiber

optic probe supporthe applicaton of this method for midR derived spectrali et al.
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developed a chemometric model using PLS analysis of IR spectra to detect cartilage
degeneration[119]. This IFOP based chemometric model has the potential to be
performed in situPLS has also been used to analyze near IR spectra derived from

engineered cartilaga 20].

Extract X scores Generate Y-loadings(q)
(t) that are most from(t)
correlated to Y

Xy Calculate Y-Scores
{u) from (q)

Plot (t) and (u) together,
the relationship should be
maximized

3

+ t "
4
=f Ny
/ Hr Y3 Yy

Figure 13 Schematic diagram of PLS procedurg113].
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CHAPTER 2
HYPOTHESIS AND OBJECTIVES

Evaluation of artilage chemical compositipistructural propertiesdiseaseand
repairstill need to beoptimized toobtain more specific tissue characteristitisis Ph.D.
thesisfocuses onmprovement of specificity oFourier transform infrared spectroscopy
and multivariate analysis methods to assess normal and repair cartilage. Specifically this
study aims to introgce FFIR as an alternative method for histology and
immunohistochemistry to evaluate normal, degenerated and repair cartilage ¢@mposi
in-vitro and exvivo.
Accordingly,the overallhypotheses ansbecificaims of this work are as follows:
Hypotheses
1. The dhemical composition of connective tissue can be predicted using multivariate
analysis of FTIR spectra
Aims
1. Evaluation ofdifferences in FIIR spectroscopy data of connective tissab&inedin
transflectance and transmittance modes.
2. Development of an FT-IRIS method as an alternative for histology and
immunohistochemistry to assdbgclinical outcome othecartilage repaiprocess
3. Development of a multivariate analysis method based on infrared fiber optic probe
spectra of cartilge tissue in different stage of degeneration to assess tissue quality as an

alternative for visual and histology grading
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4. Development ofa multivariate analysis model based on-IRT spectraof pure
components to predict matrix compositiand collagentype of different connective
tissues.

5. Assessment dfone and cartilageollagen maturation and crosslimériation with age,
using FFIRIS andbiochemicakssay.

6. Development of a new method to meascagtilage water contentsing the mid-IR

region of FFIR spectra.

Separatestudes weredesigned for each aim (six studies total). Chapter 3 gives a
short summary ofnaterials and methods of atudies. Anintroduction specific aimsand
complete detadl of sample preparation, data collectiolata analysis, and results of each

studyarepresentedgeparately irChapters 4 to $ manuscript format
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CHAPTER 3
METHODS
This thesis includes six studies. This chapter presents a short summary of the
materials and methods of each study. A complete detail of sample preparation, data
collection, and datanalysisfor each studyave beendescribedn Chapters 4 to 9.
Deparafinization and histology staining were done according to protocols in
Appendces | and I, respectivelyAll spectral and image analysis and multivariate
analysis were done using ISys v. 5 (Malvern Instrument, Columbia,iM{ppendix I,
and Unscrambler .v X (Camo, Norway)i Appendix IV. Microsoft Excel and

Unscrambler were used for statistical analysis.

Study |: Differences ininfrared spectroscopic data of connective tissues in transflectance

and transmittance mode.

Sample/Tissue | Location | TissueProcessing | Analytical Tests Data analysis

-Bovine articular

-Femur -Spectral
cartilage -Fixation
analysis
-Patellar | -Decalcification -FT-IRIS
-Bovine tendon -Image analysis
ligament | -Paraffin embedding -Polarized FHIRIS
-ANOVA
-Mice cortical -Tibia and | -Sectioning
-F-Test
bone femur
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Study Il: Clinical outcome of autologous chondrocyte implantation is correlated with

infrared spectroscopic imagingderived parameters.

Tissue Analytical
Sample/Tissue | Location Data analysis
Processing Tests
-Lysholm score
-OsScore
-Clinical
-IHC score
-Human articular -ACl surgery outcome
-Spectral analysis
cartilage (normal -Femur -Biopsy -Histology
-Image analysis
and repair) -Cryosectioning | -IHC
-Pearson correlation
-FT-IRIS
-Multiple linear regression
-F-test
Study Ill : Infrared fiber optic probe evaluation of degenerative cartilage correlates to

histological grading.

Sample/Tissue Location | Tissue Processing Analytical Tests Data analysis

-Collins grade
-Fixation -Visual grading
-Mankin score
-Decalcification -Histology

-Human articular | -Tibial -Spectral analysis
-Paraffin -IFOP
cartilage plateau -Pearson correlatio
embedding -FT-IRIS
-PLS
-Sectioning -Polarized FHIRIS
-ANOVA
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Study IV : Discrimination of type | and Il collagen of connective tissues using multivariate

analysis of FFIRIS data.

Sample/Tissue | Location Tissue Processing | Analytical Tests | Data analysis
Model A
-Calf aggrecan | -Nasal
-Chick type Il cartilage
collagen
Model B -FT-IR
-Skin
-Bovine type |
-Knee
collagen
articular
-Bovine type Il
cartilage -Spectral analysig
collagen
-Image analysis
-Bovine cortical
-Tibia -PLS model
bone
-PLS prediction
-Patellar -Fixation
-Bovine tendon -Cluster analysis
ligament -Decalcification
-Histology
-Bovine knee -Lateral -Paraffin embedding
-IHC
meniscus meniscus -Sectioning
-IFOP
-Bovine articular
-Femur -FT-IRIS
cartilage
-ACl surgery
-Human articular
-Femur -Biopsy

cartilage (repair)

-Cryosectioning
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Study V: Comparison of spectroscopic andbiochemical determination of collagen

crosslinksin bone and cartilage

Analytical Tests

Data analysis

Sample/Tissue Location | Tissue Processing
-Fixation:
Formalin or
-Bovine articular
ethanol
cartilage
-Femur -Decalcification
(Fetali youngi
-Paraffin
mature)
embedding
-Sectioning
-Fixation:
Formalin or
-Bovine cortical
ethanol
bone
-Tibia -Decalcification

(Fetali youngi

mature)

-Paraffin
embedding

-Sectioning

-Biochemical assay

-Histology

-FT-IRIS

-Pyridinoline
-DHLNL
-Mature/immature
crosslink

-Image analysis
-Spectral analysis
-PLS

-ANOVA
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Study VI : Assessment of cartilage water content using mid infrared spectroscopy

Sample/Tissue

Location

Tissue Processing

Analytical Tests

Data analysis

-Fixation

-Decalcification

-Bovine articular -Paraffin
-Femur
cartilage embedding
-Sectioning
- Lyophilization
-ACI surgery
-Human articular
-Femur | -Biopsy

cartilage (repair)

-Cryosectioning

-FT-IRIS

-Image analysis

-Spectral analysis
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CHAPTER 4
STUDY |

Title: Differences innfrared spectroscopic data of connective tissues in transflectance
and transmittance modginder review, Journal Biomedical Optics)

Introduction

Characterization of molecular changes in connective tissues such as bone and
cartilage is a critical elemenin the development of therapeutic approaches for
degenerative tissue diseases. Many studies have used Fourier transform infrared imaging
spectroscopy (FIRIS) to evaluate the primary components of bone and cartilage in
normal and disease states, including assessment of apatitic mineral, type | and Il
collagen, and proteoglycans (PQ$8p, 84] These studies include evaluation of the
relative quantity of components, as well as information on collagen helical integrity and
crosslinks, and fibril orientatio[82-84, 86] In articular cartilage, the concentration and
direction of type Il collagen fibers vary zonally, with collagen fibers aligned roughly
parallel to the surface in the superficial (surfaca)ezaandomly oriented in the middle
zone, and perpendicular to the surface in the deep[28tie122] Cartilage degeneration
is associated with chemical and structural changes in the matrix and includes changes in
the quantity and quality of the primary macromolecular components, such as loss of PGs
and changes in collagen fiber orientatjdt, 32, 123]

The orientation of collagen molecules has been investigated in bone, articular
cartilage and tendon by polarized-HHI1S, where the IR beam is polarized before contact
with the sampld56, 84, 124. For highly oriented molecules, infrared absorbance band
amplitude and line width will change with rotation of the polar[2@5, 126] It has been

shown that the transition moments of the collageide 1(1594 1718 cnt') and amide I
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(1492 1594 cm') absorbances that arise frahe C=0 stretch and the-N bending/GN
stretching vibrations of the peptide backbone, respectij@l}, are approximately
perpendicular to each other with respect to the long axis of collagen {@®ilsThis
permits evaluation of fibril orientation through measurement of the ratio of the amide |
absorbance to the amide Il absorbance under polarized infrared raf28tiG2]

Previous studies on nepolarized and polarized infrared radiation to assess
chemical composition and collagen orientation have investigated tissues in transmittance
mode on salt windows, such as BakWherethe infrared beam passes through the sample
without reflection figure 14A) [68]. However, thehigh cost of these HRansparent
substratescan be impractical for biologic studies where hundreds of samples are
sometimes required. Low emissivity (lesy slides (Kevley Technologies, Chesterland,
OH, USA), glass microscopy slides coated with a layer of sdoged tin oxide, have
been increasgly used for infrared imaging of biological tissues. The coating is
sufficiently thin to permit transmission of visible light, while remaining highly reflective
in the midIR region. Therefore, tissue samples sectioned onto these slides can be
assessed bpoth visual light microscopy and transflectance spectros¢@dy 70] In
addition, the cost of a low slide can be as little as 1/50th the cost of atrdRsparent
substrate made of Babr Cak [71].

Low-e slides are reflective to infrared radiation, so that the beam passes through
the sample twice before entering tbetector Figure 14B). This form of reflectance
spectroscopy reduces flux incident into the detector by roughly 50% compared to
transmittance mode, but generalBsults in spectra with adequate sigtmahoise ratio

[68, 71}
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Figure 14: lllustration of the light path in A) transmittance and B) transflectanceFT-IRIS.

Therefore, both traditional transmittance spectroscopy, with detection of radiation
after a single passage through the sectioned sample and its underlying salt window, and
transflectance specsoopy, with detection after a total of two passages through the
sample and a single reflection from the surface of thedmskide, are viable means of
data collection. However, it remains to confirm thatIRTS-derived spectral parameters,
and related smi-quantitative chemical and structural features, collected in these two
modes are comparabl&his study compares ngpolarized and polarized FIRIS data
obtained from bovine articular cartilage and highly oriented bovine tendon, as well as
nonpolarized data obtained from mouse tibial bone, using transmittance and

transflectance, to assess comparability of these two modes.
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Methods
Soft tissue preparation

Full-depth cartilage explants (medial femur) and tendons (patellar ligament) were
harvested from -3 month old bovine knee joints. The explants were decalcified in 10%
EDTA-Tris buffer solution for 4 weeks. Cartilage explag@smm diameter, 2 mm height)
andtendons 3x1x1mm)wer fi xed in formalin, embedded
thicknessperpendicular to the articular surface for cartilage, and along the tendon long axis,
and mounted onto either lesv slides or BafFwindows (Spectral Systems, Hopewell
Junction, NY)Data were acquired from three tissue samples for each substrate.
Hard tissue preparation

Wild-type mice (DBA/1 inbred) were purchased from Taconic Laboratory
(Albany, NY) and bred at Temple University, School of Medicine, Central Animal
Barrier Facility, according to the guidelines of the Institutional Animal Care and Use
Commitee (IACUC). At eight weeks of age, animals were sacrificed as part of a different
study, and one tibia and three femurs were fixed in formalin, and embedded in
polymethylmethacrylate (PMMA). Sections of 5 um thickness were obtained from
cortical bone anghlaced onto either a low slide (tibia and femur) or a Bawindow
(tibia). Tissue sections were-géasticized using acetone and alcohol.
FT-IRIS data acquisition and analysis

FT-IRIS data were acquired at8¢m pect r al resolution and
resol ution (for cartilage and tendon) or
Spectrum SpotLight 400 FIR Imaging system (PerkinElmer, Shelton, CT) for both

polarized and noipolarized data. For the tissussctioned on love slides and BaF
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windows, data were collected in transflectance and transmittance reegectively. In
transmittance mode, the IR beam passes through the sample and substratéganee (
14A). In transflectance, the infrared beam passes through the sample, is reflected from
the substrate, and again passes thorough the sample before reaching the Bagaotor (
14B). ISys 5.0 software (Malvern Instruments, Columbia, MD) was used to credte FT
images based on the integrated areas of the absorbance bands that reflect theagdantity
quality of specific components of the tissyi&6]. In addition, second derivative spectra
were used to accurately define the wavenumbers of the identified peaks. For the non
polarizedcartilage and tendon data, collagen and proteoglycan (PG) were identified in
the 15941718 cm' (amide | absorbance) and 98340 cm' (sugar GO-C ring
absorbance) spectral regions, respectively. The ratio of the integrated area of the PG
absorbance tdhe amide | collagen area was evaluated to obtain the relative quantity and
distribution of the PG. The ratio of the area of the absorbance centered at 1338 cm
(1326 1356 cn') to that of the amide Il band (149594 cm') was used to evaluate the
helicalintegrity of collager[56]. The mineraito-matrix ratio was calculated for the bone
sample as the ratio of the area of the phosphate mineral absorbance bat@D®o0T)

to that of theamide | absorbance, centered at 1660 §&6]. Finally, it has been shown

that the ratio of the heights of the absorbance bands at 1680aech 1690 ci is
correlated to mature/immatircollagen crosslinks in bor{g6], although this has not

been confirmed in other tissues. This parameter was evaluated in all tissues and reported

as the collagen maturity.
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Polarized FTIR data

A silver bromide (AgBr) wire grid polarizer (PerkinElmer, Shelton, CT) was
inserted in the light path to polarize the IR befs6, 93] For direct comparison to
previous work from our group where tendon was used asndasth for a tissue with
oriented collagen fibril$29], the angle of polarization was varied from 0° to 180° in 5°
increments in the-20° and 80105° regions, and in 15° increments from 20° to 80° and
110° to 180° regions. Thatio of the areas of the collagen amide | and Il bands under
polarized IR was plotted against polarization angle. It was expected that for tendon,
where collagen fibrils are oriented along the long axis of the tissue, the amide |
absorbance would be maxal at an angle of ~0° and minimal at an angle of ~90°.
Conversely, the amide Il absorbance would be maximal at angle of ~90° and minimal at
an angle of ~0°. The entire data acquisition procedure through all angles was repeated on
three separate samples lwdvine tendon and bovine cartilage, and for both-éoand
BaF, substrates. FTIRIS images based on the amide I/ll ratio at a polarization angle of
0° were created with red indicating higher values (collagen fibers parallel to surface),
deep blue indicatig lower values (collagen fibers perpendicular to surface), and
intermediate colors indicating random or mixed orientatit®j.
Statistical analysis

Analysis of variance (ANOVA) and pairedésts were used to assabferences
bet ween mean values, wi tNonlinpar fi@ wée perormed@ans i d e r
evaluated using MATLAB (MathWorks, Natick, MA), with thetést used to evaluate the
difference between models fits for data collected in transflec@mcompared to transmittance.

All statistical analyses were performed using Microsoft Excel 2010 (Microsoft, Redmond, WA).

49



Results
FT-IR imaging spectroscopy of soft tissue

Spectra obtained from superficial and fma@he cartilage sectioned on lavand
BaF, slides are shown ifrigure 15A, B. Transflectance measurements generally showed
higher absorbances in both the superfidtadire 15A) and middle zones={gure 15B). No
differences were seen in PG absorbance in the superficial zone between transflectance and
transmittance, as there is almost no proteoglycan in the superficial zone of articulaecartilag
Second derivative spectraigure15C, D) indicated small shifts to higher frequencies in the
amide | and amide Il bandsligher values were obtaidein transflectance compared to

transmittance for all measured collagen and PG absorbance bayde 16, Table?2).

A B _
—r ” —Tr . Amide |

—Tr i ce  wTr

Amide |

| | Amiden

Amide Il

WA

1800 1700 1600 1500 1400 1300 1200 1100 1000 200 800

Absorbance
Absorbance

1800 1600 1400 1200 1000 800
Wavenumber (cm-?) Wavenumber (ecm?)
——Transmittance ——Transflectance ——Transmittance ——Transflectance
0.004 r 0.002
0.003 [ 00015
0.002 t 0,001
0.001 ‘/'\_f\ [ 0.0005
/_\ i /
— T —1— 1] —NT N O N T T T T r o
1800 1750 1700 850 1600 1550 1500 tdoo 1800 1750 1700 1650 1600 1550 1500 145 200
-0.001 -0.0005
0.00 i -0.001
-0.003 \ b 00015
— —) 1454 cmt
Amide | Amide Il 1454 et -0.004 Amide | Amide Il t -0.002
0005 1550 em+ [ -0.0025
1660 cm*! 1640 cm! 1550 cm-t 1660 cm 1640 cm*
-0.006 -0.003
Wavenumber (em1) Wavenumber (cm)

Figure 15: Comparison of cartilage spectra sampled in transflectance and transmittance for samples
obtained from A) superficial and B) middle zone. Secondierivative FT-IRIS spectra from C)

superficial and D) middle zone show shifts in peak positions of the amide | and amide 1l sidands.
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Table 2: Differences in FT-IRIS derived parameters for tissues sampled in transmittance (sectiode

on BaF; slides) and sampled in transflectance (sampled on leavslides).

Cartilage i BaF; vs. lowe Tendoni BaF; vs. lowe

(%)* p-value (%) p-value
AM | 54 0.003 30 0.02
AM I 59 0.007 37 0.01
1338 cm* 65 0.009 56 0.005
PG 30 0.02 25 0.04
PG/AM | -15 0.11 10 0.09
1338 cm/AM |l 11 0.1 32 0.007
Collagen Maturity -10 0.08 -20 0.06

* %% = [(absorbance or ratio value in transflectamakie in transmittance) / (value in transflectance)]*100

A Collagen AM | B Collagen AM I
70 % a0 *
60 [ 35 I
50 * 20
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40 I *
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Figure 16: FT-IRIS derived parameters (integrated areas, mean + SD); A) collagen amide I, B)
collagen amide Il, C) collagen 1338cihand D) PG sugar. Higher values are observed for the tissues
sampled in transflectance (sectioned on low slides) compared to those sampled imansmittance

(sectioned on Bakwindows). Car=Cartilage, Ten=Tendon. * p < 0.05.
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No significant difference for relative PG content of cartilage and tendon was
observed between the twlata acquisition modeg&igurel7A). Collagen helical integrity
(1338cmi/amide 1I) did not vary with substrate for cartilage, but was significantly higher
(p=0.007) in transflectance compared to transmittance in tenBiguré 17B). No
significant differences between the two modes were observed in the collagen maturity

parameter for either tissue tygadurel7C).
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Figure 17: FT-IRIS derived parameters (mean * SD): A) PG/amide I, B) collagen helical integrity,
and C) collagen maturity for tissues sampled in transflectance and transmittance. Higher values of
collagen helical integrity was found for the tendon tissue sampled itransflectance compared to

transmittance. Car=Cartilage, Ten=Tendon. * p < 0.05.

FT-IR imaging spectroscopy of hard tissue
The area of the phosphate absorbances of bone sampled in transflectance were

lower than the area obtainedtransmittance Kigure 18A). In addition, the band shape
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differed between the two modes, and for transflectance, was atypical of what is usually
observed for biological hydroxyapatifg6]. The transflectance absorbance band shows
two defined peks at 1112 cfhand 1000 crl, in contrast to the single broad peak
centered at 1032 chobserved in the transmittance spectra. A higher mittenalatrix

ratio was observed for the tissue sampled in transmittance compared transflectance,

although no dfierences were seen in the collageaturity Figure18B).
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Figure 18: Typical FT-IRIS spectra (A) and FT-IRIS parameters (B) of cortical bone tissue, sampled
in transflectance and transmittance. Differences in phosphate band shape, position and peak height
are observed between two data collection modes. Absorbance from residual methacrylate (plastic)
can be seen in the spe, and the protein amide | vibration and major apatitic phosphate vibration
are labeled.

Polarized FT-IR imaging spectroscopy

Tendon

The areas of the collagen amide | and amide Il absorbances for bovine tendon
sampled in transflectance atrdnsmittancéFigure19) displayeda periodic variation, as

expected.
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A) Bovine Tendon - Transflectance B) Bovine Tendon - Transmittance

Light Microscopy Image
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Figure 19: Light microscopy image, amide | and amide |l peak integrated area and amide /Il
integrated area ratio for bovine tendon sampled in A) transflectance and B) transmittance. The

range of amide I/amide Il values is slightly larger for transflectance spectroscopy.

Amide | exhibited a maximal amplitude at angles close to 0° and 180°, and amide
Il exhibited a maximaamplitude at 90°. The positions of these maxima and the
corresponding minima are consistent with tkeown orientation of the respective
transitions moments of these bor@8]. The ratio of the amide | to the amide Il arésoa
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varied periodically, ranging from 3.6 at zero and 180°, to 1.1 at 90° for transflectance
measurementd=({gure 19A), and 3.5 to 1.4 for transmitte@ Figure 19B). This ratio is
of particular importance in evaluating the architecture of tiq29¢ so a statistical
comparison of the amide I/amide 1l ratio curves for the two modes was performed. Both

curves were welfit to cosines:

Transflectance Amidel / Amidell,,,, . = Aoy COIBow d 1/ 1owe) T Diow e
Transmittance:Amidel / Amidell g,c = Ay CO(By G4/ g ) + D,
with parameters giveim Table3. However, Ftest analysis demonstrated that

Aowe ! ABaF2 (p <0.01).

Table 3: Amide I/Amide Il cosine equation parameters for polarized tendon data collected in

transmittance and transflectance.

Coefficients ,
General Model (95% confidence interval) Goodness of fit

a=1.27 (1.02, 1.52) SSE: 191.5*
Transmittance | ( x) = a*c¢ 2=413'?289(%1é.3641,'2§).95) §M§E?93.57**

d =2.65(2.37, 2.92)

a=1.43(1.32, 1.55) SSE: 191.5*
Transflectance | f ( x) = a* c( b =1.68 (1.47, 1.89) R’: 0.9

c = 28.04 (9.82, 46.26) RMSE: 3.57**

d=2.37(2.21, 2.54)

*SSE = Sunof squares for error; *RMSE = Root mean square error

Cartilage

Polarized FTIRIS images of bovine articular cartilage were obtained to compare
tissue architecture findings in transflectance madsmittanceKRigure20A, B). Although
variations were observed, the normal zonal arrangement of articular cartilage, with

collagen fibers oriented parallel to the articular surface in the superficial zone, oriented
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randomly in the miezone, and running largely perpendicular to the articular surface in
the deep zone, can be visualized in the images obtained in both acquisition modes. The
most evident difference between the two modalities is the slightly higher valdles
superficial zone and lower values in the deep zone for transflectance mode.
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Figure 20: Light microscopy image and FTIRIS image based on amide I/l ratio at the polarization
angle of zero for bovine cartilage sampled i) transflectance and B) transmittance. Three different
zones (superficial, middle deep) can be distinguished in both modes based on collagen fiber
orientation. Red indicates higher values (collagen fibers parallel to surface), deep blue indicates
lower values (collagen fibers perpendicular to surface), and intermediate colors indicate random or

mixed orientation.

Discussion

Several methods are available to evaluate the composition of native, agghir
engineered tissues. Among them,-IRT imaging spectroscopy is extensively used to
assess cartilage, tendon and mineralized tissue composition and structure. Commensurate

with the development of advanced FTIR imaging technology over the past 25 years,
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applications that use novel data collection modalities have evolved, includingAdiBro
[127, 128] and data collection from low slideq56, 70, 129] In this study, we explored
the use of a loveost alternative to the commonly used salt windows foitFEBnalysis

of all three of these tissues. We found that results obtained using ddEs in
transmission made were not equivalent to results obtained in transflectance using low
slides, both in nomolarized and polarized IR experiments. Qualitatively, however, the
zonal structure of articular cartilage based on polarized/RF$ of collagen orientation
was smilar between the two modalities.

IR data collected in transflectance mode was found to have significantly higher
absorbances areas for the collagen amide I, Il and 1338 lands, for the PG
absorbances, as well as for collagen helical integrity (terafdy). This is consistent
with the geometry of the transflectance measurement, in which the IR radiation passes
through the samplewvice (Figure14). However, the absorbances were not exactly twice
as |l arge as for transmittance. This may Dbe
could arise for several reasons, including, d@mgtrumental deviation due to lack of
monochromatic radiationdifferences in the radiation incident angle, or interactions
between absorber moleculds80]. In addition, there may be slight differences in sample
thickness on lowe and Bafk slides, or possibly variation in chemical composition,
because of the use of differersisue sections on lo@ and Bakslides.

In addition to higher absorbances in transflectance, slight shifts in peak positions
were observed. The frequency that an absorbance peak occurs in an FTIR spectrum is
related to the interaction between the IR beard the matrix molecules, and it is likely

that light scattering plays a role in the peak shift to higher frequencies. \Wéniggfect of
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scattering can be ignored in neoattering media, tissues are indeed scattering media
[131, 132] Scattering is dependent on several factors, including the size and shape of
particles,which specific functional groups are present in the tissue components, as well
as pathlength77], which is twice as large for data collection on lewslides in
transflectance mode. In addition, any deviation from a perfect reflection from the low
slide reflective surface wddi also affect the scattering pattern. Thuatgering in soft
tissues in the present experiment is likely Rayleigh scattering, which occurs when
particles are much smaller (5 to 10%) than the wavelength of the light they interact with
[72, 133] The sizeof collagen microfibrils are ~5nm idiameter, with crosslinked fiber
diameters up to 500 nm in diamef&B4], while the wavelength of the IR radiation is in
the range of 6 microns.

The differences in the infrared spectral data acquired from the mineralized bone in
transflectance vs. transmittance were dramatic. Differences in peak shape, $8ak, po
and intensity of the mineral phosphate band were observed. In contrast to the soft tissue
data, the phosphate peak intensities were lower in transflectance compared to
transmittance, likely attributable to a different type of scattering phenonmesant in
mineralized tissue that results either from differences in the refractive indices of the
materials or from irregulanydroxyapatite (HA)particle sizes. HA, the primary mineral
component of bone, typically exists particles are on the order ®0-45 nm[135, 136]
If very irregular crystal shapes are present, scattering or dispersion within the tissue
similar to that which occurs in diffuse reflectance can o¢t@B, 137] In addition,
hydroxyapatite may exhibit Reststrahlen bands in the phosphatdabse region (960

1200 cnt), an effect attributable to a changerdfractive index which can happen in
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strongly absorbing compoun{is37, 138] Further, hydroxyapatite crystals can also cause
anomalous dispersion near an absorption band, which is known as the Christiansen effect
[139]. This would occur as a nal$ of HA crystals having a high contrast edge and acting

as a highly scattering point detewithin the matrix[137, 140] Although the specific

origin of scattering in the mineralized tissue is not knata,spectral artifacts observed

in the phosphate absorbance region in transflectance mode preclude use of-¢he low
substrate to assess mineral composition accurately.

In previous studies, infrared speadtevaluation of collagen orientation in tendon,
cartilage and bone has been performed in transmittance mode on tissues sectioned on
BaF, windows[29, 56, 84] The results from the current study demonstrate that although
the FT-IRIS-derived collagen orientation values for the amide I/amide Il area ratio were
qualitatively similar for data obtained in transflectance and transmittance, e.g. followed a
cosine curverariation, the curves were in fact significantly different. A greater range of
values was observed for the polarized transflectance measurements compared to the
transmittance measurements, in particular for therata parameters of the amide | and
amice Il absorbances. Similar to the npolarized absorbance data, these differences
arise primarily from the double pass through the tissue in transflectance, combined with
departures fr om Be elRIS golarizaion.imadées of theé daleuldte s s
amide /1l area ratio from articular cartilage sectioned on both Baé lowe slides, and
acquired in transmission and transflectance respectively, show the expected architecture
of superficial, mid, and deep zones, which are distinguished based oalldgen fiber

orientation.

59



Together, the results presented in this study confirm that, although qualitatively,
polarized orientation data for the zonal structure of articular cartilage is similar for
transmittance and transflectance, other polarized aadpolarized spectroscopic
measures of soft and hard biological tissues are not always comparable when collected in
transmittance and transflectance. Thus, caust be used if comparisons are made in

infrared spectral studies undertaken with differemé dallection modes.
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CHAPTER 5
STUDY i
Title: Clinical outcome of autologous chondrocyte implantation is correlated with

infrared spectroscopic imagirterived parameters.
(Hanifi A, Richardson J, Kuiper J, Roberts S, Pleshko N. Osteoarthritis andCartilage 2012; In Pres$

Introduction

Damage or degeneration of cartilage is frequently associated with joint pain and
with changes in the macromolecular structure and content of the primary cartilage
componentg9, 11, 12, 32, 141]it is widely accepted that cartilage injuries do not heal
spontaneouslyl1], which is related in part to the avascular nature of the tissue and low
mitotic activity of chondrocytefl42]. A variety of approaches have been investigated to
improve cartilage healing including microfractuf80], subchondral drilling[30],
osteochondral graftinf6], bonemarrow stimulation and a orsgep technique based on
bone marrowderived cell transplantatigi43]. These techniques rely on the potaintif
nondifferentiated cells located in the subchondral area to migrate into the defect region
and to differentiate into active chondrocyf@44, 145] More cell based methods for the
repair of articular cartilage have also been developed on the basis of autologous
cartilagé bone transplants or trgplantation of cultured autologous chondrocyigs,
38]. Autologous chondrocyte implantation (ACI) is being used increasingly to treat
cartilage defect$§146]. This procedure aims to stimulate autologous cells to synthesize
the extracellular matrix components of articular cartilage and to generate a zonal structure
similar to normal articular cartilag@5]. Brittberget al[38] applied the ACI technique

clinically for the first time with good to excellent results for healing. A number of studies
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followed with similar results, suggesting that ACI is an effective procedure for healing
cartilage defects of the kngkl, 40, 147, 148]

Evaluation of the success of cartilage repair procedures can include assessment of
tissue harvested from the repair site, and several scoring systems are in usei-for se
guantitative histological tissue evaluatiof®#], including the ICRS Il scorg43] ,

OO0 Dr i s c (0] &nd ©sSam3]. In general, these scoring systems consider tissue
integrity, proteoglycan staining, chondrocyte clustering, presence of hyaline cartilage,
and integration of repair with surrounding tissue. In addition, the preseniypeofll
collagen in repair tissue is an important indicator of successful articular cartilage repair
[149, 15Q, as mechanically inferior fibrocartilaginous tissue that contains type | collagen
is often produced151]. Therefore, immunohistochemical (IHC) assessment of types |
and Il collagen is often performed as w5, 52] The major drawback for both
histological and IHC asseasent is the requirement to harvest tissues for analysis, which
limits these evaluations in a clinical scenario.

Fourier transform infrared imaging spectroscopy -(RTS) has been used to
characterize the structure, distribution and orientation of exluéematrix molecules,
including types | and Il collagen and proteoglycan, in histological sections of connective
tissues[84], and in particular, in diseased and regenerative or engineered cgd@Rage
56, 83, 120, 15A456]. Further, the use of infrared spectroscopic techniques via fiber optic
enables assessment of tissues in situ, without bif§%y119] Thus, thepossibility of
utilizing these methods to monitor cartilage repair tissue quality, and thereby assist in
disease management, is attractive. In particular, if parameters derived from infrared

spectral characterization of repair tissue correlate with ibadit histologyderived
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scores or with patient clinical outcome, -FRIS would provide a means to non
destructively assess the tissue status and could perhaps predict success of the repair
procedure.

To date, there has been limited success in correl@i@gclinical outcome of
patients who have undergone cartilage repair procedures with the quality of the repair
tissue formed37, 150] The aims of tis study were, therefore threefold, maly (1) to
investigate the molecular properties of cartilage repair tissueAgisprocedure using
FT-IRIS, (Il) to assess correlations betweenIRTS-derived properties and the geld
standard techniques of histological grading and type Il collagen IkiC (HI) to
investigate if FFIRIS is a viable alternative to histological or immunochemical
assessment by exploring the relationship between histological, IHC, dRIST
assessment of tissue quality and clinical outcome.

Methods
Tissuepreparation

Patients, aged 283 years (N=14), with chondral or osteochondral defects on the
femoral condyles or trochlea, weteeated with ACI according to the technique of
Brittberg et al[38]. Full-depth core biopsy samples (1.8 mm in diameter) were obtained
from patients who had undergone ACGKKES months previously. In additiotissue from a
healthy cadaveric knee (40 year old) with macroscopically normal cartilage was obtained
within 24 hours of death from the UK Human Tissue Bank. A biopsy was obtained from
the medial femoral condyle, similar to the region most commonly treated with ACI. All
tissues obtained were under approvaltied local Research Ethical CommitteEhe

tissuesvere immediately snap frozen and stored in liquid nitrogen until processed
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Clinical outcome (Lysholm score)

Patient clinical outcome was evaluated based on the Lysholm[4201E57] The
Lysholm scale is a wellalidated functional and pain score designed for knee injuries
that has been utilized to assess the clinical outcome of ACI procedidred2] and
ranges from O (poor outcome) to 100 (best). The parameters that comprise the Lysholm
score are summarizex Table4 [158]. For each patient, the Lysholm score was assessed
at the time of surgery (preperatively) and athe time of biopsy; the difference between
these two values was reported as the actual improvement in Lysholm scoeecent p

Lysholm improvement.

Table 4. Parameters evaluated in the Lysholm score (total 100 point§)58].

Parameter Point
Limp 5 points
Support 5 points
Stair climbing 10 points
Squatting 5 points
Instability 25 points
Pain 25 points
Swelling 10 points
Locking 15 points

Histology and immunohistochemical (IHC) analysis

Seven micron thick cryosections of the harvested biopsies were stained with
hematoxylin and eosin (H®) for histologic evaluation. The semuiantitative OsScore
was utilized for assessment of tissue qudBf], and ranges from 0 (worst) to 10 (best),
based on the following features of the repair tissue: cartilage type present (hyaline
cartilage, fibrocartilage or fibrous tissue), integrity of the tissue surface, defree

metachromasia (toluidine blue or safranin O staining), formation of chondrocyte clusters,
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presence of blood vessels or mineralization, and integration with the calcified cartilage
and underlying bone.

IHC staining was performed on cryosections using antibodies specific to types |
or Il collagen. Separate tissue sections were incubated for 1 h at room temperature with
primary antibodies against type | collagen (monoclonal antihuman, clon&H6;1CN)
and against type Il collagen (CIICI; Developmental Studies Hybridoma Bank, lowa,
USA). The type Il collagen stained IHC images were scored in two ways. A semi
guantitative assessment of the percentage of area of the section of cartilage tissue which
wasimimunostained for type 11 coll agen, t er me
image analysis software (NdSlements Basic Research, Nikon, Jafdas).

A second more detailed assessment of the staining intensity in defined regions
was also undertaken on a number of samples and used to determine the relationship of the
| HC intensity (ter med -RISHd&ved paraneters.iFdrthis,scor e
each tissue section was divided into 9 regions and each region graded from 0 to 3 based
on staining intensity, where grade O represents the minimum amount of type Il collagen
staining (white) and grade 3 represents the maximurouamof type Il collagen
immunostaining (dark brown).
FT-IRIS data acquisition

FT-IRIS data were acquired in the miifrared region, 4000 800 cm', at 8 cn
spectral resolutionand 25m s pat i al r e-aduéddsdans par pixelywsingla 2 ¢
Spectrum Spotlight 400 FIR imaging spectrometer (Perkin Elmer, CT, USA). Polarized
FT-IRIS data were collected with an infrared polarizer inserted in the beam path. Data

collection time was approximately 30 minutes per sample.
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FT-IRIS data processing

FT-IRIS images were created based on vibrational absorbances for the specific
molecular components of interest in cartilage using ISys software v5.0 (Malvern
Instrument, Columbia, MD]6].

Several studies have utilized IR spectroscopy to assess the composition of
cartilage, based on absorbances from different components. An earlier study from our lab
where spectroscopic evaluation of mixtures of pure collagen and aggrecan (the major
proteogly@an (PG) in cartilage) was performed demonstrated that the integrated area
under the protein amide | band (152418 cn') correlates with collagen conteg]. In
the same study, it was shown that the integrated area of the infrared vibration from the
sugar ring absorbance of PGs in the range of 9850 cnt correlates with PG content.
Although more recent studies have shown some improvement in specificity of PG
assessment using multivariate methodolfif3], the PG parameters used in the current
study have been validated by correlation to both biochemicalhetdlogy data[83,

152]. The ratio of the integrated area of the PG absorbance to the amide | collagen

absorbance (PG/Am ) was evaluated to obtain tregivel quantity and distribution of

the PG component with respect to collagen. The area under the infrared absorbance
centered at 1338 ¢M(1326 1356 cn), a feature attributed to GKidechain vibrations

in collagen, has previously been shown to deer@gatensity as collagen denatuf8g,

90], and thus is related to whether the collagen triple helix is intact. This absorbance was

ratioed to the amide Il band (149594 cnT) to evaluate the helical integrity of

coll agen, and defiPed as fAcoll agen integr.i
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The area ratio of the amide | and amide Il absorbances from collagen were used to
create the images from the polarized data. It has preyibesin shown that this ratio can
be used as an index of collagen fibril orienta{i®]. The collagen fibril orientation was
defined as: (1) an amide |/ 11 pol ari zed
articular suf ac e, (1 1) an amide I/ 11 ratio O1.7
articular surface, and (iii) amide I/Il ratios betweeni2.7 indicative of random or
mixed fibril orientation29].
Statistical analysis

A Pearson coelation analysis was used to assess the relationship between the
FTi IRIS data, Lysholm score improvement, histology OsScore and IHC data. Mean
values, pvalue and 95% confidence intervals (95% CI) were calculated for descriptive
statistics. To assess wher FFIRIS derived data have the potential to replace
histological and immunohistochemical assessment, a multiple linear regression analysis
was used to investigate the relationship between tissue quality as reflectedRISFT
derived properties, OsS& or IHC data, or a combination of these data and the clinical
outcome (Lysholm score improvement). In this analysis, Lysholm score improvement
was regarded as the dependent variable and all other variables as independent. The
strength of the relationgts was assessed based esgRared (B values and root mean
square errors (RMSESs) of the models from the regression analysistesh\was used to
assess whether addition of extra variables improved the models signifi¢ab8ly
Significance was determined at<0.05 for all analyses. All data were analyzed in

Unscrambler X software (Camo, Norway) and Microsoft Excel 2010.
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Results

There was a wide range of change in Lysholm scores following treatmdnt wit
ACI, with an improvement in Lysholm score occurring in 11 of the 14 patients (79%;
Figure21A). There was no significant correlation between the percentage improvement
in Lysholm score and the age of the patiémngre21B, R = 0.1, 95% C10.43 to 0.58, p

=0.72), or time of biopsyHigure21C, R = 0.0295% CI-0.49 to 0.52p = 0.94).
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Figure 21: Percentage Lysholm score improvement-85 months postACI treatment A) for each

individual patient, B) versus patient age, and C) versus time of biopsy.

Immunohistochemical staining demonstrated the presence of types | and Il
collagen in the tissugamples Figure22). Thetype Il collagen immunostaing typically
occurred in the lower part of the biopsy core, close to the underlying bone, covering an
average of 60% area of the cartilaginous section, while staining for type | collagen was

present throughout the majority of the cores.
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Type Il Collagen IHC staining

Type I Collagen IHC staining

Figure 22: IHC staining for type | and Il collagen of a subset of ACHreated biopsy samples.

FT-IRIS analysis demonstrated tleatlagen Figure 23A) and PG Figure 23B, C)
were also distributed zonally in the repair tissue, wherne @oundant collagen and PG were
present in the middle and deep zones of the cartilage, respectively. Both PG and collagen
content were higher in the normal cartilage sample compared to repair cartilage biopsies.
Collagen helical integrity was also greatethe normal cartilage compared to repair tissue
(Figure 23D). In contrast to normal cartilage, where the collagen fibrils were oriented
parallel to the articular surface at the superficial zone, random in the middle, and
perpendicular to the surface in the deep zone, there was no completely normal zonal
distribution of collagen fibril orientation in the repair tisssamples Kigure 23E). Most
repair biopsy samples showed the-IRTS parameter reflecting collagerodirs to be more
randomly oriented through the full depth of tissue than in normal cartilage.

FT-IRIS derived PG/Am | integrated area ratio, indicative of the relative
PG/collagen antent of the repair tissue, was highest in the tissue adjacent to thevbone
all samples Kigure 24A). Similarly, there were higher values for the collagen helical
integrity in the areas near the bone than elsewhere imefrear tissue Kigure 24B).
Qualitatively, the distribution of both these parameters was very similar to the

distribution of type Il collagenFigure24C).
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Figure 23: FT-IRIS images from a subset of ACitreated biopsy samples and from normal cartilage.
The red and dark blue in the color scales indicate the highest and lowest content, respectively, for A)
collagen, B) PG, C) relative PG, D) collagen helical integrity, and E) collagen fibril orientation, where
values less than 1.7 indicate fibers perpendicular to the surde, between 1.7 and 2.7 indicate
randomly aligned fibers, and larger than 2.7 indicate collagen fibers with orientation parallel to the

articular surface, respectively.

Histology showed that generally, the surface zone was smooth and there was good
basal ntegration between the repair tissue and the underlpmge Figure 24D).
OsScore values ranged from 2.5 to 9, with cartilage morphology being predominantly
fibrocartilage in eight cores, hyaline cartilage in three cores, and a mixture of hyaline and

fibrocartilage morphology in the remaining four cores.
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Figure 24: FT-IRIS derived parameters from a subset of ACltreated biopsy samples. A) PG/collagen
content, and B) collagen helical integrity. Corresponding IHC image of C) collagen type Il staining,
and D) histology image of H & E staining.
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Figure 25: Correlation of IHC area and intensity scores for type Il collagen with FFIRIS-derived
parameters and histology or immunohistochemistry scores; A) IHC intensity score vs. PG content, p
< 0.0001 (95% CI: 0.93 to 0.97), B) IHC itensity score vs. collagen integrity, p < 0.0001 (95% CI:
0.96 to 0.98), C) IHC area score vs. OsScore, p = 0.001 (95% CI: 0.43 to 0.93).
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TheHC intensity score was significantly correlated with PG/Am | (R=0.95, 95% CI
0.93 to 0.97, p<0.000Eigure 25A), with collagen helical integrity (R= 0.97, 95% CI 0.96
to 0.98, p<0.0001Figure 25B) and with the OsScore (R= 0.78, 95% CI 0.43 to 0.93,
p=0.001,Figure25C). Percentagenprovement in Lysholm score from pre to pistment
(at the time of the biopsy) was significantly correlated with collagen helical integrity (R=
0.78, 95% CI 0.43 to 0.93, p=0.0GEgure26A), PG/Am | (R=0.69, 95% CI 0.25 to 0.89,
p=0.006,Figure 26B), the IHC area score (R= 0.70, 95% CI| 020190, p=0.005Figure

26C), and the OsScore (R=0.68, 95% CI 0.25 to 0.88, p=CFif§iTr,e26D).
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Figure 26: Correlation of FT-IRIS derived parameters with percentage Lysholm score improvement
(LSI) and IHC area score values; A) Collagen integrity vs. percentadeSl, p = 0.001 (95% CI: 0.43
to 0.93), B) PG content vs. percentageSl, p = 0.006 (95% CI: 0.25 to 0.89), C) IHC area score vs.
percentagelLSl, p = 0.004 (95% CI: 0.27 to 0.89), D) OsScore vs. percentddsl, p = 0.006 (95% CI:

0.23 t0 0.88).
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In line with the correlation analysis, regression models for the relation between
percentage Lysholm score improvement (LSI) as dependent and either OsScore, IHC area
score or the FIRIS parameters as independent parameters all reached significance
(Equation 1 Table5). Once the information from the HRIS parameters was taken into
account, addition of the IHC area score, the OsScore or both, slightly increased the
coefficient of determination @ of the relation between the indeypient parameters and
the LS| Equation 4and Equation 5 Table 5). However, this increase inRvas not
significant (p=0.07 or moréable5).

Equatbn 1

LSI=9.22 * OsScoré 33.89

Equation 2

LSI=0.47 * IHC area score15.17

Equation 3

LSI= 16.95 + 0.95* PG/Am | + 1.56* Collagen integrity

Equation 4

LSI=12.72 + 0.51*IHC area score + 0.325* PG/Am | + 1.57* Collagen integrity
Equation 5

LSl = 3.41+ 2.57*0OsScore + 0.4*IHC area score + 0.325* PG/Am | + 0.968* Collagen integrity
Discussion

In the current study, we found that the ACI procedure improves clinical outcome
as measured using the Lysholm score in the majority of patients. The repair tissue was
generally composed of both type | and Il collagen, with highest concentrations of type Il

collagen in the cartilage deep zone near to the calcified tissue. The type Il collagen
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distribution was similar to the relative proteoglycan/collagen and helical integrity maps
obtained from the FIRIS data.

Table 5: Regression aalysis parameters for prediction of Lysholm score improvement with

histology, IHC and FT-IRIS variables.

. . 95% Cl of 2 p value p value
Variables R correlation R RMSE (Regression) (F-Test)
Histology 0.68 | 0.230.88 | 0.48| 6.60 0.006 -
IHC 0.70| 0.27-0.89 | 0.5 | 7.07 0.004 -
FT-IRIS 0.81| 0.490.93 | 0.66| 4.52 0.002 -

Compared to:
Histology + FT-IRIS 0.82| 0.51:0.94 | 0.67| 4.88 0.003 Histology: 0.12
FT-IRIS: 0.11
Compared to:
IHC+FT -IRIS 0.84| 0.550.94 | 0.71| 4.72 0.004 IHC: 0.15
FT-IRIS: 0.11
Compared to:
Histology: 0.18
Histology +IHC+FT -IRIS | 0.85| 0.580.95 | 0.72| 3.63 0.013 IHC: 0.094
FT-IRIS: 0.081
IHC+FT-IRIS: 0.07

* Histology: OsScore; IHC: Immunohistochemistry area scorelF¥ parameters: PG/Am | and collagen
integrity; R = Correlatiorcoefficient; R= Coefficient of determination; RMSE = Root mean square error
of prediction.

Parameters calculated from the-HRIS data correlated highly and significantly
with the histological and immunohistochemical data as characterized by OsScore and
IHC Area, respectively. All three also correlated highly with the clinical outcome
characterized by increase in Lysholm score fp@sttment. Multiple regression analysis
showed that once the information from the-IRIS parameters was taken into account,
information from neither the OsScore nor the IHC score could significantly improve the
relation between FIRIS and clinical outcome.

Repair procedure®r articular cartilage are particularly useful when the function
of the joint can be significantly regered and progression to joint degeneration can be
inhibited or slowed30]. It is important to monitor clinical progress, as well as tissue

changes, podteatment. In the current study, clinical improvement occurred in 79% of
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patients, similar to previous studies that reported a 65 to 90% success rate of ACI
treatmentg11, 40, 147] However, the range of values for magnitude of improvement is
large, underscoring both the subjective nature of assessment, and the heterogeneity of the
population and procedure. Increased understanding of the molecular basis that underlies
the clinical improvement could aid in the management of the repair process.

Immunostaining using antibodies that react with specific collagen types have been
widely applied to assess collagen distribution in both normal and repair caja(jgin
the current study, immunopositivity for type | collagen occurred throughout the majority
of the graft tissue, while type Il collagen staining was primarily concentrated to the lower
regions of the cartilage nearest the bone. Hence, a combination of typpetype Il
collagen was seen in all samples evaluated in this study. This reflects the presence of
fibrocartilage, which, although not desirable, may go on to mature to hyaline cartilage in
some of the repair tissue, a phenomenon that has been repovied$y435, 52, 149]
Sincetype Il collagen is typically present in hyaline cartilage, it appears that the tissue
remodeling may be originating from the cartilage deep zone, at thechdilage
interface. Nonetheless, a greater amount of collagen type Il in this sample setkeds li
to a greater improvement in Lysholm score. Unfortunately, since histological analysis
and immunostaining require actual tissue sections and corresponding removal of some
repair tissue, it is unrealistic to expect these assays to be performed ima ctinical
procedure.

FT-IR imaging spectroscopy has been used in cartilage tissue assessment for over
15 years. The cartilage repair process has been evaluatedIBY3-ih two preclinical

studies in rabbit models by Kim et HI52], and by Terajima et a[160]. In the Kim
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study, it was shown that FHRIS analysis combined with MRI T2 can be utilized to
assess progression of the repair process at tHecudar level as an important step
towards improved monitoring of repair tissue maturation. In the Terajima studRIBT
evaluation of repair tissue was compared to biochemical analysis of collagetird®ss

and composition. Although the HRIS parameers paralleled the biochemical collagen
data, there was no correlation with a previously described Rl S fcr ossl i nk o
validated for type | collagefi56] and biochemical crosslk data, likely due to the
combination of types | and Il collagen in the repair tissue. Clinically, cartilage repair
tissue has not been evaluated byIRTS extensively, although studies of degenerated
human cartilage tissue have shown thatlRTprovides quantitative information on
compositional changes of collagen and proteoglycan. In general, damaged tissue shows
changes in collagen quantity and distribution, in collagen fiber orientation, and loss of
PGs[32, 82, 107]

The similar correlation found between #HIS-derived molecular parameters (of
both relative pratoglycan/collagen content as well as the collagen helical integrity) with
improvement in Lysholm score, compared to that seen with thedgi€mined type I
collagen content or OsScore for histology evaluation, indicates the potentia|IBAST
as a moday for assessing repair tissue. Moreover, our work suggests that
immunohistochemistry and histologlerived scores provide very little additional
information to that derived from the HRIS parameters. It should be noted that recent
studies have utiliz& other FFIRIS determined parameters that can be more specific for

assessment of PG content in cartilage under certain cond[io8s 153] The data
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presented here reflect an assessment of P@veela collagen, which is likely to be an
important indicator of the quality of the repair tissue.

In addition to the data on the distribution of the macromolecular components of
the repair tissue, FIRIS allows an assessment of orientation of colldd®ils, which is
an important indicator of tissue integrity and functid®1]. In contrast to normal
cartilage, the majority of collagen fibrils in the repair tissue showed a random alignment,
with little zonal stratification. Furtheicollagen fibrils with an alignment parallel to the
surface were found in the deeper regions, as opposed to on the surface, reflecting a
suboptimal tissue organization, as assessed BIJRFS, regardless of collagen type.
Collagen fiber orientation studieusing polarized light microscope and magnetic
resonance imaging have suggested that the collagen fibers in normal cartilage curve from
being perpendicular to the surface in subchondral regions to being parallel to the surface
at superficial regiongl62-164], which is similar tohe orientations found in the normal
tissue analyzed in this study. Further, it has been shown that the orientation of collagen
fibers is a key determinant of their functionality in cartildt4?]. Therefore, improving
the zonal stratification in repair tissue would likely enhance the tissue quality.

Interestingly, the collagen integrity @ameter was greater in regions where type Il
collagen was more prevalent. Previous work on the origin of this molecular parameter
found that a reduction in the ratio of the 1338'@bsorbance to the amide Il absorbance
was related to type Il collagen dagation[56]. However, assessment of the differences
in absorbance in this spectral region between type | and type Il collagen has not yet been

investigated. Based on the current resuttss possible that changes in the spectral
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signature of the 1338 chrpeak from the collagen molecule can be used as an indicator of
the presence of type Il collagen in repair tissue.

Improvement in Lysholm score was significantly and positively coedl&h the
collagen helical integrity, to PG/collagen content, IHC area score and OsScore. Together,
these data suggest that improvement in clinical outcome is related to the amount of
hyaline cartilage in the repair tissue. Hyaline cartilage gives theedelsiomechanical
and viscoelastic properties to repair tissue which ultimately determines its quality, and
the clinical outcome of cartilage repair procgkd. Henderson et al. have also found that
improving the clinical outcome of ACI treatment is related to the amount of hyaline
cartilage in repair tissug.65].

Correlations of FIIRIS-determined PG composition to cartilage histology data
based on Alcian blue and Safranin O staining have been demonstrated prd@@usty
103], but the currentstudy is the first to show direct correlations between -IHC
determined type Il collagen and two different-FRIS parameters, relative PG/collagen
content and collagen helical integrity. Thus, the present data demonstrate the feasibility
of assessment of ¢hquality of the repair tissue peSCl using a spectroscopic method
without the need for biochemical assays and histology or immunohistochemistry. Clearly,
the ability of infrared spectroscopy to probe several macromolecules simultaneously
makes this a g powerful tool for assessment of repair tissue.

In spite of the advantages of RIS in evaluating posAClI repair tissue, there
are also limitations to the use of this technique. Although we were able to assess tissue
properties, there are some paréeng that we cannot obtain information on, such as how

well the repair tissue integrates laterally to surrounding normal tissue, and mechanical
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competence of the tissue. Here, with FTIR imaging spectroscopy, we were able to
determine the tissue compositiahrelatively high pixel resolution (25 micron sampling).
However, when transferring this methodology to an infrared fiber optic probe, the region
sampled will be in the order of ~ 1 mm diamgtel9], and thus only a few spectra per
area of interest will be obtained. Further, the 4midared fiber optic probes that are
commercally available acquire data in reflectance or attenuated total reflectance mode,
which enables sampling of the tissue surface only. Nonetheless, infrared fiber optic probe
spectra collected from the cartilage surface in degenerative cartilage have heerticsho
correlate to fulldepth tissue composition, and as well as having the advantage of being
non-destructive, also has the advantage of data acquisition in approximately one minute
[119]. Using a near infrared probe, it would be possible to do full depth sampling, but
data interpretation is not as well understood as that in mividred regior{166]. Further
development of the fiber optic technique for repair cartilage assessment wolité requ
additional validation, but such advances could result in an important prognostic tool to

accurately predict the likelihood of treatment efficacy in adestructive manner.
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CHAPTER 6
STUDY Il
Title: Infrared fiber optic probe evaluation of degetigemcartilage correlates to
histological grading(accepted with minor revision, American Journal Sports Medicine)
Introduction

Articular cartilage provides frictionless movement between joints while
withstanding repetitive mechanical stress. Cartilage very limited capacity for self
repair, so the endtage of degeneration, as a result of injury or osteoarthritis (OA), often
leads to total knee arthroplasty (TKADA of the knee is also one of the most common
causes of mobility restriction in the Wed Stateg167] and the number of primary TKA
procedures is projected to grow to 3.48 million by 2(38B].

Initial treatment of degenerated cartilage consists of symptomatic pain relief through
the use of antinflammatory agentgl69]. For most ofthe cases arthroscopic procedures are
performed to minimize the impact of articular cartilage irregularities. Success of these
procedures, which include joint lavage and debridement and smoothing of roughened
cartilage surfaces, has been varigb¥].

At the microscopic level, istologic features of osteoarthritic cargk include a
damaged collagen network, loss of cartilage zonal properties, decrease in proteoglycan
(PG), and proliferation of chondrocytgss9]. Detection of such matrix changes in the
early stages of OA, when treatment may prevent further cartilage damage, is critical for
OA management. For arthroscopic repair, knowledge of specific ultrastructural changes
would be extremely beneficial in makirgdgcisions regarding salvaging or removing

cartilage and meniscus.

80



Several imaging techniques, including magnetic resonance imaging (MRI),
ultrasound, and computed tomographic arthrography, have been explored to characterize
early signs of OA, with noimvasive MRI being the most widely us¢sb, 171174].
Historically MRI has been used as a method for anatomic analysis, with the effect of
disease progression on cartilage being evaluated with respect to such parameters as
cartilage volume, thickness and surface characterigti;sl 75] More recently, MRI has
been used to study not only anatomy, but also biophysical properties of cdtilége
177]. While it is clear that MRI has the potential for early detection of molecular changes
based on such properties, MRI clinically applicable methods for widespread use have not
yet been established.

Fourier transform infrared (FIR) spectroscopy has beenedsextensively in
recent years to characterize the structure and composition of normal and diseased
cartilage. This technique provides information about the molecular structure of
biomolecules, and is sensitive to compositional alterations in the tissuadtompany
disease. Many studies use-F imaging spectroscopy (FIRIS), a technique which
couples an FAIIR spectrometer to an array detector and an optical microscope, thus
allowing mapping of specific molecules in the tissue at high pixel resolutitiiin a
defined region of intere$®9, 56, 83, 84, 92, 120, 123, 152, 156,-1'83]. An additional
advantage of FIR is the coupling of an infrared fiber optic probe (IFOP) to an FTIR
spectrometer. This device provides spectral acquisition from intact tissues in situ, with
the potential foin vivo assessments.

Our laboratory has previously reported the application of an IFOP to evaluate

degenerative cartilage in harvested human tissues, in addition to identification of specific
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spectral parameters that are related to early collagen dagref@2, 119] A partial least
squares (PLS) analysis method was used to correlate spectral data acquired from an IFOP
to the Collins visual score for degenerative cartilage. Further studiesperdoemed to

monitor disease progression in an OA rabbit m¢#i2B], where a PLS model based on

IFOP data obtained from femoral cartilage yielded a correlation to disease course with an
accuracy of over 90%. Together, these studies support the potential use of an IFOP for
clinical diagnosis and therapeutic evaluation.

Ideally, IFOP investigations of cartilage would vyield information on
compositional changes in the tissue at the time of arthroscopy, and would therefore aid in
disease management. Accordinghis study investigated changes in the structure and
composition 6 articular cartilage from human knee joints with early and progressively
severe degrees of OA using an IFOP, and compared data to histological grading and FT
IRIS data. The primary goal was to establish correlations between IFOP analysis of
cartilage anda gold standard method of assessment of OA progression, histological
evaluation according to Mank[A9].

Methods
Human tissuecollection

Under an IRBapproved protocof#28006) human tibial plateaus were acquired
from 61 male and female patients,-&b years of age, undergoing knee replacement
surgery. The tibial plateaus weramediately brought to the laboratory once harvested,
visually examined and regions of interest identified and graded using the Collins visual
grading system based on the severity of cartilage softening and gefjioGrades 0, 1,

2, and 3 represent a normal surface, slight superficial swelling or fibrillation, deeper
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fibrillation or serious fibrillation, respectively. Digital photographs were obtained from

each specimen to record the position of speatrquisition Figure27).

Figure 27: Tibial plateau used for spectroscopic analysis with the positions of data acquisitichown.
Region | = Collins score 1, modified Mankin score (MMS) 4, region Il = Collins score 1, MMS 4, and

region Ill = Collins score 2, MMS 5.5.

IFOP data acquisition

The design of the IFOP system has been described previdd$ly Briefly, a
Bruker infrared spectrometéBillerica, MA) equipped with a mercury cadmium telluride
(MCT) detector was coupled to a fiber optic probe, the end of which is-@pf@d ZnS
attenuated total reflectance (ATR) crystal of 1 mm diameter. The tip of the probe was
placed in direct coatt with individual regions on the tibial plateau specimen. Contact
between the ATR crystal and the tibial plateau cartilage was controlled-bylads cell
with pressure controlled at 0.7 Ib. Infrared data collection was initiated after a period of ~
60 seconds of contact between the cartilage and crystal to permit relaxation of the

cartilage around the crystal t{i82]. Spectral acquisitio from 4000900 cni* with a
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spectral resolution of 8 cfrtook approximately 1 minute for 256-@nlded scans. Two to
three regions from each tibial plateau were selected for sampling-arspdctra/region
were collected. A total of 152 infrared spectraraveised in the analyses, which
corresponds to the number of spectra associated with tissues that were histologically
graded by two independent observers.
Tissueprocessing

Immediately following IFOP data acquisition, fulepth cartilage explants were
harvested with a 5 mm diameter biopsy punch from the regions of the tibial plateau from
which IFOP data were acquired. Explants were embedded in paraffin following tissue
dehydration with 80% ethanol, PG containment using 1% cetylpyridiniumcholoride
(CPC),and decalcification with 10% EDTA/Tris buffer. Histological sections were cut
perpendicular to the articular surface with thickness of 7 microns (fdRFH) and 6
microns (for histology) and mounted onto Bakrared windows and glass slides for-FT
IRIS and histological analysis, respectively. All sections were deparaffinized using
gradual washes of xylene and ethanol prior tellRIE measurements.
Histological evaluation

Histological sections were stained with safranin O and with hematoxylin and
eosin (H&E) for evaluation of PG content, and tissue and cellular morphology. The
stained tissue slides were evaluated by two investigators in a random andobléatt
manner according to a modified Mankin grading system. The histological Mankin score
is a stadard grading system for cartilage based on structural fissuring, cell cloning, loss
of PG, and tidemark integritj49, 182] The modified Mankin scoring (MMS) system

used in the current study ranged from Grade 0, which represents normal cartilage, to
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Grade 13,which represents severely degradedtilage (Table 6). A final MMS was
calculated as a mean of the two evaluations. Interobserver agreement wiestezhlc
using the Fleiss weighted Kappa statisfit83]. Correlations between individual
components of the MMS and the total MMS were investigated using a Pearson

correlation withsignificance determined at the p<0.05 level

Table 6: Modified Mankin Score [49, 182]

Structure II. Cells

Normal (0) a. Normal (0)

Surface Irregularity (1) b. Diffuse Hypercellularity (1)
Clefts to Transitional Zone (2) c. Cloning (2)

Clefts to Radial Zone (3)
Clefts to Calcified Zone (4)
Complete Disorganization (5)

. Safranin-O Staining
Normal (0)
Slight Reduction (1)
Moderate Reduction (2)
Severe Reduction (3)

. Tidemark Integrity
Normal/Intact (0)
b. Duplicated Tidemark (1)
¢. Vascular Invasion Through one Tidemark (2)
d. Vascular Invasion Through Second Tidemark |

p=rP o0 T -

ooz

Partial leastsquares (PLS)analysis

IFOP spectra (n = 152) obtained from tissues with modified Mankin scores that
ranged from 2 10 (this was the full range of MMSs found in tissues used in the current
study) were analyzed using a partial least squares (PLS) regression algdrdi®ni23]
Prior to PLS analysis, spiea were processed by a multiplicative scatter correction
(MSC) and 13point Savitzky Golay second derivative calculatioks absorbances from
molecules in varying tissue environments can contribute to the broad contours of infrared
spectral bands, applygna second derivative calculation to the spectra can essentially
improve the spectral resolutidd04]. Several frequency regions were investigated for

analysis, and ultimately, the preprocessed values for frequencies in the region of 1800
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984 cm® were used as variables to predict the agerMMS of two investigators. This
frequency range includes absorbances from all primary matrix components of cartilage.
A leaveoneout cross validation was used to create three separate PLS models. Each of
the three models included data from 100 rangachbsen spectra, with the remaining 52
spectra serving as an independent prediction set. The number of factors for all models
was calculated to be seven, based on the minimal residual sum of squares egjor (SS
calculated as follows:
Equation 1
SSi= Bexpdmdbiai Y predicion@)> (i : number of samples = 1 to N)
Y experimenty = the actual modified Mankin score (MMS) for th& sample in the
experiment. Yrediction() = the predicted MMS for the correspondiffgsample.
N = total number ofamples

Based on a leverage versus residual scatter plot of the PLS [@6[elo outliers
were detected in the PLS cresdlidation models. The quality of the models was
evaluated by assessnteof the root mean square error (RMSE), and the regression
coefficient () of the cross validation model. RMSE measures the precision of the model
and is calculated according to the equation below:

Equation 2

RMSE = 2 (i: number of samples = 1 to I\)84, 185]

The quality of the independent prediction of each sample MMS was assessed by
evaluation of the root san square error of prediction (RMSEP) and the correlation

coefficient (R). The averaged results from the three PLS models are praserabte?.
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For comparison, an analysis was also done using the MMS of Observer 2 as the response
for the prediction of Observer 1 MMS. The Unscrambler software (CAMO Software,
Oslo, Norway) was used for all calculations.
FT-IRIS data acquisition and processing

FT-IRIS data were collected from a subset of histological tissue sections cut at 7
microns thickness with 8 chspectral resolution and 6:28n pixel resolution using a
Spectrum Spotlight 300 FIR Imaging system (Perkilmer, Bucks, UK), which couples a
FTIR sgectrometer with an array detector and a light microscope. PolarizdRI&T
measurements were performed with a polarizer inserted in the incident light JafFigii@
28 illusturates a typical FTRIS spectrum of cartilage where the bands associated with the

vibrations of collagen and the proteoglysaigar ring absorbances are labeled.
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Figure 28 Typical IR spectrum from articular cartilage. The absorbance bands associated with

collagen amide and side chain vibrations, and proteoglycan sugar vibrations, are shown.
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IR images were created based on the area under each absorbance peak or peak
height ratios according toreviously established protocdB6] using ISys software v4.0
(Malvern, UK). Integration of the areas under the bas&loreected protein amide | band
(15987 1710 cnt) and the sugar absorbance region of B350 cni were used for
correlatims to collagen and PG, respectively. The area ratio of the IR absorbance
centered at 1338 cM(1300i 1356 cm'), which arises from collagen side chain
vibrations, to the amide Il absorbance (1499598 cni') was calculated to evaluate the
helical integity of collagen, a parameter previously shown to correlate to collagen
degradation in cartilag@0]. The peak height ratio in the amide | band at 1660/1698 cm
was used as an indicator of collagen matufit86]. Collagen fibril orientation was
cdculated as the ratio of the area ratio of amide | and amide Il bands of the polarized IR
images. The collagen fibril orientation was quantitated as fibrils parallel to the articular
surface for an amide |1/ 11 pothaarticuaresdrfaceat i o
for an amide | /11 ratio O1.7, and random c
between 2.771.7[29].

Statistical analysis

FT-IRIS parameters were calculated for Mangnaded samples at each pixel. All
data are presented as mearstandard deviation. Statistical comparisons among the
grades were performed by one way ANOVA followed by Bonferroni correctionhmast
tests for comparison of groups with values significant at the p < 0.05 level. A Pearson
correlation was performed tosess the relationship between individual components of

the Mankin score and the total Mankin score.
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Results
Histology grading

Modified Mankin scores of the tissues ranged from 2 to 10, and the weighted
interobserver agreement between graders was 86%, whichtegorized as excellent
agreemen{183]. In general, tissue thickness decreases and fibrillation increases with
increasingdegradation Kigure 29A, B). Correlation between MMS and Collins visual
grade did not reach significancB € 0.29, p = 0.09Figure 29C), indicating thathe
visual grade of the tissues may not reflect microstructure and composition.

The greatest correlation between an individual component of the MMS and the
total MMS was withstructural fissuringRR = 0.64,Figure 30A), followed by tidemark
integrity R = 0.60,Figure30B), cell cloning R = 0.50,Figure30C), and PG contenR
= 0.40, Figure 30D). All individual components were significantly correlated to total
MMS (p < 0.01).

PLS analysis of IFOP spectra

Qualitatively, progressive changes are seen in several regions of IFOP spectra
from tissues with increasinglegradation Kigure 31), including differences in the
contours and relative intensity ratios of the amide | and amide Il absorbances. It is known
that there is a strong infrared water absorbance that overlaps the protein amide | region
[82], and this likely contributes to the observed spectral changes. In addition, fewer
distinct spectral features are observed across many frequencies in the more degraded
tissues with higher MMSs. Together, these observations support the use of a multivariate

analysis to evaluate spectral changes.

89



. 3
10
=
.
2 . $
v g * *
= *
X + . *
c pe R=0.29
g 6 - . .
* . *
- * *
:__’ P
= 4
5 * *
g . $
. .
2 A . .
0 . : )
0 ! 2 3 4

Visual Grade

Figure 29: A) Safranin O stained images of tibial plateau cartilage tissue sections with modified
Mankin scores (MMS) of 2 to 10. In general, tissue thickness decreases with increasing MMid
surface fibrillation increases. *The surface of the tissue section is marked for clarity. B) Safranin O
images of tissue with MMS 2, 5 and 10 with higher magnification that show increasing surface
fibrilliation with increasing MMS. C) Correlation of Collins visual score with MMS did not reach

significance ( p = 0.09).
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Figure 30: Correlation of indvidual components of the modified Mankin score (MMS) with total
MMS: A) Structure, B) Tidemark C) Cell cloning and D) Safranin-O. Surface structure shows the
highest correlation with histological grade of the tissue, but all individual components were

significantly correlated with MMS (p < 0.01).

Amide I/'Water

Amide Il

Side Chains

9]

rade 3

|

Absorbance

Grade 6

Grade 9

1984 1784 1584 1384 1184 984
Wavenumber (cm-?)
Figure 31: IFOP spectra obtained from tibial plateau cartilage with modified Mankin scores of 3, 6
and 9, which are vertically offset for clarity. Changes in spectral features, such as relative peak
height and contour of the amide I/water and amide Il absorbances, and reduced spectral features

across the rest of thespectral frequencies, are evident with OA progression.
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The PLS models were able to predict the Mankin score with an average prediction
error of 1.41. The average percentage of correctly predicted tissue grades for the three
models was 72%, and the average percentage of tissue grades that were predicted within
one of their actual grade w&6% (Table 7). Interestingly, the percentage of correct
predictions was lower when the MMS of Observer 2 was used as the response to the
prediction of the MMS of Observdr (Table7). In this case, the average percentage of
correctly predicted tissue grades was 63%, and the average percentage of tissue grades
that were predicted within one of their aatgrade was 89%.

Table 7: Averaged parameters of PLS croswvalidation and prediction models* for modified Mankin

score (MMS).

PLS Parameter

A R®of test model (calibration) 0.69
B RMSE 1.06
C R?of validation 0.53
D Correlation coefficient 0.74
E Factors 7

F RMSEP 1.41
G Percent correct PLS spectral predictions 72%
H Percent correct PLS spectral predictions within one grade of actual MMS  96%
| Percent correct predictions of Observer 2 MMS by Observer 1 MMS 63%
3 Percent correct predictions of Observer 2 within one grade of actual MMS 89%

using Observer 1 MMS

* Multiplicative scatter corrected (MSC) second derivative spectra were used in all models. Cross
validation models were created from ~2/3 of the total data set (100 spectra) of 152 spectra, and the
remaining 52 spectra used for independent predictioranaers AE were calculated from the cress
validation models. Root mean squaneor (RMSE) of validation was measured to determine the overall
error of the model. Parameter F, the root mean square error of prediction (RMSEP), was calculated from
the indegndent prediction of 52 spectra.

FT-IRIS analysis

FT-IRIS analysis was performed on a subset of tissues to assedspthlltissue
compositional changes. In general, average collagen content was variable, but greater in some
of the more degraded tissues with a higher Mankin score, a phenomenon likeltabte to

decreased relative amount of superficial and midzones in these tissues. PG content was also
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very variable(Table 8). However, no significat differences in collagen or PG were found at
any timepoint. Collagen integrity also did not differ among the tissues. However, collagen

maturity significantly decreased with increasing MMS (p= 0.082yufe32).

FT-IRIS Collagen Maturity
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Figure 32: A) FT-IRIS images of collagen maturity (1660/1690 cil) obtained from thin sections of
tibial plateau articular cartilage with modified Mankin scores (MMS) 2-10. The color bar indicates
the pixel intensity ratio values, where red indicates the highest and dark blues indicates the lowest
values. B) FT-IRIS-derived values of collagen maturity averaged over the full depth of cartilage
versus MMS. Data are plotted as meaf standard error (* p < 0.05). In general, collagen maturity

decreases as MMS increases.
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Table 8: FT-IRIS measurementsof full depth cartilage parameters.

Collagen Collagen

MMS | N | Collagen PG Integrity Maturity

Parallel Random Perpendicular

2 5| 26.6#4.6 | 3.840.6 | 0.0244€.003 3.240.1 35.0648.8 | 58.3#13.1 6.641.2

3 3| 245+£3.1| 3.8+0.4 | 0.023#€.003 3.040.2 32.9#13.05 | 67.0#13.03 0.0140.02*

4 3| 30.84.7 | 54+40.2 | 0.016#€.013 | 3.040.05 36.4#18.9 62.6417.5 0.841.4*

5 2| 43421 | 5.8+0.2 | 0.0216€.005 3.040.0 2.5#1.3* 77.5419.4* 19.9418.03*

6 3| 24821 | 4.2+0.6 | 0.018€.005| 2.940.1* 10.1+10.9* | 88.9411.06* 0.940.6*

7 3| 48.7483.4 | 8.0+0.6 | 0.023€.002 | 2.940.1* 12.2#42.8* 75.22.6* 12.441.4

8 3| 28.84.9 | 4.3+0.2 | 0.022#€.002 | 2.940.1* 8.541.6* 91.44.6* 0.0026.00*

9 3| 19.3#.3 | 3.7+0.7 | 0.0296€.011 | 3.0#0.05 | 9.6#13.03* | 72.3R.1* 17.1#45.2

10 3| 51.1483.0 | 5.8+0.1 | 0.025:6€.000 | 2.8340.03* | 7.0#4.1* 52.327.5 40.6431.3*

MMS = Modified Mankin Score; N = sample size.
Values are mean + standard deviation over the full sample thickness. The orientation values (parallel,

random, perpendicular) indicate the percentage of pixels for each orientatidhefidt sample thickness.
*Significantly different from MMS 2 samples (p < 0.05).

FT-IRIS Collagen Orientation

parallel

random

perpendicular

Figure 33 FT-IRIS images based on the collagen fibril orientation of tibial plateau articular
cartilage with modified Mankin scores 210. The color bar indicates the boundaries of parallel,
perpendicular and randomly oriented fibrils. The percentage of the relative amount of parallel fibrils

decrease, and random fibrils increase throughout the tissue as MMS increases.
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In addition, collagen fibli orientation changes were evident with tissue
degradation(Table 8, Figure 33). Parallel fibril orientation decreased significantly
(p=0.024), while random and perpendicular fibril orientation increased significantly
(p=0.005) as MMS increased. Thinning of the superficial zone likely contributed to this
phenomenon.

Discussion

The resilts of the present study demonstrate the ability of the infrared
spectroscopy together with a PLS multivariate analysis to predict the histologic Mankin
score of degenerative articular cartilage. The PLS model was able to predict 72% of the
Mankin score glues correctly, and 96% within one grade of their true MMS. As IFOP
data is only collected from the top ~ ufn of the tissue surface, and Mankin grading
includes evaluation of the entire tissue depth, it is evident that tissue surface changes
detectabléby IFOP reflect fulldepth changes. In view of this, it was not surprising that
the greatest correlation of the total MMS with an individual component of the score was
with surface structural change& strong correlation between total Mankin score and
suiface structural changes was also demonstrated in previous $d4jies

Arthroscopic assessment of articular cartilage is based primarily on visual
evaluation, and serves as a decigimaking process for treatment optiof$87].
Interestingly, in the current study, therelation between visual assessment of cartilage
and histologic Mankin score did not reach significance. This leads to the question of
whether visual inspection of cartilage is sufficient to assess the quality of the tissue. The
goal of many arthroscopierocedures is to remove damaged areas of tigd883 and

controversy still surrounds the effectiveness of these pupesfll89]. There can be a
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high interobserver variability in dmtoscopic grading of cartilage, and the final grade can
be highly subjective, and dependent on the level of clinical experience of the surgeon
[190]. It is possible that tissue regions that appear visually normal may indeed have
begun to degenerate, and thus should be rednoldentification of such regions,
although not possibly visually, may indeed be possible spectroscopically. Accordingly,
developing a minimally invasive arthroscopic method that can provide information on the
quality of the full tissue depth in vivo isrtainly a point of interest.

In the current study, the gold standard for comparison to infrared spectra was a
modified Mankin score. The reliability and reproducibility of osteoarthritic cartilage
histopathology grading systems, including Mankin and thste@arthritis Research
Society International (OARSI) cartilage histopathology assessment system, have been
evaluated in several studigi91-194]. In one study, a comparison of Mankin grading by
two observers found inadequate reproducibil{§®-76%), and the ability to detect
differences between normmand moderate OA was also uncertain. In addition, the wide
range of chemical and structural changes in OA cartilage contributed to limited reliability
of the scoring systems and high interobserver variab[ii§l]. Ostergaard et al.
examined the interobserver and intraobserver reproducibility of the Mankin grading
system of human articular cartilage using Kappa analysis. dwed that there was a
low intraobserver agreement (2288%) of the Mankin score, bad on repeated grading
of the same sample by the same observer at different times, and a wide variation of
interobserver reproducibility (1390%), possibly because of the lack of experience of
observers. It was concluded that gemiquantitative valuesbtained from the Mankin

system are a result of subjective evaluation and are not adequately reproducible for
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assessment of Ogartilage[193, 195] Nevertheless, histologic grading of OA cartilage
remains the gold standard for comparison to other modes hfa¢ea [192], and there

have been significant research efforts to improve its reliability, reproducibility and
validity [194]. In the current study, the interobserver agreement was 86%, which is higher
than reported in severather studiesThis may be due to the two graders having been
trained to grade tissues at the same time by an experienced pathologist. In spite of this
relatively high agreement, the percentage of correctly predicted scores of Observer 1
using the scoresdm Observer 2 was lower than the correct predictions from the spectral
data. In general, compared to histological grading, spectroscopic assessment has
inherently less subjectivity associated with the measurement, and may therefore be more
accurate.

The sensitivity of infrared spectral changes to cartilage degradation was
established in previous studies from our group, where infrared fiber optic analysis was
used to assess OA cartilage in early stages of degend&ioBSpecific spectral changes
related to early stages of the disease were identified, including changes in the collagen
amide 1, amide Ill and the 1338 chregions of the IFORpectra. These changes were
also identical in FAIRIS data, where degenerated tissues showed a significantly higher
amide 11/1338crit area ratio[82]. A follow-up study investigated whether multivariate
analysis of IFOP spectra could be used to predict Collins visual grade of degraded tibial
plateaus using a spectral range similar to what was used in the current stud984733
cmi®[119]. Although a correlatin was found between the infrared spectra and Collins
visual grade, 15 factors were required to obtain a reasonable model of prediction,

indicative of the large amount of variability that contributes to that model. Combined
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with the knowledge that the Cwis visual grade and histological Mankin score do not
significantly <correlate, itds preferable
structural changes.

In situ near infrared (NIR) spectroscopy with a fiber optic probe has also been
used to assess the quality of articular cartila$y®6]. The frequency range and
penetration depth for NIR radiation are greater thamfatinfrared radiation, but the
interpretation ofNIR spectra remains challenging due to overlapping peaks from many
components, and a much lower signal to noise [éfip In a study by ahn et a[196],
there was onlyveak agreement among the ebsers for visual evaluation of femoral and
tibial cartilage degeneration, but a significant correlation among the NIR values measured
by different surgeons. A challenge to this method was positioning the NIR probe
accurately so that it was perpendiculathe articular surface, as it would be as well for
the IFOP when used in vivo. Nevertheless, it was concluded that there is potential for
development of a NIR spectroscopic probe for objective measurement of cartilage.

FT-IRIS data obtained from full dép tissues were investigated to better
understand the compositional differences that contribute to the IFOP spectral changes.
Although reduced PG content in OA cartilage has been reported preVi@2si23] no
significant changes in the mean PG content of the tissue was detectetRiSFlerived
images in this study. In addition, changes in collagen also did not correspond with tissue
degradation. It is known that in the cartilage degradation processfisiap@and middle
zone regions are lost, and thus it is difficult to directly compare the tissue in later stages
of OA with tissue that is nearly intact. However, thelRTS derived collagen maturity

parameter (1660/1690 ¢hwas found to decrease sificantly during OA progression,
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reflective of an effect of disease progression on collagen fibdttstre. Initially, the
change in this spectral contour was attributed to crosslink profile, but that as recently
been shown to be incorrefd86]. Thus, the precise collagen modification that underlies
this changes is unknown, but it is not surprising that disruption of the collagen network in
degradation would result in a change in the primary infrared absorbance of collagen.
Unfortunately this parameter cannot easily be investigated directly in the IFOP spectra,
due to the presence of the water absorbance that overlaps with the amide | region.

Degeneration of cartilage also results in changes in collagen fiber orierj&jon
197, 198] Specifically, as the superficial regions of cartilage, which normally contain
collagen fibers oriented parallel to the surface, are lost, the fraction of the collagen fibers
parallel to the surface decreasegngicantly. A similar result was found in the current
study, where a greater percentage of randomly oriented fibrils, and fibrils oriented
perpendicular to the surface, were found in the more degraded tissues. Together, the FT
IRIS data show that, in addin to the compositional changes described in the modified
Mankin grading, changes in collagen structure are progressive with degradation, and
likely contribute to differences found in the IFOP spectra.

There are also limitations regarding use of theRFGOr cartilage assessment. The
ATR probe crystal has a 1 mm diameter, which therefore represents the smallest tissue
diameter that can be evaluated. Although much larger than the micron diameters that are
possible with imaging data acquisition, this cohtl sufficient in clinical determination
of the margins of a tissue lesion that requires excision or debridement. Another current
limitation is the outer diameter of the fiber optic cable, ~ 7 mm. For arthroscopic

interrogation of the tissue, an individuatry port for the IFOP would be required that
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may be slightly larger than that required for the optical arthroscopic fiber, which is on the
order of 35mm [199]. However, narrower diameter infrared fiber optics are under
developmenf200].

In summary, this study presentevelopment of a spectroscopic method
combined with multivariate analysis to predict the quality of the cartilage tissue in early
to latestages of OA. The results indicate that in the clinical environment, spectral
acquisition and processing to predice tMankin score of a region on the surface of
articular cartilage could be performed within ~two minutes. Thus, a relatively fast, in
vivo, fiber optic technique could be used to provide compositional information that may

be substantially more accurate thasual assessment of the tissue.
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CHAPTER 7
STUDY IV
Title: Spectroscopicidcrimination of type | and Il collagan connective tissues
(under review, Arthritis and Rheumatism)

Introduction

Damage or degeneration of cartilage is frequently associated with changes in the
macromolecular structure and content of the primary cartilage compdféphtand can
ultimately progress tosteoarthritis (OAJ201]. The progression of OA has been directly
linked to the loss of proteoglycans (PG32], and to changes in collagen structure and
orientation[9]. It is widely accepted that cartilage injuries do not heal spontaneously
[11], which is related to the avascular nature of the tissue and the limited ability of
mature chondrocytes to proliferate and regenerate new card&geAlthough there is
no cure for OA, there have been advances in the treatment of cartilage focal defects.
Methods such as microfracture and autologebendrocyte implantation (ACI) can
stimulate cells to make extracellular matrix (ECM) components, and at times, result in a
spatial structure similar to normal cartilagel, 37} Studies have shown that different
modalities result in different types of repair tissue. Microfractureeigdly results in
fibrocartilage which contains type | collagf8®], whereas following ACI, a mixture of
fibrocartilage and hyaline cartilage is generd@s]. The presence of hyaline cartilage,
which is composed of type Il collagen, is better correlated with a positive clinical
outcome[149, 150, 202] Therefore, from a clinical perspective, knowledge of the

collagen type present in the repair tissue is extremely important.
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Currently, modalities to evaluate collagen quantity include enzymatic digestion of the
tissue followed by biochemical hydroxyprolifi203] or Sircol [204] assays. Evaluation of
collagen type is typically performday immunohistochemical (IHC) analysis on thin tissue
sections, or by tissue digest separation methods such as high performance liquid chromatography
(HPLC) followed by collagen type detection by mass spectroscopy[@8S205, 206] These
methods have different sensitivities to collagen amount and type, but all can be time consuming
and require processing of the tissue. Fourier transform infraredRfF3pectroscopy is a
powerful technique based on molecular vibre that has been widely used to assess biological
tissue compositiof32, 56, 152, 153, 155FT-IR analysis relies on the unique vibrational
signature of the molecules present in the tissue, and thus does not require the addition of an
external contrast agent. In addition, it has the advantages of easy sample preparation and rapid
measuremen{85]. FT-IR can be utilized as a clinical tool when coupled with an infrared fiber
optic probe (IFOP|82, 119] or can be used for analysis of harvested tissue when coupled with a
microscope and an array deted®it, 32, 56, 108]The latter modality, called FIR imaging
spectroscopyHT-I R1 S) creates A chlmsad anahe @bsorbameegoéd o f
specific mol ecul ar species at a pixel reso
microscopic visualization of the samp|B6]. FT-IRIS has been increasingly used to characterize
the structure, distribution, and orientation of extracellular matrix molecules in histological
sections of cartilage and other connective tiga8%$6, 84, 103]

There is considerable overlap in the spectral signatures of proteins in connective
tissues, and therefore, it is not always possible to identify a unique absorbance at a
specific frequency that is associated with a particular component. Although univariate

analyses of IR spectra have been performed to evaluate collagen and proteoglycan (PG)
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concentration[31, 32, 56, 83, 84, 102, 1Q3multivariate analysis techniques that
evaluate multiple frequencies tiie spectra simultaneously are increasingly used to
improve specificity of the analysis. Euclidean distafid¥, 207] cluster analysi§108],

and partial least squares (PU$)9, 120] have all been used to analyze-IRTspectra of
cartilage. These studies demonstrated the ability to distinguish normal, repair, young and
mature tissues, and to quantitatively analyze matrix components. Belbachir et al.
differentiated type |, 1, IV, Vand VI collagen using Euclidean distance analysis of pure
protein Fourier transform infrared spectra, but type Il was not included in that study
[208]. Although they found that specific regions of IR spectra were sensitive to structural
differences among different types of cokag the model was only tested on pure protein,
and successful evaluation of collagen type in tissues was not confirmed. To date,
discrimination of regions of type Il collagen in tissues with other collagen types by
univariate or multivariate analysis of AR spectra has not been demonstrated. This is
due in large part to the similarity of the spectral features of different collagen types. In
the current study, we developed a s@umantitative method based on multivariate
analysis of IR spectra to discrinaite type | and type Il collagens in several connective
tissues. A PLS model was developed based on a library of IR spectra of varying
concentrations of pure tissue components including type | collagen, type Il collagen, and
aggrecan (the primary PG in dkage). Assessment of the composition of tendon and bone
(primarily type | collagen), hyaline cartilage (primarily type Il collagen), repair cartitdigs (@

mix of types| and Il collagen) and meniscugpwn to consist of bottype | and Il collagen) as
performed to validate the PLS model. In addition, multivariate cluster analysis was performed to

evaluate an alternate method for discrimination ofstyja@d Il collagen in histological sections
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of tissues. Finally, the model was validated on fibéicqmobe data acquired froam intact
meniscus to demonstrate the potential of this method for in vivo clinical use.
Methods
Pure components

Type | collagen, type Il collagen, and aggrecan powders were used to make
mixtures that were analyzed as potassibromide (KBr) pellets. Two different sets of
samples were prepared that included mixtures of varying concentrations of type Il
collagen (chick nasal articular cartilage, Genzyme, Boston, MA) and aggrecan (calf nasal
aggrecan, generously supplied by Losenberg, Montefiore Hospital, Bronx, NY in a
prior study[84]) (Model A), and mixtures of varying concentrations of type | collagen
(bovine skin, USB Corporation, Cleveland, OH) and type Il collagen (bovine articular
cartilage, USB Corporation, Cleveland, OH) (Model B). Powders were lyophilized and
stored in a desgator prior to analysis. Freeze milling under liquid nitrogen (SPEX
Mixer/Mill, Metuchen, NJ) was used to grind the protein powders. Collagens and/or
aggrecan were mixed as 1% by weight with 100 mg KBr powder (International Crystal
Labs, Garfield, NJ), a edium that is transparent to IR radiation. A pressure of 6 to 7 tons
was applied to the protein/KBr mixtures in a pellet press to make KBr pellets of ~0.5 mm
thickness.

The composition of pellets for Model A were as follows (n = 10 pellets per mixture):

Sample 1 2 3 4 5
Type Il collagen (wt %) 0 25 50 75 100
Aggrecan (wt %) 100 75 50 25 0
The composition of pellets for Model B were as follows (n = 3 pellets per mixture):
Sample 1 2 3 4 5
Type | collagen (wt %) 100 75 50 25 0
Type Il collagen (wt %) 0 25 50 75 100
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Bovine tissue

Bovine knee joints (3 weeks old) were obtained from a local FDA approved
abattoir (JBS Souderton, Souderton, PA). Cortical bone was harvested from the tibia and
cut into 1x2x1 cmsamples. The patellar tendon was harvested and cut int6 gietes.
Full depth cartilage, including the calcified cartilage layer, was harvested from the medial
and lateral femoral condyles (5 mm diameter pieces). Lateral meniscus was harvested and
cutin the sagittal plane for FIRIS, and used intact for infrared fiber optic probe (IFOP)
spectroscopy. Bone and tendon were evaluated as standards for tissues considered to have
very little or no type Il collagen, while the articular cartilage matrix warssered a
standard for a tissue with very little or no type | collagen. Meniscus was assessed as a
model of a tissue that contains both type | and Il collagen in its matrix. All tissues were
fixed in 10% buffered formalin (Richaélllan Scientific, Kalanazoo, MI) for 24 hours.

Bone samples were decalcified in a 12.5% EDTA solution adjusted to pH 8.0.
Bone decalcification was done for 60 days at 4°C with sequential changes of EDTA.
Cartilage samples with subchondral bone were decalcified using Versédraating
agent (American MasterTech Scientific, Inc., Lodi, CA) for 30 days at 4°C. Both EDTA
and chelating solutions (which also contained EDTA) were changed exetays.

After fixation and/or decalcification processes, tissues were put into 70%okthan
for dehydration prior to paraffin embedding. Paraffin blocks were sectioned at 6 and 7
micron thickness on glass slides and Hemvissivity slides (lowe, Kevley Technologies,
Chesterland, OHYor histology and FIRIS, respectively.Tendons were sectied

longitudinally, and meniscus and articular cartilage sectioned sagittally.

105



Human tissue

Full-depth core biopsy samples (1.8 mm in diameter) were obtaimr@dpatients
who had undergone autologous chondrocyte implantation (ACI) for a medial femoral
condyle defect ~12 months previously (N = 4). All tissues were obtained under approval
of the local Research Ethical Committdée tissues were immediately snap frozen and
stored in liquid nitrogen until processe8even micron thick sections were cut and
collected for analyses as above.
Histological and immunohistochemical (IHC) analysis

Histologic sections of bone, tendon, meniscus and cartilage were stained using
hematoxylin & eosin (H&E) and Alcian blue (for PG assessment) (Sigiaréch, St.
Louis, MO). Since both type | and type Il collagen argenerallypresent in repair
cartilage, IHC images of the tissues were used as the gold standard for comgd@son.
staining was performed on cryosections of ACI biopsies using antibodies specific to type
| and Il collagen. Separate tissue sections were incubated for 1 hour at room temperature
with primary antibodies against type | collagen (monoclonal antihuman, clon8iH6;1
ICN) and type Il collagen (CIICI; Developmental Studies Hybridoma Bank[3B). In
addition, IHC staining of parafflembedded meniscus was perforni@dtype | collagen
using a primary antibody against type | collagen (aaliagen type I, fetal mouse skin,
Calbiochem, Merck Milipore, Darmstadt, Germany).
FT-IR data acquisition

FT-IR spectra from the Model A type Il collagen and aggrecan KBr pédibds
been previously collected as described in Camacho [@4&l FT-IR spectra from the

Model B type | and type Il collagen KBr pellets were eoted in the midR region of
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1800900 cm at 4 cm' spectral resolution using a Spectrum 400IRTspectrometer
(Perkin Elmer, Shelton, CT). FIRIS data were acquired from human and bovine tissues
(n = 3 per tissue typeh the midIR region, 1800750 an™ at 4 cm spectral resolution
and 25 em spati al resol uti ondAR Imaginghsystem Spec
(Perkin Elmer, Shelton, CT). To validate the ability to discriminate type | and type I
collagen in intact tissues, infrared fiber optic @odFOP) data were collected from
bovine meniscus in the miiR region of 1806000 cni® at 4 cm' spectral resolution with
256 ceadded scans using a Bruker infrared spectrometer (Billerica, MA) equipped with a
mercury cadmium telluride (MCT) detector. Trepectrometer was coupled to a
chalcogenide fiber optic probe of ~ 6 mm diameter (Remspec Corp, Charlton, MA), the
end of which is a flatipped ZnS attenuated total reflectance (ATR) crystal of 1 mm
diameter. The tip of the probe was placed in directamirat 90° to 24 individual regions
on the meniscus femoral surface for data acquisfifagure39A). Penetration of infrared
radiation in IFOP data collection is restricted to the tissue surface to a depth of ~ 10
microns. Prior to multivariate analyses (described below), the spectrahsegf the
amide | protein absorbance (171894 cm) , the amide Il protein absorbance (1594
1492 cmt'), and the PG sugar ring absorbance (1988 cm') were investigated to
gualitatively assess component distribution in IR im3d56k
Multivariate analysis

FT-IR spectra obtained from KBr pellets of pure component mixtures in the 1800
900 cm' range were used to create PLS models to validate that the spectra from these
mixtures could indeed be differentiated based on concentration of components. This

spectral range was chosen for analysis to correspond with the spectral range in the IFOP
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data.PLS analysis was originally developed based on regression analysis and principal
component analysis (PCA), where the scores calculated by projection of the response and
independent variables to a new space of principal components are used to find a linear
regression model and predict unknown variap®&3. A multiplicative scatter correction
(MSC), second derivative differentiation with-p8int Savitzky Golay smoothing, and
normalization to thenaximum peak height of all spectra were applied to optimize the
models. IR spectra were employed as variables and the actual type | collagen, type I
collagen or PG content used as the response variables. Adieawet cross validation
was used to creatbe PLS models. The number of factors for the model was calculated
to be seven, based on the minimal residual sum of squares erggy ¢8iSulated as
follows:
Equation 1:
SSi= Bexpdmdbiai Y predicion@)’ (i : number of samples = 1 to N)
Y experimenty= the actual amount of response for theample in the experiment.
Y prediction() = the predicted response for the correspondireaimple.
N = total number of samples

Based on a leverage versus residual scatter plot of the PLS [@6[elo outliers
were detected in the PLS crosdidation models. The quality of the model was
evaluated by assessment of the root mean square error (RMSE), and the regression
coefficient () of the cross validation model. RMSE measures the precision of the model
and is calculated according to the equation below:

Equation 2:

RMSE = 2 (i: number of samples = 1 to )84, 185]
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Once the PLS model was developed from the pure component KBr pellet data, the
model was agped to the infraredspectra collected from different regions of the
connective tissues of interest to predict composition. The number -tRISTspectra
collected spanned the length of the tissue section analyzed so that, e.g., 100 spectra
collected at 25micron pixel resolution = 2500 microns total length. The IR spectra
included 100 FAIRIS spectra of cortical bone, 100 fRIS spectra of tendon (transverse
direction), 80 FHIRIS spectra of articular cartilage (from superficial zone to deep)zone
100 FFIRIS spectra of meniscus (from the tip of inner region towards the outer region),
and 24 IFOP spectra (1 mm region per spectra) from the meniscus surface. The output for
the PLS model prediction is either percent dry weight of a specific componentgfor th
dehydrated tissue sections), or percent wet weight (for the in situ meniscus fiber optic
probe data)lHC images of human repair cartilage were used to assess the repair cartilage
PLS model prediction result for regions composed of hyaline (type Ilgevilavith
greater proteoglycan) and fibrocartilage (type | collagen). In meniscus, IHC images and
Alcian blue staining were used as standard methods for assessment of type | collagen and
proteoglycan distributigrrespectively
Cluster analysis

Cluster analysis of infrared spectra has previously been performed to qualitatively
differentiate tissue types, in particular, in infrared ima@E38]. With this method,
regions of |l R i mages are separated into tv
spectral propertie\ supervised cluster analysis was performed in this study, where four
libraries of infrared spectra wereeatted from spectra obtained fromFI-IRIS images

of bone (primarily type | collagen), ET-IRIS images of regions of cartilage repair tissue
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that were predominantlype | collagen, 3FT-IRIS images of regions of cartilage repair
tissue that were predonantlytype Il collagenand 4. KBr pellets of pure aggrecan. The
FT-IRIS spectral libraries were obtained from one sample of an ACI repair biopsy. IR
spectra of type | and Il collagerch regions from ACI repair tissue were chosen to create
the library instead of using pure component spectra, to assess the ability of the cluster
analysis techniquéo differentiate fibrocartilagéke type | collagen from bone type |
collagen. The libraries were then used to predict a distribution map of these tEssie ty
in independent samples of repair cartilage (n = 3). Cluster analysis was performed using
Fuzzy Gmeans, with four initial centroids and a Fuzzy index equal toT®& advantage
of a fuzzy clustering method (such as Fuzzyn€ans) over a hard clusteggirmethod
(such as Kmeans) is the ability to obtain the degree that each region of the tissue belongs
to individual classe$180]. This is helpful for analysis of repair tissue, where matrix
components occur next to each other trae is no distinct boundarll data analysis
were performed using ISys v5.0 (Malvern Instrument, Columbia, MD), and Unscrambler
v10 (Camo, Norway).
Results
PLS models
Pure components

IR spectra of pure component mixtures (Models A and B) with vartyipg Il
collagen contentshow progressive changes in height and area under the amideil (1718
1594 cnt), amide 1l (15941492 cm') and PG (114®85 cm') absorbance bands
(Figure 34A). Based on the broadening of the absorbance bands, it appeared that

scattering was evident in the spectra of the type | and type Il collagen mixtures, possibly
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due to incomplete grinding of the samples. Second derivgbeetral analysis reduced

the scattering artifact, and revealed more details on pesikon Figure34B).
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Figure 34: Baselined infrared spectra (A), 2 derivative spectra (B) and PLS score plots of pure
components mixture forModel A (mixtures of type Il collagen and aggrecan) and B (mixtures of type
I and type Il collagen). Progressive changes in IR spectra with type tollagen variation can be seen.
Mixtures with different compositions are completely distinguished in the PLS models.

Although the type Il collagen second derivative spectra in models A and B (solid
dark black lines) were not identical based on relateakheights, the peak positions were

essentially equivalent between the two models. Significant overlap in second derivative peak
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positions of types | and Il collagen precluded unique association of any peak position with a
collagen type. This clearly mutites a multivariate analysis strategy for differentiating these
collagen types in tissues. Differences among second derivative spectra for the collagen and
aggrecan mixtures were more obvious across the entire frequency range.

Both PLS models showed argplete discrimination among KBr pellet samples with
varying composition Figure 34C), in which the first two PLS factors were able to explain the
majority of the variance in the models. PLS analysis parametegnanearized if able9.

Table 9: Parameters of PLS models used to predict component concentration.

Factor 1 Factor 1 Factor 2 Factor 2
- 0,
R-squared | RMSE (%) (variables) (response) (variables) (response)
Model A 0.97 4.36 74% 77% 25% 22%
Model B 0.98 4.88 65% 94% 18% 2%

Bone andtendoncomposition

Using Model B, cortical bone and tendon both were predicted to have a fairly
uniform distribution of type | collagen, with approximately 85% type | collagen (dry
weight) in eacltissue Figure 35). Although both tissues are considered to have no type
Il collagen, just under 5% of type Il collagen was predicted in both tissues. Given that the
RMSE of the models is ~ 5%, this is within expected limits.
Normal articular cartilage composition

Four different zones, the superficial, middle, and deep zones, and calcified
cartilage zone, were visualized in the-FRIS images from articular cartilage based on
total protein (Amide I)(Figure 36A). This is the expected normal zonal structure of
articular cartilage. The PLS model prediction showed that type Il collagen and PG
content varied through the thicknesstloé cartilage, with PG concentration increasing

from the superficial to middle and deep zorégre36B).
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Figure 35: Type | and Il collagen concentration profiles in bone (A) and tendon (Bpredicted using

PLS models A and B (epresentative data shown for one sample).

The deep zone contained the highest type Il collagen concentration, ~ 80% dry weight,
and the calcified cartilage zone contained the lowest type Il collagen concentration, ~
55%. Similar concentration profiles from the superficial to calcified zone wenedfo
using models A an8 (Figure36C, 2D).
Human cartilage repair tissuecomposition

Excellent agreement was seen between type | collagen, type Il collagen and PG
content predicted by tHeLSmodels, and the component distributions as visualized in the
IHC and histology images$-{gure37A, B, C, D, F, I). Less than 5% type Il collagen was

predicted in subchondral bone, likely due to error in the méagl(e37B).
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Figure 36: Total protein amide | FT-IR image (color bar indicates lower integrated area (blue)
through higher integrated area (red), and Alcian blue histology image of articular cartilage (A)FT-
IRIS data were collected from the articular surface to the subchondral bone, with the positions of
data collection indicated on the IR image. PG (B) and type Il collagen (C, D) concentration profiles in
normal articular cartilage predicted using PLS mocels A and B ¢epresentative data shown for one
sample). The Alcian bluestained histology image shows the qualitative PG distribution, which is

slightly higher in the deep zone, and similar to that predicted using Model A.

Similar to the PLS results of ithtissue section, cluster analysis showed there is
more hyaline cartilage (type Il collagen rich) in deeper regions of repair tissue, while type
| collagen richmatrix was found throughout thepair tissue, but not in the borfeédure
37E, G, H, J). Similarly, bone tissue (primarily type | collagems only detected in the
bone regions of the biopsy, and not within the cartilaginous tissue. Ristdbuted

primarily with the type Il collagench regions, as expected.

114



>

Type | Collagen - Repair Cartilage

100
BOHE

z
2 50
2 Repair Cartilage
&
O &0
& . :
g e CIusterAna.Iysm He-Col It Cluster Analysis
5 ® Col | - Cartilage Col Il - Cartilage
3 ol :
T 2 o ‘ . .
I=% 4 N N
& .
0 F & " o ; L -
Posmon 4 3 g
B Type Il Collagen - Repair Cartilage
100
3
2 5
= Repair Cartilage
& ! 1
o
® .
] Cluster Analysis  Histology Cluster Analysis
R PG Alcian Blue Col 1 - Bone
E 20 Bone R -
> —— ]
- c __* ] 2
0 AT '2 et
= ) 3
- 71 81 91 101 111 = i . %
Position o
o
C PG - Repair Cartilage
100 12
= H 250 pum
£
20
o
3 60
z
a
3 P
ey Repair Cartilage
a

o
S

Position

Figure 37: Type | collagen (A), type 1l collagen (B) and PG (C) content of repair cartilage predicted

by the PLS models show greater type Il collagen is found in regions adjacent to borr@gresentative
data shown for one sample). Cluster analysigierived IR images show type | collagen (fronrepair
cartilage spectral library, E), type Il collagen (from repair cartilage spectral library, G), PG (from
aggrecan spectral library, H) and type | collagen (from bone spectral library, J) distribution in
repair cartilage and subchondral bone. IHC images of type @) and Il (F) collagen and Alcian blue
histology image (I) are used for comparison. Higher values on the cluster analysis images scale show

a closer distance to the corresponding centroid (tissue type).
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Meniscuscomposition
Both PLS models predicted that the inner region of the meniscus tissue section

contained greater quantities of type Il collagen compared toutss region Figure38A

and5B).
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Figure 38. Meniscus matrix composition predicted using PLS Model A (A) and B (B)representative
data shown for one sample). The inner region shows more PG and type Il collagen compared to the
outer region. The IHC image of type | collagen (C), and the Alcian blue histology image (D) show
type | collagen and PG distribution respectively, which are in agreement with the predicted type |

collagen and PG concentration, respectively.

Conversely, less typk collagen waspredicted to bdound in the inner region
compared to the outer, which was confirmed by type | colldgéh (Figure 38C). In

addition, proteoglycan concentration was also predicted to be greater in the inner region
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relative to the outer regions. This was confirmed by the Alcian $laming (Figure

38D). Finally, analysis of the intact meniscus by IFOP showed a similar result to that
obtained with the PLS analysis of the meniscus tisaations(Figure 39), wherethe

inner region was predicted to contain more type Il collagen compared to the outer region.
In these in situ surface studies, type Il collagen content was found to beehgladiwer
compared to what was found in the meniscus tissue sections. This is due to the fact that
the intact tissue is sampled wet, and thus we are getting a wet weight percentage, as
opposed to the dry weight percentage obtained from the dehydratedsesgions.
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Figure 39: IFOP spectra (N = 24) were collected from meniscus surface along the lines shown in (A).
Type Il collagen B), type | collagen(C) and PG (D) content of lateral meniscus predicted using PLS
analysis of IFOP spectra collected from the intact tissue (Model A used for panes and D, and

Model B used for panelC).
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Discussion

The current study demonstrates the ability to discriminate collages ltyand |l
based on spectral data for the first time. Comparison of spectral results with
immunohistochemical data, the gold standard for differentiation of collagen types in
tissue sections, confirms that this spectral approach can be used fegusetiative
assessment of tissues with mixed collagen types. Further, infrared fiber optic probe data
obtained from intact meniscus also discriminated regions of type | and type Il collagen in
that tissue.

Traditionally, chemical methods such as chromatogrggbmbined with mass
spectroscopy) and immunohistochemistry have been used to detect collagen type in
connective tissuesPataridis et al. utilized HPL®™S analysis of peptide mixtures
produced by cyanogen bromide/trypsin digestion of the tissue tordisate types |, I,

lll, 1V, and V collagen in a mixture of pure components, as well as in mice tissue. Their
results showed the possibility of detection of collagen type quantitatj2€], but
required destruction of the tissues of interest for the analysis.

Assessment of collagen types in histological tissue sections is most commonly
done using IHC techniques. With this methodology, a specific antibody tagged with a
visible label is use to interact with a target molecule (antigen) for identification of tissue
components[209]. There have been many studies over the last 30 years that have
incorporated IHC analysis into an evaluation of the types of collagen present in
connective tissues, including bone, tendon, cartilage and meniscus. Of particular interest
is the distribution of collagen types in cartilage repair tissue as a correlatecoalfig

of the tissue, as shown {85, 37, 54] However, immunoistochemical analysis has
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several limitations, including the dependence of the outcomes on the experience of the
investigator[210]. In generalthe challenges in IHC analysis are categorized as reaction
bias, and interpretation big211, 212] The former includes variability in sample
fixation, tissue processing, antigen retrieval, and detection systems. Selection of the
antibody panel, sensitivity of the chosen panel, specificity of the antibody type, and
difficulties in visualization are ammg the interpretation biasef213]. For tissue
processing, formaldehyde fixation can result in loss of tissue reactivity by masking and or
damaging the antibody binding si{214], and paraffin embedding can also change the
antigenicity of the tissug¢213]. The secondgr antibody used for detection is also
important in error reductiof212]. It has been shown that choice of antibody panel and
the interpretation of the reaction patterns are the most important factors in the ability to
obtain reliable results and improve the sensitivity and specificity of the red2ish
These limitations motivate our studies to develop an altematpectral method to
distinguish collagen types which would be a more objective and lessproiaes
approach.

Recently, several studies have shown that processing 9R FSpectra using
multivariate analysis methods provides quantitative information celateartilage and
bone tissue qualityPotter et al. utilized Euclidean distance analysis of IR imaging
spectra obtained from histological sections to map collagen and chondroitin sulfate
content of bovine nasal cartilage and engineered cartilage baseoimparison of IR
spectra of the tissue with pure component spg203@]. Euclidean distance analysis was
also performed on IR spectra obtained from different collagen types in pure proteins

[208], histological sections of humdh07] and steef103] cartilage to find the relative
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concentration of collagen or PG in those tissues. Rieppo et al. performed cluster analysis
to differentiate porcine cartilage repair tissue from normal datiiccartilage[108].
Cluster analysis was also performed on IR spectra to assess changes in rabbit cortical
bone during maturatioand growth[109] and to differentiate histological zones in intact
articular cartilage[180]. PLS analysis has been performed to assess the matrix
constituents of engineered dkge [120], proteoglycan content of articular cartilage
[216], and cartilage degeneration using a fiber optic pf@8]. In the aforementioned
studies, although the multivariate analyses permigiechiquantitative assessment of
differences in proteoglycan, specific analysis of type Il collagen in tissues with other
collagen types (e.g. repair cartilage) was not performed. Proteoglycan differences in
tissues are more straightforward to evaluate WitHIR spectral data in comparison to
differences in collagen types, as the proteoglycan absorbances from the sugar ring
structures have somewhat distinct signatures. This was visualized in the current data sets
in Figure 34A, where the spectral region that spans ~ 120M00 cn* has a distinct
absorbance that increases with amount of aggrecan. Although there is also absorbance
from collagens in that region,dtrelative amount is much lower, and generally does not
interfere with the PG analysis. Nevertheless, it has been shown that multivariate analyses
are more specific for PG analysis compared to univariate PG arfal§3]s

When applying multivariate models to spectral data analysis, it is important to
understand the limitations dii¢ techniques, and the potential errors in the data analysis.
The error (RMSE) of the PLS models created in the current study were calculated as
4.3% and 4.8% for model A and B, respectively. There are several sources of potential

error throughout the exgeent, including errors that may have occurred during sample
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preparation and weighing of the pure component samples, ignoring the contribution of
small quantities of ncwollagen or no-proteoglycan matrix componer(such as
glycolipids or glycoproteinsand cells, and using aggrecan with no link protein and
hyaluronic acid as representative of proteoglycan in all tissues. Technical errors can
i ncl ude B e-lmeadty instrianentahnoisalignment, and scattering in the KBr
pellets [184]. Light scattering due to the interaction of infrared with molecules with
different sizes can be a source of error and-lirearity in the mode[132], and may
have contributed to broadening of the peak positions in the Model BrapEcwever,
we obtained similar results for prediction of type Il collagen in tissues with both Models
A and B, indicating that the spectral artifacts did not interfere with the analyses.

Normal articular cartilage matrix is primarily composed of wéigre |l collagen
and aggrecan, although their content varies through the tissue[tlepthi217, 218]In
the current study, the variation in type Il collagen content predicted by both models for
normal cartilage (dehydrated tissue sections) was in a good agreement with- the IR
derived collagen distribution shown in Figui@2A. Cdlagen content reached a
maximum of ~80% in the deep zone, which is in agreement with the reported amount of
dry weight collagen concentration in articular cartild@g especitly considering the
inherent error of ~5% in the model. The type Il collagen quantity was at a minimum in
the calcified cartilage zone, which reflects the fact that type X collagen is the primary
protein present in this regiof217], although we did not include type X collagen
measurements in the current study. Thedprted amount of proteoglycan (aggrecan) and
type Il collagen combined was ~90% of the matrix dry weight throughout the superficial

to deep zones which is also similar to what has been reported preVibdslyn the
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superficial zone, which contains a greatamberof chondrocyte compared to the deep
zone[9], total PG and collagen content were relatively lower, and increased through the
tissue depth, with the highest values obtained in deep zone.ITgplagen quantity
measured using Models A and B, which contained different sources of type Il collagen,
resulted in similar compositional variations throughout the tissue depth. Thus, these data
confirm that the methods developed are not sensitivellelgen source.

PostACI cartilage quality has previously been evaluated using IHC staining of
type | and Il collagen to reflect the concentration of hyaline cartilage and fibrocartilage in
repair tissug52, 202] A positive clinical outcome in ACI procedures has been correlated
with the amount of hyaline repair tissyé0, 52, 202] whereas the presence of
fibrocartilage with little hyaline cartilage has been linked to failure of the treafd@nt
In our previous study, we demonstrated thatIRTS data obtained from ACI biopsies
were equivalent to histologic or IHC parameters for prediction of clinical outcome based
on the Lysholm sc@&{202]. The results from the currertugy augment those findings by
specifically assessing collagen type with-IR, and thus providing another, potentially
non-destructive, measure of tissue quality.

Despite the development of many cartilage repair evaluation techniques, the
ability to evauate the quality of the repairing tissue remains limigd®, 220] Magnetic
resonance imaging (MRI) have been used widely to assess the tissisergesy, and
does provide quantitative data on morphology, volume, peripheral integration, and other
structural propertie$221]. Further, glycosaminoglycans can be measured by delayed
gadolinium enhanced magnetic resonance imaging of cartilage (dGENERZ]) but to

date, measurement of collagen content directly, or more spegifitadl relative type |
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and Il collagen content, is not possible. Therefore, development of a new method with
potential in situ application that provides quantitative assessment of repair tissue
composition can possibly overcome some limitations of thdiegisvaluation methods.

The results shown here, where matrix composition and distribution was predicted in good
agreement with histology and IHC, suggest this methodology could be an alternative for
use in clinical applications.

Potential clinical appliation was further shown by assessment of collagen type
and PG distribution in bovine meniscus in imaging data and in fiber optic data. Results
were in agreement with previous studies, where histology and IHC results showed that
the interior regions of theeniscus contain greater amounts of proteoglycan and type I
collagen. These results were consistent with immunostaining studies of meniscus,
including a rabbit meniscus study by Gao et[223], and a human meniscus study by
Hellio Le Graverand et aJ224], where they confirmed that type Il collagen is primarily
localized at the interior site of the medial meniscus. Notwithstanding these positive
results, a limitation of the miohfrared fiber optic studies is that penetration is restricted
to ~ 10 microns below the tissue surface, and thus only superficial components are
evaluated. In the current study, however, this sampling modality was sufficiently
sensitive for evaluation of ¢hdistribution of matrix components in the intact tissue.

Although infrared fiber optic spectroscopic analysis has not yet been used
clinically for evaluation of cartilage repair tissue or meniscus, it has been used in both the
mid and near infrared regis to assess cartilage degenerafid®, 120, 166] Spahn et
al. showed the potential application of a near IR spectroscopic probe for objective

assessment of osteoarthritic degeneration, where they found a significant correlation
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between near IRlerived parameters and OA cartilage qudlli§y6]. The application of a
mid-infrared fiber optt probe to evaluate degenerative cartilage in harvested human
tissues was shown in earlier studies from our [&h9], where a partial least squares
(PLS) analysis method was used to correlate spectral data acquired from an IFOP to the
visual score for degenerative ckatje. In addition, Bi et al. evaluated disease progression
in an OA rabbit model, using a PLS model based on IFOP data obtained from femoral
cartilage[123].

Together, the results of the current and earliedisslay the foundation for in
situ evaluation of cartilage repair tissue and meniscus using minimadigive infrared
spectroscopyThe use of an IR probe to evaluate tissue composition arthroscopically for
determination of quality without the need tssue harvest, or for defining tissue margins
for debridement, could significantly augment clinical management of degenerative

cartilage diseases.
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CHAPTER 8
STUDY V
Title: Comparison of spectroscopic and biochemical determination of collagen cresslink
in bone and cartilagéin prep for Osteoarthritis and Cartilage)
Introduction

Collagen is the main structural protein lobne and cartilage which provides
mechanical properties of the tissi2d]. Bone primarily is composed of type | collagen
which is a heterotrimer triple helix comps ed of t wo U1l c h225,ns and
while hyaline cartilage matrix main component is type Il collagen, a homotrimer triple
helix of t H226} @he héchaicah @raperties of the collagedepend on
collagen type anttiple helices intermoleculgrost modification process, which is called
crosslinking [20, 227] Collagen crosslink forms collagen fibers from collagen
microfibrils which are products of tropocollagen molecules self assdiikdy.

It has been shown that variations in collagen crosslink are more tissue specific
than collagen type specific, g. type | collagen in bone, skin and tendon may show
different crosslink propertie26]. Crosslinked fibriar structure provides a framework
of type Il collagen in hyaline cartilaghat entraps proteoglycans (P@hich is different
with the fibrocartilage type Il collagen network in intervertebral dj2Rs 24]

Collagen crosslink areage dependerj227]. The variation of collagen structure
and its crosslinkswith age has been studied in bone, cartilage, meniscus and
intervertebral diskg28, 227231]. It has been shown that immatwmosslink content
decreases ih age, and forms mature crosslifik8]. Over time, reducible crosslinks

form between collagen fibrils and mature into trivalent stable bonds in an enzymatic
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crosslink procesg232]. Nonenzymatic crosslinks also increase with age via 4inter
molecular bonds between glycated lysine and arginine of neighbor collagen288]|s

In enzymatic crosslink, trivalent mature crosslinkyr{dinoline), that is
fluorescent andesistant to acid hydrolys[22, 24, 25] is formed by interaction between
two divalent immature crosslinks dihydroxylysinonorleucine (DHLNL), that is-non
fluorescent and should be reduced by tridasedium borohydride (N&Bls) to form
stable DHLNL prior any analysi229]. both mature and immature crosslinks are the
product of enzymatic crosslink process which is regulated primarily by lysyl
hydroxylases (LH) which converts Lysine (Lys) to hydroxylysine (Hyl), and lysyl
oxidases whik forms Lysine aldehyde (L§9 and hydroxylysine aldehyde (H¥) from
Lys and Hyl, respectively225, 226] In norenzymatic collagen crosslink, glycated
arginine and lysine at the end of two neighbor fibrils bind and from a crosslink called
pentosidine (Per{26].

During crosslinkingthe amount of immature crosslinkgecreases whilenature
crosslinksincreaseg228]. Progression and maturation of collagenosslinks are critical
steps in the development and stability of connective tis§2@8, 234] Thus, it is
important to develop a reliable technique to measure the maturity of collagen fibers in
connective tissues including bone and cartilage.

Different methods have been used to studydbleagenmaturity andcrosslnk,
including peptide isolation by high performance liquid chromatography (HPLC) and
other separation techniques followed by sequence angsR8], immunoassays using
antibodies specific to free and peptisleund pyridinoline crosslink235], and Fourier

transform infrared (FAIR) spectroscopib6, 91, 186, 228]
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Chromatography is usually used to quantify mature and immature crosslinks
[226]. Saito et al. developed cation exchange chromatography to measure immature
crosslinks[236]. However, ion exchange HPLC, although is considered as the standard
method to detect crebnk proteins, requires long process time, and the use of corrosive
saline buffers. In addition, crosslink proteins present in smaller quantity than common
amino acids in collagen are not selectively detef22®]. Imnmunoassays, on the other
hand, use monoclonal antibodies specifiertaturecrosslink proteins for measurement
[235]. These methods are selective and sensitive, but they have been developed for
biological fluids not tissue extracts and it is nosgble to detect immature crosslink
proteins.

Fourier transform infrared (FIR) spectroscopy is a vibrational spectroscopy
method based on interaction of infrared with the tissue. If combined with optical
microscope, FAIR is able to create images ofsie based on the absorbance of a specific
molecular species, the modality which is called Fourier transform infrared imaging
spectroscopy (FIRIS) [56]. It has been shown that differenbnepositional and
structural properties of bone and cartilage can be measured using processing of infrared
spectra collected from tissue sections in vitro and ex M99 56, 82] Collagen and PG
content of the tissue were correlated to area under the amide F{I%84cnt) and
sugar (9581144 cnt) absorbances, respectively. Bone collagen maturity and crosslink
were shown to be correlated to the peak height ratio of two amide | pedlasd§91,

237]. It was proposed that collagen mature and immature crosslinkeespectively
related to 1660cthand 1690cnht peak heightsirea under the peadnd their ratio can be

used to measure the collagen cross|bfk 91] However, Farlay et al. showed that this
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ratio is not directly correlated to mature and inum@ crosslink values derived from
biochemical assay and proposed this ratio to be used to measure collagen maturity instead
of collagen crosslinf186]. On the other hand, to our knowledge, there is no study to
confirm the application athe spectroscopic method to assess collagen crosslink/maturity

of the cartilagePreliminary studies did not find a correlation with the previously defined
FT-IR crosslink parameter and biochemical data in rabbit repair cartilage [E3ie
Accordingly, the aim of this study was to assess collagen crosslink changes during aging
in cartilage using biochemical assay andIRTspectroscopy. We tried tvalidate the
application of 1660/1690 chmpeak height ratio of IR spectra collected from fetal, young

and mature bone as an indicator of collagen crosslink and then using the same parameter
to measure cartilage collagen crosslink. Mature and immatossiork data obtained

from biochemical assay were used for comparison.

It has also been shown that the evaluation of preservation process is important in
collagen crosslink studigg5, 46} Since the amount of samples ob&airfrom biopsy is
limited, using preservatives increases the number of sanapigtable forcollagen
crosslink analysis. In biomedical studies formalin and ethanol usually are used for tissue
preservation. It has been shown previously that formalin preservation does not change the
collagen secondary structure significanilyp, 46] Formalin and ethanol were used in
this study for tissue preservation to assess the effésiatize type.

Methods
Sample preparation
Fetal, young (B week$ and old (23 months) bovine cortical bone (tibia) and

articular cartilagefémoral condylg were harvested from bovine knéd after slaughter
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in a FDA approved slaughter hous#8S Souderton, Souderton, PAJissues were
divided into two groups. Samples in group 1 were fixetl0% buffered zinc formalifN
= 3 for each agegnd samples in group 2 wefixed in 70% ethanol (N = 3 for each age)
to investigate the effect of fixative on collagen crossiBéne samples were decalcified
in a 12.5% EDTA solution adjusted to pH 8.0. Bone decalcification was done for 60 days
at 4°C with sequential changes of EDTA. Cartilage samples with subchondral bone were
decalcified using Versenate chelating agent (AmeriasterTech Scientific, Inc., Lodi,
CA) for 30 days at 4°C. Both EDTA and chelating solutions (which also contained
EDTA) were changed every2days.The tissuavas paraffin embedded and sectioned at
6 and 7micron thickness oglass slides anbbw-e slides (low-e, Kevley Technologies,
Chesterland, OH)for histology and FIIRIS respectively. Collagen crosslinwas
assessed using biochemical assay antFRFS.
Histology

Six micron sections of bone and cartilage tissues were stained with hematoxylin @and eosi
(H&E) and alcian blue for histological assessment of matrix and proteoglycans, respectively.
FTIR-IS analysis

FT-IRIS data were acquired the midinfrared region2000i 900 cni', at 8 cn
spectral resolutionand 25m s pat i al r e-sdddd scans penpixelwsingh 2 ¢
Spectrum SpotLight 400 FIR Imaging system (Perkin Elmer, Shelton, CT).
The integrated area under collagen and proteoglycan content was evaluated based on amide |
(17181594cm®) and sugarl(144958cm®) absorbancesespectively. Peak height ratio of 1660
cm* and 1690 crhwavenumbers was used to estimate the collagen crosslink/n{asitifyrior

to collagen crosslink analysis, amidé 7{81594n") region was baseline corrected.
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To assess the correlation betweenIRTderived collagen maturity parameter
(1660/1690 crit) and mature crosslinks, infrared spectra were collected from purified
protein obtained from HPLC. Pyridinoline was put betwéeo transmissive BaF
windows and infrared spectra were collected at 8 spectral resolution.

Biochemical assay

For reducible and nereducible crosslink analyses, samples were decalcified with
EDTA for one week at 4°C, washed with distilled water, ioghilized. The decalcified
collagen was then reduced with standardized 3aBhydrolyzed, and subjected to
crosslink analyse$238]. The reducible crosslks (dehydrodihydroxylysinonorleucine
[deH-DHLNL], its ketoamine, and dehydrohydroxylysinonorleucine [¢¢ENL]) and
precursor aldehydes (H¥land Lyg'®) were analyzed as their reduced forms (DHLNL,
HLNL, DHNL, and HNL, respectively). The nemducible, fluorescent crosslinks,
pyridinoline and deoxypyridinoline, were measured at the same time with the use of an
online fluorescence flow monit¢238, 239] Immature and mature crdis&s, DHLNL and
Pyr respectively, were evaluated using Varian high performance liquid chromatography
(HPLC) system Rrostar 240/310, Varian, Walnut Creek, C#jth a strong cation
exchange column (A®11, Transgenomic, San Jose, CA). All crosslinks weeaiified as
mole per mole collagen. The collagen content per protein was evaluated by the level of
hydroxyproline per 1,000 total amino acids as desciib&érajima et al. work234].

Statistical analysis

Analysis of Variance ANOVA) with alpha set at 0.05 (95% confidence interval

(Cl)) wascarried out to compare mean valuBgarson correlation coefficient anedst

were used respectively to assess the correlation and similarity betweéh d€Fived
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data and biochemical assay reswith significance set at g 0.05. Statistical analysis

was performed using Microsoft Exc&10 (Microsoft, Redmond, WA).

Results

Bone

FT-IR images showed increase in 1660/169Dgarameter withenimal age Eigure

40A). A dense bone matrixas seen in mature bone compared to fetal tissgere40B).

A) FT-IR - 1660/1690cm™
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Figure 40: A) FT-IR 1660/1690crt and B) histology images of fetal, young and mature bone. C) FT

IR derived 1660/1690crit parameter for tissues preserved in ethanol and formalin, showing the

increase in collagen maturity with age, * shows significant differencsewith age, but not with fixation

method in a specific ageexcept for mature tissugp < 0.05).
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Quantitative analysis confirmed that# collagen maturity parameter increases
over time This parameter was significantly higher in mature tissue compared to young
and fetal bone in lib tissues preserved in formalin and ethajpok 0.05),where mature
tissue showed almost 15folds higher amount of collagen maturity compared to fetal
bone The same trend of changing FT-IR collagen maturity parametevas seen for
both formalin andethanol preservatives ovdime (Figure 40C). However, tissues
preserved in formalin showegkenerallyhigher valuesThe difference was significant
only for mature tissue (p < 0.05).

Since tissues preserved in ethanol did not shosv ghme values as tissues
preserved in formalifior the mature tissuegand also since it was shown previously that
formalin preservation has the minimum effect in alteration the secondary structure of the
protein comparéto ethanol[45, 46] FT-IR derived collagen maturity values of tissues
preserved in formalin were used in comparative aeal{Sigure 41A). Evaluation of
purified pyridinoline protein using FIR spectroscopy showetthe collagen maturity
parameter increases with age whidilectsthe increase in mature collagen crosslink
(Figure41B).

Immature and mature collagen crosslinks, DHLNL and pyridinotinatent
derived from biochemical assayn Dr . Y a mneerne campadegor tissuds with
different ages (Figure 42A and B). As expected, over time, immature crosslinks
(DHLNL) decreasd while the mature collagen crosslink contentreased Mature to
immature crosslink ratio as an indicator of amount afieb collagen maturity increased

with age Figure42C).
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Figure 42 A) bone immature crosslink, and B) bone mature crosslink measured using biochemical

assay, showing maturation of DHLNL to pyridinoline over time. Mature to immature crosslink ratio

shows collagen crosslink variation with age, * shows significant difference (p < 0.05).
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Similar to FFIR derived 1660/1690cth parameter, older tissue showed
significantly higher collagen maturity compared to fetal and young tissue (p < 0.05).
However, the amount of increase in collagen maturity from fetal bone to mature bone
was higher in biochemical assay data (~4 folds) compared 4& FiErived values (~2
folds). FFIR 1660/1690cn ratio values and biochemical assay collagen crosslink data
were significantly different according totBst (p < 0.05), showing that AR derived
1660/1690crit parameter probably is not reflecting the exact measure of collagen
crosslink and better to be used as an indicator for bone collagen maturity.

Cartilage

Collagen and PG content reached a maximum value during maturation from fetal
to young tissue and then decreased in older tissue as a rededfenferationHigure43A
and B). Normal cartilage component distribution can be seen in young tissue where
collagen and PG content are higher in superficial and deep zones, respdétjely
Collagen maturity measured by #® derived 1660/1690cth parameter, increased
through the tissue with ag€igure43C). HistologicalAlcian blue evaluation of cartilage
showed higher amount of proteoglycan in young tissue compared to fetal and mature
cartilage. Round shaped chondrocytes in their lacunae were seen in deeper regions, while
superficial zonecontained primarily elongated cells. Chondrocytes density decreased

thorough the tissue from superficial zone to deep zbigei(e43D).
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Figure 43 FT-IR derived cartilage matrix component images show the maximum collagen (A) and PG
(B) content in young tissue. C) Collagen 1660690cnt parameter increases with age, showing increase in
collagen maturity over time. D) Alcian blue histology image of fetal, young and mature cartilage shows the
distribution of chondrocytes and proteoglycans thorough the tissue.

Both tissue sections preserved in formalin and ethanol showed the highest amount
of collagen and PG in young cartilage (significantly different with mature tissue, p <
0.05). Tissue degeneration over time decreased the amount of matrix components in
maturetissue (Figure 44A and B). The difference of FIR derived collagen content
between tissue preserved in formalin and tissue preserved in ethanol was not significant.
However, young and mature cartilagfgeowed significantly different PG content between
two types of preserviae (p < 0.05,Figure44B). Proteglycans are solvable in ethanol,

therefore, tissues preserved in ethanol shawleder amount of PGRigure44B).
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