
 

 i 

 

INFRARED SPECTRAL IMAGING ANALYSIS OF 

CARTILAGE REPAIR TISSUE 

______________________________________________________ 

  

A Thesis  

Submitted to  

the Temple University Graduate Board  

 

________________________________________________________________________ 

 

 

In Partial Fulfillment  

Of the Requirements for the Degree  

MASTER OF SCIENCE IN BIOENGINEERING 

 

_______________________________________________________________________ 

  

 

By  

Madhuri Krishna Penmatsa 

May 2011  

 

 

 

 

_____________________                                       ____________________ 
 Dr. Nancy Pleshko                                                                     Dr. Theresa A. Freeman  

 Thesis Advisor                                                                           Committee Member  

 Dept of Mechanical Engineering                                               Dept of Orthopedic Surgery       

Temple University                                                                      Thomas Jefferson University 

            

 

 

 

 

                                                                                          ________________________ 

                                                                Dr. Bin Wang 

                                                                          Committee Member 

                                                                                                Dept of Mechanical Engineering 

                                                                        Temple University 

 



 

 ii 

 

ABSTRACT 

Articular cartilage is a homogenous tissue that provides frictionless movement between 

joints while withstanding repetitive physical stress. Once degenerated as a result of 

osteoarthritis or an injury, it has very limited capacity for self-repair. Recent research has 

focused on developing many new technologies for cartilage repair. The successful 

application of these strategies is limited in part to lack of techniques to evaluate tissue 

response to interventions. Assessment of the structural and molecular changes in the primary 

cartilage components, proteoglycan (PG) and collagen is critical to evaluate progress of the 

repair tissue.  In the present study Fourier transform infrared imaging spectroscopy (FT-IRIS) 

was utilized to evaluate molecular changes in normal and degenerated cartilage in a rabbit 

model of repair. Parameters such as collagen integrity, type II collagen and proteoglycan are 

important factors in determining the biomechanical properties of articular cartilage, and are 

likely as important in determining functional competence of repair tissue. Histological 

evaluations are considered to be one of the most important methods for determining the 

quality of the repair tissue, but still do not predict clinical outcome. It is possible that a new 

tissue scoring system that considers molecular parameters in the repair tissue, along with the 

histological outcomes, will better predict clinical success of repair.  The main goal of this 

study is to assess correlations between histological grading, immunohistochemical 

assessments of type I and II collagen, and FT-IRIS parameters, in cartilage repair tissue 

in a rabbit model.  These data will provide the basis for a novel tissue scoring system using 

FT-IRIS parameters alone, or in conjunction with histological and immunohistochemical 

outcomes. This could yield better correlations with clinical outcomes that may lead to 

optimization of the cartilage repair process. 
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CHAPTER 1: INTRODUCTION 

 

Articular Cartilage 

 

Articular cartilage is a complex connective tissue composed of chondrocytes embedded 

within an organized extracellular matrix. The matrix contains an extensive network of 

collagen fibrils, which confer tensile strength, and an interlocking mesh of proteoglycan, 

proteins with covalently attached sulfated glycosaminoglycan molecules. Chondrocytes 

are the sole cellular components of adult hyaline cartilage and are responsible for 

synthesizing and maintaining the highly specialized cartilage matrix macromolecules. 

Hyaline cartilage consists predominantly of type II collagen and smaller amounts of type 

V, VI, IX, X, XI, XII, and XIV collagen [1].  It is translucent and bluish white in 

appearance. In hyaline cartilage, the chondrocytes reside in lacunae surrounded by a 

pericellular matrix. Articular cartilage is an avascular, aneural, alymphatic tissue 

nourished by diffusion from the vasculature of the subchondral bone and to lesser degree 

from the synovial fluid.  Type II collagen constitutes 90% to 95 % of total collagen and 

10 % of the wet weight. Type II collagen is the major fibrillar collagen of articular 

cartilage. It forms a highly cross linked and interconnected network of collagen fibrils. 

Type VI collagen forms as micro fibrils and is localized around Chondrocytes may play a 

role in cell attachment [2]. Types IX and XI are cartilage specific, these collagens are the 

minor types and are present in roughly equal amounts Type IX is a short fibrillar collagen 

that contains a proteoglycan moiety that forms cross-links with type II collagen, functions 
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as an intermediate between type II collagen and proteoglycan aggregates in the 

extracellular matrix [3]. 

 

Structure of articular cartilage 

 

Articular cartilage is structurally divided into three zones, each with a unique cellular 

morphology and arrangement of the type II collagen fibers (Figure 1). Chondrocytes in 

the most superficial or tangential zone are flattened, with collagen fibrils arranged 

parallel to the surface. In the other zones, chondrocytes maintain a characteristic round 

shape. The intermediate, or transitional, zone is the thickest. In this region, the collagen 

fibers are less organized but are typically in an oblique orientation to the surface. In the 

deep, or basal, zone, chondrocytes and collagen fibers are oriented in vertical columns 

perpendicular to the surface. Cellular density and water content is highest at the 

superficial layer of the articular cartilage and progressively decreases through the 

intermediate and deep zones to about one-third the density of the superficial layer. The 

proteoglycan content is the lowest in the superficial zone and progressively increases 

through the middle and deep zones [4]. The composition and structural organization of 

articular cartilage in the human adult reflects the very specialized role of this tissue in 

articulation.  

 

 

 



 

 3 

 

 

  

Figure 1: Schematic representation of the general structure of adult human articular 

cartilage to show the zones, regions, and relationship with subchondral bone. The 

insets show organizations of collagen macro fibrils in the different zones [5] 
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Background and Motivation: 

 

Chondrocytes undergo metabolic changes as a result of aging, disease, and injury. These 

changes may delay the tissue maintenance and repair, resulting in accelerated loss of 

articular surface and leading to end-stage arthritis. Chondrocytes maintain a balance 

between matrix synthesis and breakdown that facilitates normal tissue metabolism. This 

process is further influenced by several factors, including the mechanical load, hormones, 

local growth factors, cytokines, aging, and injury. Articular cartilage defects are often 

associated with loss of matrix components, increased water content and disruption of 

collagen fibrils. Some of the pathological changes include subchondral bone thickening, 

deformation of the articular surface, osteophyte formation, and synovial fibrosis, key 

features that often lead to osteoarthritis (Figure 2), one of the most prevalent joint 

diseases in the world and one of the leading causes of disability and pain in the elderly. 

[6] This complexity of the interaction between the cells, the extracellular matrix, and 

other factors makes in vitro reproduction of articular cartilage extremely difficult. 

Figure 2: A normal and osteoarthritic joint [7] 
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It has been estimated that over 600,000 procedures are performed in the United States 

each year to repair damaged cartilage. Numerous experimental and clinical attempts to 

treat articular cartilage defects have been made, including drilling, abrasion 

chondroplasty, microfracture, abrasion arthroplasty, Autologous chondrocyte 

implantation, autograft and allograft techniques [1, 8, 9]. Many of these techniques result 

in fibrous tissue. Especially in full thickness defects, when the subchondral bone is also 

damaged, the repair response originates from the subchondral bone and results in 

fibrocartilage. Fibrocartilage, unlike hyaline, primarily consists of type I collagen and is 

fibrous in nature, and lacks the biomechanical properties, structure and composition of 

hyaline cartilage [10, 11].  

 The technique of microfracture works by stimulating the growth of new articular 

cartilage by creating a new blood supply. A sharp tool is used to make multiple holes in 

the subchondral bone that eventually creates a healing response. New blood supply can 

reach the joint surface, bringing newly generated chondrocytes that forms the new 

cartilage.  This is very similar to subchondral drilling, which consists of drilling through 

the defect to penetrate the subchondral bone. Subsequent findings suggest the repair 

tissue introduced into the area can grossly appear like hyaline cartilage but histologically 

resembles fibrocartilage [4].  

Abrasion arthroplasty is also similar to drilling. Instead of drills or wires, high speed 

burrs are used to remove the damaged cartilage and reach the subchondral bone. The 

technique works by debriding the articular defect to a normal tissue edge so that fresh 

collagen can be produced in the fibrin clot [1]. 
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Soft tissue and osteochondral grafts: Stimulating articular cartilage growth through the 

use of various grafting techniques has recently been reported. Osteochondral 

transplantations involve harvesting a bone-cartilage graft from a non-weight bearing 

surface of the bone and transplanting it into the defect.  Studies have reported good 

results with reduction of symptoms and improvement of function in short term 

observations [1, 12].    

In contrast to the above described procedure, autologus chondrocyte implantation (ACI) 

is a two-step procedure. The process involves obtaining a biopsy from a non-load bearing 

region of the patient‟s articular cartilage. The chondrocytes are then released from the 

tissue by enzymatic digestion and expanded in culture. At a subsequent surgery a few 

weeks later, the cultured cells are implanted into the chondral defect, beneath a periosteal 

patch. This stage of the procedure requires an open arthrotomy of the knee to secure the 

patch to the surrounding normal cartilage. Results obtained showed reduced pain and 

restored joint function in many of the patients [11, 13]. 

Although many of the above stated techniques can result in symptomatic pain relief and 

improvement in functional status, many of these techniques fail to prevent future 

degeneration of the repair tissue and the surrounding host tissue. Degeneration is in part 

due to the nature of the repair tissue formed, such as fibrocartilage, inadequate 

development of quantity of repair tissue, poor cell differentiation and poor bonding to the 

surrounding articular cartilage [14].   

.  
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Subchondral bone marrow stimulation techniques and cartilage penetration techniques, 

such as previously described microfracture, have recently received increased attention 

[15, 16]. The main aim of these procedures is to mobilize the mesenchymal stem cells to 

differentiate into cartilaginous repair tissue. The vascularized bone is disrupted to form a 

fibrin clot and thereby introducing pluripotent cells into the surrounding area. These stem 

cells eventually differentiate into chondrocyte cells that secrete type I, II and other 

collagen types, as well as cartilage specific proteoglycans, after receiving mechanical and 

biological cues. These stem cells typically produce a fibroblastic repair tissue that on 

visual appearance and initial biopsy can have a hyaline-like quality. Unfortunately, over 

time, the histological characteristics change into more predominantly fibrocartilaginous 

tissue [16]. 

 

 Research from the past two decades has focused on investigating both normal and 

pathologic cellular and molecular processes, as well as the development of chondro- 

protective agents to improve the metabolic function of articular cartilage. Current 

research includes elucidation of the mechanism of actions of a variety of agents, such as 

glucosamine, chondroitin sulfate, and hyaluronic acid, and how they can modify the 

symptoms and course of osteoarthritis [12]. Methods of stimulating repair or replacing 

damaged cartilage, such as matrix metalloproteinase inhibitors, gene therapy, growth 

factors, cytokine inhibitors, artificial cartilage substitutes, tissue engineering, the 

combination of artificial matrices with cells and growth factors or genes, are currently 

under investigation and are thought to offer great potential for improving patient care 

[15]. 
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 With the development of several new treatment approaches, the need for objective 

outcome measures and the assessment of the repair tissue has become increasingly 

important. Especially, with regard to the development of new treatments for large 

cartilage defects, it is very valuable for orthopedic surgeons and researchers to 

understand how the initial repair tissue progresses to the competent repair tissue, and also 

to assess whether the repair tissue is developing as desired [12]. 

Therefore, animal models are frequently used to enable more controlled evaluation of the 

repair process. These models have the advantage that besides having tissue from known 

time points, normal healthy cartilage can also be obtained from the same subject. The 

most commonly used animal models to assess cartilage repair are rabbit [17-23] goat[24-

26] , sheep [27, 28], dog, [29] and pig [30-32]. Depth of the defect may vary depending 

on the animal used, its maturity and its healing response. Spontaneous repair of full 

thickness defects is proven to occur in rabbits [33, 34]. Spontaneous repair of full 

thickness cartilage is associated with a series of physiological changes such as localized 

bleeding, hematoma formation, stem cell migration, and a variety of growth factors 

which influence the chondrocyte like cell formation. However, similar to what occurs in 

humans, these series often end up synthesizing type I collagen resulting in fibrocartilage 

[11, 35]. 

Nonetheless, studies have shown good to excellent histological repair in the absence of 

any specific treatment in animal models, and similar findings are supported by data from 

some clinical studies in humans as well [13, 36]. Based on these studies it is clear that the 

inter-individual variations of the response to cartilage defects strongly contribute to the 
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outcome of the repair processes. The mechanism of spontaneous repair and the series of 

changes that occur physiologically during the process are important in understanding 

surgically based strategies, and for research investigations [1, 4] 

 

Quantitative methods of evaluating articular cartilage repair: 

 

The standard semi-quantitative methods to evaluate the repair tissue in articular cartilage 

are histology, biochemistry, and mechanical properties. Histological methods are widely 

used by researchers to evaluate cartilage repair, which allows assessment of many 

important factors in the repair process such as morphological, structural and cellular 

characteristics based on a scoring system. Factors included are type of tissue filling the 

defect (hyaline or fibrocartilage), including cells and extracellular matrix, the structural 

features, type of cells present and even the health of adjacent tissue. Assessment of 

morphological or biochemical information depends on the type of tissue, the method of 

staining and the scoring system. For instance, several histological stains are specific to 

sulfated glycosaminoglycans (GAGs) such as Safranin O and Alcian blue, while 

immunohistochemical stains are used to demonstrate the type of collagen and cartilage-

specific proteins [37, 38]. 

In histological studies, the morphological appearance of the repair tissue is likely to be 

predictive of its functionality and durability. Many scoring systems have been developed 

in order to make the histological observations objective, and to some extent quantitative. 

While there are a wide variety of scoring systems available, only a few of them are 

validated. Some of them are validated by comparing to an already validated score, while 
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some others have been validated by a biochemical analysis of the parameters [39].  Usage 

of validated scoring systems improves reliability of observations. The choice of the 

grading system may depend on the type of the tissue, and the characteristics that need to 

be assessed. Also some of these scoring systems have been validated for a specific tissue 

type, like the Bern score has been validated for an engineered cartilage [40], modified 

O‟Driscoll score for in-vivo repaired cartilage [41], histological and histochemical 

grading system for an osteoarthritic cartilage, and ICRS II and OsScore for human repair 

tissue [39].  

A variety of tissue characteristics can be assessed by a scoring system [39]. O‟Driscoll 

score was the first cartilage repair score used to assess the quality of repair tissue in 

rabbits after periosteal grafting of cartilage [42] This was later modified to include 

cellularity, chondrocyte clustering and freedom from cellular changes of degeneration 

and now is referred to as the modified O‟Driscoll score [43]. It is specific for cartilage 

repair and includes four major categories, the nature of the predominant tissue, structural 

characteristics, surface regularity, freedom from cellular changes of degeneration and 

freedom from degenerative changes in adjacent cartilage, and is frequently used for 

cartilage analysis in animal studies [42]. This score has  recently been validated by 

correlating to the Pineda scale, and a high intra-and inter-observer reproducibility was 

demonstrated when used to analyze goat articular cartilage [41]. The O‟Driscoll score is 

one of the few scores in which „integration‟ of the repair tissue with its surrounding tissue 

is assessed.  
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Study of articular cartilage repair in human is somewhat different from the animal repair 

tissue. The assessment of human repair tissue is often limited by availability and size of 

the biopsy of the repaired tissue. As parameters like „bonding to adjacent cartilage” from 

the O‟Driscoll scoring system may not be useful for human tissues, as it can be scored 

only when a biopsy is taken from a transitional zone along with  an adjacent native tissue 

at both ends thus requiring for a large biopsy, or a full joint explants. Harvesting large 

size biopsies from patients is not always desirable. Considering this issue, a new cartilage 

scoring system was developed, known as OsScore, for small biopsies of human samples 

[13]. The subsequently developed „OsScore‟ comprises seven parameters („tissue 

morphology, matrix staining, surface architecture, chondrocyte clusters, mineral blood 

vessels and basal integration.) and has a maximum score of 10 points [13].  

The histology working group of the International Cartilage Repair Society (ICRS) had 

developed and validated a new scoring system that is suitable for human samples. This 

ICRS II score comprises of tissue morphology, cell morphology, and matrix staining 

metachromasia, architecture of the surface, basal integration, subchondral bone 

abnormalities, abnormal calcification, and vascularization within the repair tissue [44]. 

Similar to most other cartilage repair scores, this score does not evaluate integration of 

the repair tissue with its surroundings, which is due to the limited size of biopsy in the 

clinical setting. 
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Immunohistochemical staining: 

 

The knowledge of molecular changes at the tissue level has improved vastly due to the 

application of immunohistochemical staining. Immunohistochemical staining can be 

applied to an unlimited number of targets, since specific antibodies can be generated 

against every protein or peptide. With respect to cartilage, a considerable number of 

antigens can be used in order to identity and localize specific structures. These antigens 

can be used to identify cellular or extracellular targets.  

Immunostaining techniques work based on the general principle of antigen, antibody 

reaction. This process involves the localization of antigens in tissue sections by the use of 

a labeled antibody as specific reagents through antigen-antibody interactions that are 

visualized by a marker. The complexity of antigen and antibody can be visualized by 

binding the antibody via its invariable end to a secondary system. This is possible 

because site-specific protein structures serve as targets for the secondary system (for 

example primary antibodies generated in rabbits can be localized by an anti-rabbit 

secondary system).  An appropriate enzyme (e.g. peroxide or alkaline phosphatase) can 

detect the resulting primary-secondary antibody complex The enzyme coupled to the 

secondary antibody provides a color reaction when appropriate substrates are added [38] 

The most commonly utilized antibodies in cartilage repair tissues are the monoclonal 

antibodies and polyclonal antibodies depending on the animal model. Monoclonal 

antibodies against type I and type II are widely used due to their specificity in binding to 

antigens. Several studies have used these antibodies to identify regions of hyaline and 

fibrocartilage tissue in human and animal tissues of cartilage repair [45, 46]. 
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While assessment of the histological quality and immunohistochemical features of 

cartilage are considered to be important tools to identify pathological changes of cartilage 

and success of treatment, it is challenging to obtain quantitative information on the spatial 

distribution of tissue chemistry, which could be an important indicator of clinical success 

in repair. Fourier transform infrared imaging spectroscopy is a novel alternative to 

analyze structural, compositional and zonal variations in cartilage based on molecular 

information. 

 

Fourier Transform Infrared Imaging Spectroscopy  

 

Figure 3 : The Electromagnetic Spectrum 

 

Infrared spectroscopy is the study of the interaction of infrared light, composed of electric 

and magnetic waves, with matter (Figure 3). All objects in the universe at a temperature 

above absolute zero give off infrared radiation. When infrared light passes through a 



 

 14 

 

sample, certain frequencies of the light are absorbed by the chemical bonds thus leading 

to molecular vibrations in the substance. Hence the presence of chemical bonds in a 

material is a necessary condition for infrared absorbance to occur. Structural fragments 

molecules, known as functional groups, absorb specific frequencies that are characteristic 

to their structure. In infrared spectroscopy, frequency is typically measured in wave 

numbers, cm
-1

. For instance the C = O stretch of a carbonyl group occurs at ~1700 cm
-1 

 

in ketones, aldehydes and carboxylic acids. Therefore, there is a correlation between the 

wave number at which a molecule absorbs infrared radiation and its molecular structure. 

Absorbance bands in the infrared arise from the primary molecular vibrations such as 

stretching and bending of molecules. This correlation between the frequencies and the 

molecules of a substance allows the identification of the structure from the infrared 

spectrum of molecules. The absorption pattern of each molecule is unique since the 

frequencies and intensities of absorbed infrared light depend on the specific bond 

strengths and atoms within the molecule. A plot of measured infrared radiation intensity 

versus wave number is known as an infrared spectrum, a powerful tool for both 

qualitative and quantitative analysis [47] 

In addition to chemical structures, infrared spectra can provide quantitative information, 

such as the concentration of a molecule in a sample. The basis of quantitative analysis in 

infrared spectroscopy is based on Beer‟s law, which relates concentration to absorbance 

                                                        A = € L c 

Where A is absorbance 

            € is absorptivity 

            L is pathlength 
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            c is concentration. 

The absorbance is measured as peak height or peak area, from the infrared spectrum. The 

absorptivity is the proportionality constant between concentration and absorbance. The 

molecules absorb infrared radiation at characteristic to their vibrational frequencies, 

enabling identification and quantification of components, Absorptivity is a material 

characteristic and it changes from molecule to molecule, and from wave number to wave 

number for a given molecule. The width of an infrared band gives information about the 

strength and nature of molecular interactions [48]. 

 

Fourier transform is the operation that decomposes a signal into its constituent 

frequencies. A Fourier Transform is required to turn the raw data into a spectrum. Fourier 

transform infrared (FTIR) spectroscopy is advancement in spectroscopy that combines 

infrared spectroscopy with the Fourier transform technique, thus permitting faster data 

acquisition. The goal of FTIR spectroscopy is to determine how well a sample absorbs or 

transmits light at each different wavelength. FTIR spectroscopy was developed to 

measure all of the infrared frequencies simultaneously, rather than individually. An FT-

IR spectrometer in combination with an optical microscope, infrared imaging, can detect 

the molecular nature, distribution and orientation of the components of connective tissues 

on very thin tissue sections [49]. The system typically consists of an optical microscope 

with an array detector that has the capability to image a rectangular sample size up to 

several millimeters in length at a spatial resolution of 6.25µm or at 25µm [50]. FT-IR 

imaging spectroscopy typically utilizes the frequency of the mid-infrared region (4000-

400cm
-1

). The frequency at which a molecule absorbs infrared radiation is sensitive to 
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conformation and infrared spectroscopy can be used to obtain information on protein 

secondary structure, and when polarized, an orientation of specific molecular bonds [51]. 

FTIR imaging spectroscopy (FT-IRIS) imaging has been widely used to analyze the 

biological cells and tissues [52-54].  In tissues, the structure and orientation of proteins, 

lipids, and inorganic compounds can be analyzed using FTIR spectroscopy [51, 55]. 

FTIR studies on cartilage have been carried out by several groups.  The first IR studies to 

identify the primary components of cartilage were carried out by Camacho et al [51] . It 

was found that the infrared absorbances can show the variations in primary molecular 

components such as collagen and proteoglycan that reflected the quantity of components 

and distribution in the superficial, middle and deep zones.  Typical spectra of the primary 

components of cartilage, collagen and the proteoglycan aggrecan, are shown in Figure 4.   

 

 

Figure 4 : Primary absorbances of collagen and aggrecan in cartilage 
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The amide I absorbance in the 1590-1720 cm
-1

 region arises from the C=O stretch of 

proteins, and the 958-1144 cm
-1

 absorbance arises from the sugar ring in PGs (Figure 5). 

The spectral parameter of 1326-1360cm
-1

 (centered at 1338cm
-1

) was found to be an 

indicator of degenerated cartilage as the absorbance band decreased with collagen 

denaturation [49, 51]. This absorbance, when ratioed to an amide collagen absorbance, is 

referred to as “collagen integrity”. 

 

 

Figure 5 :  Spectrum of primary absorbances in cartilage. 

 

It has been shown that the amide I peak arises primarily from the C = O stretching 

vibration of type II collagen and possesses a transition moment oriented perpendicularly 

to the collagen fibril long axis [56]. The amide I and amide II modes have the transition 

moments that extend in perpendicular directions. Hence the structural orientation of 
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collagen molecules can be assessed by the ratio of the collagen amide I/ amide II when a 

wire grid polarizer is inserted in between the sample and infrared beam, [57]. FTIR 

studies from research groups have shown that the collagen and proteoglycan content of 

the tissues correlated well with the histological determination of proteoglycan and the 

glycosaminoglycan derived from biochemical measurement [50, 58]. Studies have also 

shown correlations with magnetic resonance imaging studies [58, 59] . Thus together, 

these data demonstrate that FT-IRIS can be utilized to assess molecular and structural 

properties of cartilage. 
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CHAPTER 2: HYPOTHESIS AND SPECIFIC AIMS 

 

The overall goal of this project is to find molecular indicators using Fourier transform 

infrared parameters alone or in conjunction with histological and immunohistochemical 

measurements to evaluate the quality of cartilage repair tissue in a rabbit osteochondral 

defect model.  

 

Hypothesis 1: We hypothesized that FTIR spectroscopy is sensitive to the detection of 

molecular and compositional changes in articular cartilage repair tissue, and that infrared 

spectral imaging-derived parameters obtained from cartilage repair tissue in a rabbit 

osteochondral defect model will improve over time.  

 

Aim 1: To perform quantitative assessments of FT-IRIS parameters in normal and repair 

tissue including collagen content, proteoglycan, collagen integrity and orientation of 

collagen fibers. The FT-IRIS data assessed from the repair tissue will be statistically 

compared to the data from the adjacent normal articular cartilage to evaluate whether the 

repair tissue parameters become more similar to normal cartilage parameters over time. 

Histology and immunohistochemistry assessments for proteoglycan content, and for 

distribution of type I and type II collagen, will also be carried out. 

 

Aim 2: To correlate the infrared spectral parameters statistically with histological and 

immunohistochemical parameters of repair tissue. The ultimate goal is to assess which 

infrared parameters better predict either the histological score or the amount of type II 
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collagen in the cartilage repair tissue. Together these data will contribute to a thorough 

analysis of cartilage repair tissue by infrared spectral analysis, and will form the basis for 

development of an infrared-based tissue score to be used as a clinical tool. 
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CHAPTER 3: MATERIALS AND METHODS 

Animal Model 

 (The procedure described in this paragraph was previously carried out at Hospital for 

Special Surgery, New York, NY): 

Bilateral full thickness osteochondral defects 3mm in diameter, 2.5 mm deep,were 

created by drilling down into the subchondral plate in mature New Zealand white rabbits. 

Animals were sacrificed using barbiturate overdose. The defect and surrounding tissues 

were removed and harvested at 2, 4, 6, 8, 12, and 16 weeks post-defect creation. 

Tissue Preparation: 

 

Immediately after harvesting the tissues were fixed in formalin, decalcified, and 

infiltrated by an automated infiltration processor and paraffin embedded for processing 

for infrared imaging, histology and immunohistochemistry. Tissues were sectioned at 7 

μm thickness for infrared imaging and mounted onto low-e slides (Kevley Technologies, 

Chesterland, OH). Tissues were sectioned at 6 µm thickness for histological and 

immunohistochemical staining and mounted onto plus slides (~n = 5 per group). Imaging 

sections on the low-e slides were deparaffinized with xylene and 100 % ethanol and left 

air dried. The choice of tissue section thickness depends on the material and the purpose 

of the investigation. For histochemical studies that require more cellular details, and 3 – 6 

µm thickness is preferred [60]. This range of thickness can provide a rich stain that is 

easier to interpret especially at 2X and 4X magnifications. For infrared imaging, the 

maximum penetration depth in the mid-IR (~400 – 4000 cm
-1

) is up to 10 µ. The optimal 
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thickness for infrared imaging will result in an absorbance close to or less than 1 (~ 10% 

of the radiation is transmitted), but not too low such that the spectra are noisy.  The seven 

micron sections used in this study resulted in individual spectra with absorbances less 

than 1 that had a high signal to noise ratio. 

 

Histological Grading: 

 

Histological sections were deparaffinized with xylene and a series of ethanol grades (100, 

95, 70 and 50) before staining.  Sections were then stained with Hematoxylin and Eosin 

(H&E) and with Alcian blue for morphological and glycosaminoglycan (GAG) 

assessments. The histological sections from each specimen were examined and scored by 

two blinded independent observers using modified the O‟Driscoll semi quantitative 

scoring system [43]. The following parameters were analyzed: 

 

Nature of the predominant tissue: 

 

The nature of the predominant tissue was defined as the tissue that was estimated 

histologically to comprise more than 50 percent of the total tissue in the defect. The 

predominant tissue was classified as (1) fibrous tissue, (2) poorly differentiated 

mesenchyme or (3) hyaline-like cartilage 

The tissue can be considered as fibrous if it consists of spindle-shaped cells and the cells 

are closely associated with the surrounding collagenous matrix, and do not reside in 
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lacunae. The matrix contains type I collagen fibers oriented parallel to each other which 

form bundles that lie roughly parallel to the surface. The collagen fibers are clearly 

visible at low power under polarized light and the matrix does not stain positively for 

GAGs. Fibrocartilage tissues are considered as an intermediate stage between those of 

fibrous tissue and hyaline cartilage. Cells are rounded and reside in lacunae surrounded 

by a pericellular matrix thus distinguishing fibro cartilage from fibrous tissue.  

Hyaline cartilage is identified primarily by the characteristic appearance of its type II 

collagen matrix.  Cells display a spherical morphology except near the surface where they 

are usually elongated as in normal articular cartilage. The cells reside in a well define 

lacunae. The matrix stains positively for glycosaminoglycan‟s with alcian blue staining.  

Surface regularity:  

Surface regularity was considered as grade (1) completely disrupted if there was severe 

fibrillation and fissuring (2) partially disrupted if there were minor fissures or slight 

amounts of fibrillation (3) smooth and intact if there were no fissures or fibrillation.  

Structural integrity:  

The structural integrity of the newly formed tissue was considered separately from the 

surface regularity. Structural Integrity refers to the degree to which the tissue below the 

surface appeared to be intact histologically [42]. The tissue was graded as 1 if it‟s 

completely disrupted with large horizontal clefts within the newly formed tissue or 

between it and the underlying subchondral bone. A grade of 2 represents partially 

disruption, if minor cleavage planes were observed or if fissures extended from the 

surface to the subchondral bone. A grade of 3 represents the tissue is smooth and intact.   
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Freedom from cellular changes of degeneration:  

Freedom from cellular changes of degeneration was also considered. It consists of hypo 

cellularity and chondrocyte clustering. Freedoms from degenerative changes in adjacent 

cartilage were assessed as 1, if the tissue has normal cellularity, no clusters, and normal 

staining. Graded as 2 if it has normal cellularity, mild clusters, and moderate staining. 3, 

as mild or moderate hypo cellularity, slight staining and 0, as severe hypo cellularity, 

poor or no staining [42]. 

Bonding to the adjacent cartilage: 

The newly formed tissue was considered to have a grade of 1, if there is no bonding at 

both ends of the defect to the adjacent cartilage. 2, if there is a partial bonding at one end 

of the defect to the adjacent cartilage or 3, if it‟s completely bonded at both ends to the 

adjacent cartilage. The graded histological scores were averaged from the two 

independent observers and the Mean ± SEM were plotted (Figure 7). 

 

Immunohistochemical Staining 

 

Immunohistochemical studies were carried out with the use of monoclonal antibodies 

against type I and type II collagen on the tissue sections that consisted of adjacent normal 

and repair tissue. Tissue sections were deparaffinized and rehydrated with xylene and a 

series of ethanol concentrations as described above. The sections were then treated either 

with an antigen retrieval for (collagen-I) or with a hyaluronidase digestion for (collagen –

II) to unmask the collagen antigens. After a through wash with a PBS solution (1X) slides 
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were then incubated with 0.5% Triton in PBS at room temperature for permeabilization. 

Endogenous peroxidase was blocked with 0.3% hydrogen peroxidase in methanol for 5 

minutes at room temperature. After washing with PBS solution, the tissues were blocked 

in 4% bovine serum albumin (BSA) with 0.1% Tween20 for one hour at room 

temperature. After washing with PBS solution, mouse monoclonal primary antibody 

against type I collagen (Abcam Inc. Cambridge, MA) and rat monoclonal primary 

antibody against type II collagen (generously provided by Dr. Charlene Willams, 

Jefferson University, Philadelphia, PA) was diluted with 1% BSA with 0.1% Tween20 in 

1:100 ratio and applied to all sections. It was allowed to incubate overnight at 4°C. Slides 

were washed with PBS and the secondary biotinylated antibodies against type I and type 

II collagen were applied and the slides were then incubated for 1 hour at room 

temperature. Following secondary antibody application the slides were incubated at room 

temperature for 30 minutes with horseradish peroxidase kit (Vector Laboratories 

Burlingame, CA). Washed with PBS again the slides were incubated at 37°C 

approximately for 20-30 minutes with DAB solution peroxidase substrate kit (Vector 

Laboratories), checking microscopically for the staining. Slides were dehydrated with 70, 

95 and 100 % Ethanol, and cover slipped with Permount (Fischer) 

 

Image Analysis and Quantification of Collagens: 

 

Tissue sections were photographed with an Olympus MVX10 microscope (Olympus 

Optical Co. Ltd., Center Valley, PA) along with an Olympus DP70 camera at 2X 
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magnification. The staining intensity was quantified using a programmed macro. To 

make our data consistent with infrared imaging data, a rectangular region of interest was 

selected for both normal and repair tissue. The staining intensity in the total region and 

the selected region were calculated with the macro. The values acquired represent the 

average pixel intensity within the region selected as well as the total region for both 

normal and repair tissues. The intensity values were normalized by the selected region of 

interest to the total region within each tissue type. Then the normalized intensity values 

were averaged by groups.  The amount of type I and type II collagen from 

immunohistochemical experiments were normalized initially to the smallest value within 

the tissue type and then further normalized as follows:  the defect region value 

normalized to the normal full thickness cartilage tissue, so as to see the percentage of 

type II collagen in the repair tissue. 

FT-IRIS Data Acquisition: 

 

FT-IRIS was performed using a Perkin Elmer Spectrum Spotlight 400 imaging 

spectrometer (Perkin Elmer, Shelton, CT). Infrared experiments were carried out in 

imaging mode with reflection optics. The background was recorded every time. A 

rectangular region of interest that contained the defect and adjacent normal cartilage was 

selected and data were acquired in the 4000 to 700 cm
-1 spectral region at a spatial 

resolution of 25µm and spectral resolution of 8 cm
-1

.  For every sample, a polarized 

experiment was done by inserting a wire grid polarizer angled at 0°. Imaging data for 

repair and normal cartilage were analyzed using ISys 5.0 software (Malvern, UK). 
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Infrared Imaging Analysis: 

 

The spectral region from ~900 – 2000 cm
-1

 was considered as it has been shown to 

contain molecular information that arises from collagen and proteoglycan, the primary 

components of cartilage [51]. Images were masked to three different regions as normal, 

adjacent normal and the repair tissue based on proteoglycan content. Considering the 

pathology of cartilage defects, the defect tissue is shown to have less proteoglycan in the 

this region compared to normal. Tissues were also masked based on their orientation 

considering the zonal distribution of cartilage parallel fibrils on the surface and random 

fibrils in the mid zone and perpendicular fibrils in the deep zone. Overall, the defect 

region was differentiated based on its surface features, the proteoglycan content and the 

collagen orientation. The region just next to the repair tissue and close to normal tissue 

was considered as the adjacent normal region. 

Specific spectral absorbance bands arising from collagen, proteoglycan, collagen 

integrity, and orientation were evaluated [49]. Collagen and proteoglycan content were 

monitored by the integrated area of the peaks centered at 1660 and 1050 cm
-1 

absorbance‟s respectively. Collagen helical integrity was monitored by the ratio of the 

integrated area of the 1338 cm
-1

 collagen side chain absorbance to the amide II 

absorbance centered at 1550 cm
-1

. Polarization experiments were also performed to 

determine the distribution of the collagen fibril orientation by assessment of the ratio of 

the collagen amide I/amide II absorbance.  Ratio‟s were masked to the range of 1-4 where 

a ratio ≥ 2.7 reflects, fibrils aligned parallel to the articular surface, ratio ≤ 1.7 reflects 

fibrils perpendicular to the articular surface and ratio between 2.7-1.7, reflects a random 
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fibril orientation [57] (Figure 6G). The percentage of collage fibril orientation was 

assessed quantitatively as follows: Pixels associated with the polarized FT-IRIS images 

were divided into the three orientation categories as described above and the percentage 

falling into each category were calculated. 

 

 

(a) Original Image 

 

(b) Spectrum 

 

(c) Normal tissue 

 

(d) Repair Tissue 

 

(e) Normal Orientation 

 

(f) Orientation staistics 

 

(g) Orientation in Normal tissue 

 

(h) Masked Repair Tissue 

 

(i) Amide I 

 

(j) PG 
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Figure 6 : Infrared imaging spectral parameters in repair tissue. Original image based 

on proteoglycan content shown in (a), typical spectrum shown in (b) masking of 

normal tissue PG content and orientation shown in (c) and (g); masking of different 

parameters of repair tissue shown in (d), and in (h-m).  Orientation of entire tissue and 

pixel distribution of orientation values shown in (E) and (F), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(k) PG / Am I 

 

(l) Collagen Integrity(1338/Am II) 

 

(m) Orientation 
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CHAPTER 4: STATISTICAL METHODS 

 

The integrated areas of the infrared absorbances were calculated for normal and the repair 

tissues for the following parameters: collagen and proteoglycan content, collagen 

integrity, the proteoglycan absorbance ratio to amide I. Results were plotted as Mean ± 

SEM. A paired Student‟s t test was used to compare the normal and repair values within 

each group. The significance of differences among all six groups was determined by one-

way Analysis of Variance (ANOVA, SigmaStat 3.1, Systat Software Inc., San Jose, CA) 

followed by a Tukey‟s test for post hoc  group by group comparison with an overall p 

value < 0.05 considered significant. All the parameters were separately correlated with 

histological scores, and with quantitative analysis of type I and type II collagen from 

immunohistochemical analysis.  

In order to further investigate which infrared parameter would better predict the 

histological grade or am amount of type II collagen, a multiple linear regression 

technique was used.  

The following regression models were derived by considering infrared parameters as the 

independent variables and the histological grade and type II collagen as dependent 

variables. All infrared parameters were normalized for the analysis. 

a. Prediction of histological scores with amide I, proteoglycan content, and collagen 

helical integrity in the repair tissue. 



 

 31 

 

b. Prediction of histological scores with proteoglycan ratio to amide I and collagen 

integrity. 

c. Prediction of histological scores with proteoglycan and collagen integrity. 

d. Prediction of of type II collagen content with amide I, proteoglycan content and 

the collagen integrity. 

e. Prediction of type II collagen content with proteoglycan and collagen integrity. 

f. Prediction of type II collagen with PG/AM1 and Collagen integrity. 
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CHAPTER 5: RESULTS 

Histological results: 

There was an overall improvement in the fill of the defect and quality of the tissue over 

time as shown from the histological scores, and qualitatively in the images (Figures 7,8). 

There was a general trend towards increasing histological score from two to 16 weeks, 

except for the 12
th

 week. A significant difference between weeks 2 and 16, and 8 and 16,  

was observed by one way ANOVA. 

 

               

Figure 7 : Histological score averaged per group (~ n = 5) graded by two independent 

observers * p < 0.05.  

 

The inter-observer agreement between the observers was calculated by a kappa 

calculator. The overall kappa statistic value was 0.81, which qualifies as almost perfect as 

stated by Landis et al, [61]   

The nature of the predominant tissue was hyaline in only ~12% of all the samples (3/25), 

and ~60% of the samples were healed with fibrocartilage. The surface regularity was 
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smooth and intact in 24% of the samples. Approximately 12% of the 16 week samples 

have a normal proteoglycan staining and 57% of the samples were bonded to the adjacent 

cartilage at both ends. 

Immunohistochemistry: 

 

Immunohistochemistry results demonstrated immunostaining for type I collagen in some 

samples and type II collagen in most samples (Figure 8). The positive type I collagen is 

attributable to the fibrous tissue that was formed initially. Normal articular cartilage  was 

immunopositive for type II collagen with almost no staining for type I collagen. As 

expected, the highest area of immunostaining for type I collagen was seen in fibrous 

tissue at earlier timepoints, and  less in cartilage repair tissue at later timepoints, 

especially in 12 and 16 week samples. Some of the 8 week samples stained with type II 

collagen and some type I collagen. The percentage of areas of sections with type I 

collagen staining was at a minimum in 12 week repair tissues, although this group did not 

have the correspondingly highest histological grade .  
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Figure 8 : Progression in repair tissue quality, histological grade and its corresponding 

amount of type I and type II collagen staining at 2,  12 and 16 weeks repair. 

 

Infrared imaging results:  

Quantitative data show that compared to adjacent normal cartilage, the repair tissue had a 

lower collagen and collagen integrity in the initial weeks but reached values comparable 

to normal tissue by 8 weeks (Figure 9).  PG content did not reach the levels found in the 

normal articular cartilage.  Based on histological scores and IR parameters, it was also 

evident that the defect region was filled with repair tissue at 8 weeks in most of the 

samples. As expected, most of the samples have demonstrated higher contents of 

2 Week 

12 Week 

16 Week 
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collagen, proteoglycan and collagen integrity in adjacent normal articular cartilage 

compared to repair tissue. 

  

 

 

 

 

 

Figure 9 : FTIR parameters of collagen, proteoglycan, collagen integrity and PG/AmI. 

Averages per group were plotted (~n=5means with SEM, and). Significant differences 

at p <0.05 were shown with ▼ for repair tissue at different time points, and with a * 

between repair and normal tissue at the same timepoint.   

 

 

From the ANOVA results, significant differences were observed in repair tissue from 6 

weeks to the16 week timepoints in collagen and proteoglycan content, indicating a 

significant improvement from starting at 6 weeks in most of the samples. A similar 

improvement was found for collagen integrity, comparing the observed values between 4 
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and 16 weeks, whereas the collagen fibril orientations had no statistical difference 

throughout the 16 week period (Figure 10).  

 

There was no zonal stratification of collagen fibril orientation as seen in normal articular 

cartilage throughout the 16 weeks of the study, and in particular, a lower amount of 

fibrils perpendicular to the articular surface. Differences in these parameters in the repair 

tissue compared to the normal tissue likely reflect the presence of fibrocartilage.  

 

 

 

                                

Figure 10 : Percentage of collagen fibrillar orientation averages per group with SEM 

(n ~ 5) * p < 0.05 comparison of repair tissue vs normal at each timepoint. 
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Correlations 

 

Further investigations were done to assess the individual parameters of the three different 

outcome measures and to determine which infrared parameters would have a good 

correlation with either the immunohistochemistry or the histology results, Accordingly, 

IR parameters were compared to type II collagen staining, overall histological grade, 

nature of predominant tissue (amount of hyaline cartilage present), structural integrity, 

and to the grade of proteoglycan staining.  These features were chosen for comparison, as 

they represent the desired outcomes for cartilage repair.  

 

The correlation of the grade of the nature of the predominant tissue and the proteoglycan 

content derived infrared spectral parameter gave an R
2 

of 90%, and the correlation of 

proteoglycan staining score and infrared-derived proteoglycan content resulted in an R
2
 

of 74%. The correlation of histological grade of structural integrity and the collagen 

integrity (ratio of 1338/Am II) gave an R
2 

of 79%. These correlations were significant at 

the P < 0.05 level, and together, these data indicate that FTIR is highly sensitive to the 

structural and molecular changes that occur during the repair process.   
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Figure 11 : Correlations of IR derived parameters to histological grade and type I and 

type II collagen based on group average values. a) Nature of the predominant tissue 

grade vs IR derived PG b) Proteoglycan staining grade vs IR derived PG c) Nature of 

the predominant tissue grade vs IR derived collagen d) Structural integrity grade vs IR 

derived collagen integrity e) Staining intensities of type II collagen with IR derived 

collagen content (amide I) f) Type I collagen staining vs IR derived collagen.  g ) 

Histological total score vs IR derived PG h) Histological total score vs IR derived 

collagen content. Correlations were significant at the p < 0.05 level, except for the total 

histological grade vs IR derived PG and collagen, and nature of predominant tissue vs 

IR derived amide I 
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Regression Analysis 

 

Multiple linear regression analysis was performed, on normalized values to assess 

whether a combination of several infrared-derived parameters would correlate to the 

histological score and amount of type II collagen better than a single parameter.   

 Regression equations were derived by considering the collagen, proteoglycan 

content and the collagen integrity, and PG/Am I of the repair tissue as 

independent variables to predict the final histological grade. 

With Amide I, PG, and collagen integrity: 

Histological Grade = 30.670 - (1.130 * Amide I) + (3.236 * PG) + (476.952 * 

collagen integrity (R2
 = 0.956) 

With PG/Am I, collagen integrity: 

Histological Grade = 3.377 + (71.352 * Pg/am1) - (78.810 * collagen integrity) 

(R
2
= 68) 

With PG and collagen integrity: 

Histological Grade = 5.768 + (1.069 * PG) + (294.948 * collagen integrity) 

(R
2
=57.6) 

From these equations, it is evident that the collagen integrity has the highest 

impact in predicting the grade with a high correlation.  
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 Regression equations were also derived considering the above mentioned IR 

parameters to predict the amount of type II collagen in the repair tissue 

Type II collagen with amide I, PG and collagen integrity 

Type II collagen = 7.072 - (0.197 * Amide I) + (0.0809 * PG) + (85.522 * Collagen 

integrity) (R
2
= 68) 

       Type II collagen with collagen integrity and PG/Am I 

Type II collagen = 3.115 + (17.381 * Collagen integrity) - (10.760 * PG/Am I) (R
2
= 

42.9) 

     Type II collagen with PG, and Collagen integrity: 

     Type II collagen = 2.743 - (0.296 * PG) + (53.880 * Collagen integrity) (R
2
= 0.571) 

Similar to the regression model to predict histological grade, the use of the three infrared 

infrared parameters together that reflect collagen, PG, and collagen integrity, gave the 

best prediction of type II collagen content.   
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CHEPTER 6: DISCUSSION 

 

This study provides an extensive analysis of Fourier transform infrared spectral 

parameters in conjunction with the standard histological and immunohistochemical 

assessments. Quantitative histological methods were used for the evaluation of the repair 

tissue in defects. For a preliminary investigation of healing, histology provides the widest 

range of information which is widely accepted and is considered the standard to which 

other modalities utilized to evaluate repair tissue are compared. Here we studied the 

usage of FTIR imaging of repair cartilage and evaluated the repair process, compared and 

correlated it to the standard histological assessments. The use of several IR parameters 

together correlated very well with histological grade, supporting these use of these 

parameters as an “infrared score” to evaluate molecular and compositional structure of 

cartilage.  The use of infrared fiber optic methodology could enable the molecular 

structure of the chondral surface to be conveniently evaluated using currently available 

arthroscopic techniques. Thus, these data also support the long term goal of this project, 

to develop an accurate method to evaluate repair tissue quality, and thereby extending the 

usage of mid infrared fiber optic probe to a clinical setting as a diagnostic tool to evaluate 

repair tissue in arthroscopic procedures. 

The Fourier transform infrared imaging analysis studies performed permit evaluation of 

the primary structural and molecular changes that occur in repair tissue. Previously other 

FT-IRIS studies were carried out, including monitoring enzymatic collagenase 

degradation [62], assessment of collagen fibril orientation in cartilage [57], evaluation of 
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proteoglycan in tissue engineered cartilage [50] evaluation of human osteoarthritic 

cartilage [59, 63]  and rabbit repair tissue after treatment with a therapeutic peptide [58]. 

Although the study by Kim et al [58] assessed collagen, collagen integrity and 

proteoglycan content correlations with magnetic resonance imaging, they only compared 

two time points, and thus a thorough comparison of cartilage repair tissue and native 

cartilage by infrared spectral analysis in a long term study has not been done until now. 

Here in this study, we carried out an infrared spectral analysis of repair tissue and native 

cartilage combining with standard outcome measures to find molecular indicators of 

repair tissue progress. 

In this study we have observed an improvement by morphological and infrared analysis 

throughout the 16 week period. These results are in agreement with the natural history of 

fibrocartilaginous healing in untreated defects [36, 64, 65]. However, it is interesting to 

note that there was much variability in healing response as some samples had 

demonstrated an incomplete healing, while some others have an excessive healing of the 

defect within a group. Factors that underlie the variability in healing are not known for 

sure, but it is possible that a result of the variable healing could be differences in 

cellularity of the tissue. In general, fibro cartilage is less cellular than hyaline cartilage, 

the cellular characteristics in reparative fibrocartilage are smaller and irregularly arranged 

[66]. The healing of the defect in general becomes filled with loose fibro vascular 

network that gradually becomes more cellular and less vascular [67]. If this is the case, a 

higher cellularity in the tissue could also interfere with the accuracy of the infrared 

spectral results.  The presence of increased cellularity could complicate assessment of 

matrix components, by having too large a contribution from the cells that would 
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essentially dilute the contribution of the collagen or PG to the infrared spectra.  Further, 

previous studies that investigated cellular spectra have found that the observed spectra of 

the cells and tissues are not always a linear combination of basis spectra. These studies 

have observed that the protein spectra undergo quite significant changes that may be 

positively or negatively correlated to the changes in cellular components [68, 69], and 

have reported significant shifts in amide I and II frequencies in cellular effects or 

diseased states.  

Another possible factor that would affect the infrared spectral parameters is tissue section 

thickness, as the individual absorbance peaks in any infrared spectrum could vary 

according to thickness.  According to [70], especially for histochemical studies, even 

though a consistent section thickness is followed for all the sections, the assumption that 

consecutive sections are of the same thickness at any given microtome setting is not 

strictly true.  

The immunohistochemical analysis has shown that the presence of type II collagen was 

less in repair tissue, which also had fibrocartilage morphology from the histological point 

of view. The presence of type I collagen was observed in fibrous tissue as expected. From 

the correlations shown in this study it was also observed that there was a strong negative 

correlation between the type I and type II collagen and IR-derived collagen content. The 

differences in the cellularity as stated earlier possibly interfere with the spectra, as Diem 

et al [68] stated in an earlier work, that the spectra undergo significant changes with the 

presence of a protein, and may result in negative correlation. However the negative 

correlation of amide I in repair tissue needs to be further investigated. 
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Our infrared analysis has consistently shown a progress in repair throughout the 16 weeks 

of study, even though proteoglycan content never reached the values of normal articular 

cartilage, and there was no orientation of collagen fibrils.  In spite of this, the correlation 

of the nature of the predominant tissue to IR-determined proteoglycan and collagen 

content was a very encouraging result, with significant correlation coefficients, but PG 

correlation greater than that for collagen. This shows that the level of proteoglycan, 

whether determined histologically or by IR, can be a determinant for the type of cartilage 

(hyaline or fibro) present in the tissue. The reason behind a slightly low correlation factor 

for amide I region may be that while amide I has been proven to correlate with the 

amount of collagen [49, 51] , there are other factors besides collagen content that makeup 

the hyaline nature of the tissue. 

The collagen integrity and the histological grade of structural integrity also resulted in a 

significant correlation, with an R
2 

value of 79%. From the regression analysis, it was 

observed that the collagen integrity has the highest impact on histological score. From the 

regression analysis, to predict the amount of type II collagen with different PG, PG/Am1, 

collagen integrity and amide I parameters, it is again the collagen integrity that has a high 

coefficient and a good correlation. From these results, it is clear that the histological 

grade of the repair tissue can be predicted with collagen integrity. Although previous 

studies [71], have shown that the collagen integrity (1338 ratio to amide II) decreased 

with collagen degeneration, this is the first study to show that it also positively correlates 

with cartilage repair, eg, the synthesis of new collagen.  
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In summary, FT-IR evaluation has been shown to be an effective measure of cartilage 

histological tissue grade and collagen type.  Given the possibility of using this in a fiber 

optic format, where sampling of the intact chondral surface is possible [63] it may be 

possible to monitor the efficacy of new treatment methods in cartilage defects. However, 

in spite of the advantages that FT-IR offers, there are certain limitations to this technique. 

The invasiveness and the need to harvest the tissue for imaging studies remain as the 

main limitations to this technique. Further, histological sections are completely 

dehydrated during the deparaffinization process as they have to undergo a series of 

decreasing grades of ethanol‟s, and typically the only water that remains in the tissue is 

structural water. Thus, the correlations defined here were to dehydrated tissues. The 

alternative for this limitation is the infrared fiber optic probe designed to be used 

arthroscopically [59], but it is likely that evaluation of hydrated cartilage samples will 

require additional data evaluations to account for the contribution of water. 

The histochemical and imaging analysis results suggest that Fourier transform infrared 

imaging spectroscopy is sensitive to the structural and molecular changes even in early 

stages.  In the future, further investigations into these data may lead to the development 

of a new scoring that would utilize infrared spectral parameters alone to assess 

regenerated articular cartilage. As new cartilage treatment methods come into use, there 

will always be a requirement for quantitative evaluation of the regenerated tissue. A 

reliable method if established would assist in the solution of the important clinical 

questions, such as to determine if the repair tissue is progressing as desired, and the 

possibility to assess the tissue type if the regenerated cartilage as fibrous or a hyaline.  
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APPENDIX 

 

Appendix A: Protocols 

Alcian blue and Hematoxylin staining 

Deparaffinization 

1. Immerse the tissue sample in Histoclear – 5min. 

2. Second immerse in Histoclear – 5 min. 

3. First immerse in 100% Ethanol – 3 min. 

4. Second immerse in 100% Ethanol – 3min. 

5. First immerse in 95% Ethanol – 3 min. 

6. Second immerse in 95% Ethanol – 3 min. 

7. Immerse in 70% Ethanol – 3 min. 

8. Immerse in 50% Ethanol – 3 min. 

9. Immerse in dehydrates H2O till ready for staining. 

Alcian Blue and Hematoxylin Staining 

1. Immerse in dehydrated H2O – 2 min. 

2. Immerse in 3% Acetic acid – 3 min. 

3. Immerse in Alcian blue – 7 min. 

4. First immerse in acid alcohol – 2 min. 

5. Second immerse in acid alcohol – 2 min. 

6. Immerse in tap water – 1 min. 

7. Immerse in Hematoxylin – 5 min. 

8. Wash in tap water until water is clear. 
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9. Immerse in Eosin – 10-20 seconds. 

10. First immerse in 95% alcohol – 1 min. 

11. Second immerse in 95% alcohol – 1 min. 

12. Immerse in 100% -  1 min. 

13. Immerse in Histoclear – 1 min. 

14. Immerse the sections in another Histoclear which will act as a hold. 

15. Mount cover slip with Permont. 

DAB Immunohistochemistry protocol 

 

(Select a positive control tissue and include a negative control = include all steps 

except 1% BSA in PBS w/0.1% Tween will replace the addition of primary antibody 

in neg. control) 

1. Remove Paraffin and Rehydrate specimen 

a. Histoclear 2 X 3 min (start paraffin only a-f) 

b. 100% EtOH 2 X 3 min 

c. 95% EtOH 2X 3 min 

d. 75% EtOH 3 min 

e. 50% EtOH 3 min 

f. dH2O 3 min 

g. PBS 3 min (Hold) (start Cytospins and Frozen) 4% Paraformaldehyde fixation  

 

2. Antigen-Retrieval (AR) 
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a. Boil AR solution 2 min microwave 

b. Immerse Slides 10 min 

c. Transfer to PBS 5 min 

d. Repeat 2 x if paraffin 

e. When doing hyaluronidase digestion, replace this step ith it (incubate half 

hour at 37
o
C) 

 

3. Permeablization 

a. 0.5% Triton X-100 in PBS 

b. Incubate at room temperature 10 min 

c. Rinse with PBS 3X 2 min 

 

4. Inhibition of endogenous peroxidases 

a. 3% H2O2 in Methanol 5 min ( 15 ml 30% H2O2 + 135 ml Methanol) 

b. Rinse with PBS 3 X 2 min 

 

5. Blocking 

a. Remove excess liquid with kimwipe 

b. 4% BSA in PBS w/0.1 % Tween 20 

c. Incubate at room temperature for at least 1 hour 

d. Rinse with PBS 3 X 2 min 
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6. Primary Antibody Application (Dako cat # A0398 Polyclonal Rabbit anti-

human 1:300) 

a. Bring desired antibody to appropriate dilution with 1% BSA in PBS w/0.1% 

Tween 

b. Remove excess liquid with kimwipe 

(1) Wipe excess liquid from the back and the sides of the slide 

(2) Wipe top of slide around the tissue removing excess liquid 

c. Apply approximately 100 µl to each specimen (less needed for smaller 

specimen) 

d. Parafilm cover slip each side 

(1) Use smallest possible size parafilm 

(2) Make sure no bubbles are present 

e. Incubate overnight at 4
o
C 

f. Remove parafilm carefully (do not disturb tissue) 

g. Rinse with PBS 3 X 2 min 

 

7. Secondary Antibody Application (Biotinylated Anti-mouse 1:200) (fridge) (1 

drop to 1 ml) 

a. Bring desired biotinylated antibody to appropriate dilution with 1% BSA in 

PBS w/0.1% Tween (1:200 dilution of secondary Ab; 5µl into 995µl) 

b. Remove excess liquid with kimwipe 

c. Apply approximately 100µl to each specimen (less needed for smaller 

specimens) 
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d. Parafilm cover each slide 

(1) Use smallest possible size parafilm 

(2) Make sure no bubbles are present 

e. Incubate at room temperature for 1 hour 

f. Rinse with PBS 3 X 2 min 

 

8. Visualization 

a. Remove excess liquid with kimwipe 

b. Apply a few drops of Horseradish Peroxidase to each slide 

c. Incubate at room temperature for 30 min 

d. Rinse with PBS 3 X 2 min 

e. Apply a few drops of DAB to each slide (Do not place on ice; substrate should 

be at, at least room temperature) 

f. Incubate at room temperature for 10-20 minutes, checking microscopically for 

positive indications of reaction (golden brown) 

g. Rinse with tap H2O for 5 min. 

 

9. Counter stain with Hematoxylin 

a. Rinse with PBS 2 min 

b. Hematoxylin 30 sec (end section on slide) (1:1 dilution) 

c. Rinse with tap water X 2 or until rinse is clear 

d. Dehydrate specimen in 70% ETOH X 2 for 1 min each 

e. 95% ETOH X 2 for 1 min each 
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f. 100% ETOH for 1 min 

g. Histoclear 1 min or Xylene (leaves slides in solution until ready to coverslip) 

 

10. Apply Permount and coverlsip 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 63 

 

Appendix B: Histological and Immunohistochemical Images 
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Appendix C: IR Images 
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