
 
 
 
 
 
 
 

Age-, Sex-, and Diabetes-Determined Changes in the Structure and Mechanics of 

Human Sartorius Tendon Collagen 

 
 
 
 
 

by 
 
 
 
 

Emile Joseph George Feniyanos 
 
 
 

 Submitted in partial fulfilment of the requirements  
for the degree of Master of Applied Science 

 
 

at 
 
 

Dalhousie University 
Halifax, Nova Scotia 

August 2019 
 
 
 
 
 
 
 

© Copyright by Emile Joseph George Feniyanos, 2019 



ii 

 

Table of Contents 
 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

Abstract…….. ................................................................................................................... xii 

List of Abbreviations and Symbols Used ........................................................................ xiii 

Acknowledgements ........................................................................................................... xv 

Chapter 1: Introduction ................................................................................................... 1 

1.1. Objectives ................................................................................................................ 1 

1.2. Soft Tissue Injuries .................................................................................................. 1 

1.3. Tendon Overview..................................................................................................... 2 

 Tendon Anatomy & Composition ..................................................................... 2 

 Tendon Structure ............................................................................................... 3 

 Collagen Structure ............................................................................................ 3 

1.4. Crosslinking of Collagen ......................................................................................... 5 

1.5. Enzymatic Crosslinking ........................................................................................... 5 

1.6. Advanced Glycation End-Products .......................................................................... 6 

1.7. Thermal Stability ..................................................................................................... 8 

 Differential Scanning Calorimetry .................................................................... 9 

 Hydrothermal Isometric Tension Analysis ..................................................... 10 

1.8. Mechanical Behaviour of Tendons ........................................................................ 13 

 In Vitro Mechanical Testing ........................................................................... 15 

1.9. Visualizing Modes of Damage ............................................................................... 16 

 Discrete Plasticity ........................................................................................... 17 

 Bovine Tail Tendon Model ............................................................................. 18 

 Bovine Forelimb Model .................................................................................. 23 

 Human Distal Sartorius Tendon...................................................................... 27 

1.10. Age-Determined Changes in Tendons ................................................................. 27 

 Structural and Compositional Changes in Aging Tendons ........................... 28 

 Alterations in Tendon Mechanics with Aging .............................................. 29 



iii 

 

1.11. Sex-Determined Changes in Tendons .................................................................. 29 

 Sex-Determined Changes in Tendon Structure and Mechanics ................... 30 

1.12. Diabetes Mellitus-Determined Changes in Tendons ........................................... 31 

 Diabetes Mellitus-Determined Changes in Tendon Structure and     

Mechanics ................................................................................................................. 32 

Chapter 2: Thesis Rationale, Objectives and Hypotheses ............................................ 33 

2.1. Overview ................................................................................................................ 33 

2.2. Objectives and Hypotheses .................................................................................... 34 

 Study #1: Assessing Collagen Structure and Thermal Stability ..................... 34 

 Study #2: Assessing Mechanical Behaviour of Tendon Collagen .................. 35 

 Study #3: Assessing Overload Damage to Tendon Collagen ......................... 36 

 Study #4: General Histology & Immunohistochemistry ................................ 37 

Chapter 3: Materials & Methodology ........................................................................... 39 

3.1. Sartorius Tendon Acquisition & Donor Demographic .......................................... 39 

3.2. Anatomy of the Distal Sartorius Tendon ............................................................... 39 

3.3. Proposed Studies for Structural and Mechanical Analysis .................................... 40 

3.4. Differential Scanning Calorimetry ......................................................................... 45 

 DSC Test Protocol .......................................................................................... 47 

 Calculating DSC Parameters........................................................................... 47 

3.5. Hydrothermal Isometric Tension Analysis ............................................................ 48 

 HIT Test Protocol ........................................................................................... 48 

 Calculation of HIT Parameters ....................................................................... 49 

3.6. Mechanical Overload Testing ................................................................................ 54 

 Mechanical Overload Protocol ....................................................................... 54 

 Calculation of Mechanical Parameters ........................................................... 55 

 SEM Preparation and Examination ................................................................. 57 

3.7. Histology & Immunohistochemistry...................................................................... 57 

 Birefringence (Collagen Crimp) ..................................................................... 59 

 Hematoxylin & Eosin ..................................................................................... 59 

 Immunostaining (∝-Pen12) ............................................................................ 60 



iv 

 

3.8. Statistical Analysis ................................................................................................. 60 

3.9. Methodical Limitations .......................................................................................... 61 

Chapter 4: Results ......................................................................................................... 63 

4.1. Structural Studies of Sartorius Tendon Collagen ................................................... 63 

 Sartorius Tendon Collagen is Extremely Crosslinked and Thermally        

Stable......................................................................................................................... 63 

 Sartorius Tendon Collagen Thermal Stability Decreases with Age in the 

Female and Male Non-Diabetic Populations ............................................................ 64 

 Isometric Contraction Occurs Prior to Denaturation ...................................... 64 

 Isometric Contraction Occurs within the Isothermal Segment ....................... 70 

 Hydration may play a role in Sartorius Tendon Collagen Thermal Stability . 72 

4.2. Mechanical Overload Studies of Sartorius Tendon Collagen ................................ 75 

 Sartorius Tendon Multi-Fascicle Subsample Failure Occurs via Stepwise 

Rupture of Fascicles .................................................................................................. 75 

 Sartorius Tendon Multi-Fascicle Subsample Strength Declined with Age       

in Female Donors ...................................................................................................... 76 

4.3. SEM Structural Studies and Failure Motifs of Sartorius Tendon Collagen ........... 80 

 Unloaded Control Sample SEM Micrographs Reveal Relatively Tight-  

Packing and D-banding in Registry Amongst Neighboring Collagen Fibrils. ......... 80 

 SEM Examination Reveals Damage Motifs Characteristic of High-Energy 

Elastic Piecewise Failure and Absence of Discrete Plasticity .................................. 80 

4.4. Sex-Related Differences in Sartorius Tendon Collagen Structure and       

Mechanics ..................................................................................................................... 89 

 DSC and HIT Revealed Dense Crosslinking and No Differences in     

Structure Determined by Donor Sex ......................................................................... 89 

 Sartorius Tendon Multi-Fascicle Subsamples from Female Donors have 

Reduced Strength, Extensibility and Ability to Absorb Strain Energy .................... 89 

4.5. Diabetes-Related Changes in Sartorius Tendon Collagen Structure and     

Mechanics ..................................................................................................................... 92 

 Appearance of Sartorius Tendon Collagen Unaltered by Diabetes ................ 92 



v 

 

 Sartorius Tendon Collagen Thermal Stability Largely Unchanged by    

Diabetes..................................................................................................................... 92 

 Sartorius Tendon Multi-Fascicle Subsamples from Diabetic Donors Exhibit 

Brittle Behaviour ....................................................................................................... 93 

4.6. Sartorius Tendon Stiffness and Strength in Female Donors are Altered by Body 

Mass Index (BMI) ......................................................................................................... 96 

4.7. Anatomical Location does not Alter Tendon Structure and Mechanics ................ 96 

4.8. Histology & Immunohistochemistry...................................................................... 98 

 Sartorius Tendon Collagen Crimp Appears to Diminish with Aging ............. 98 

 Hematoxylin & Eosin Staining Reveals a High Density of Nuclei .............. 100 

 Greater Pentosidine Epitope Concentration Observed in Sartorius Tendon 

Collagen with Diabetes and Aging ......................................................................... 103 

4.9. Summary of Results ............................................................................................. 106 

Chapter 5: Discussion ................................................................................................. 107 

5.1. Age-Related Changes in Sartorius Tendon Collagen Thermal Stability and 

Mechanics ................................................................................................................... 107 

 Relationships Between Aging and Thermal Stability: .................................. 107 

 Relationships Between Aging and Tendon Mechanical Properties: ............. 112 

5.2. Sex-Related Changes in Sartorius Tendon Collagen Thermal Stability and 

Mechanics ................................................................................................................... 115 

 Thermal Stability and Degree of Thermally Stable Crosslinking of      

Sartorius Tendon Collagen are Independent of Donor Sex .................................... 115 

 Relationships Between Donor Sex and Tendon Mechanics ......................... 115 

5.3. Diabetes-Related Changes in Sartorius Tendon Collagen Thermal Stability         

and Mechanics ............................................................................................................ 118 

 Relationships Between Diabetes and Tendon Collagen Thermal Stability .. 118 

 Relationships Between Diabetes and Mechanical Properties in Male       

Donors ..................................................................................................................... 119 

 Diabetic Tendon Coloration Remains Largely Unchanged .......................... 121 

5.4. Tensile Failure Mechanics and SEM Structural Studies...................................... 122 



vi 

 

 Tensile Failure Mechanics of the Sartorius Tendon Reflects Dense 

Crosslinking ............................................................................................................ 122 

 Discrete Plasticity is Absent in Overloaded Sartorius Tendon ..................... 123 

5.5. Light Microscopy Studies of Structure and Composition.................................... 127 

 Birefringence: Collagen Crimp Flattening and Period Increases with        

Aging and Diabetes ................................................................................................. 127 

 H & E Staining: The Human Sartorius Tendon is Highly Cellular,    

Decreasing with Aging and Diabetes ...................................................................... 127 

 ∝-PEN12: Qualitative Increases in ∝-PEN12 Epitope Concentration with     

the Combined Influence of Aging and Diabetes ..................................................... 128 

5.6. Summary of Objectives and Hypotheses ............................................................. 130 

 Study #1 Assessing Collagen Structure and Thermal Stability .................... 130 

 Study #2: Assessing Mechanical Behaviour of Sartorius Tendon Collagen 131 

 Study #3: Assessing Overload Damage to Tendon Collagen ....................... 132 

 Study #4: Histology & Immunohistochemistry ............................................ 133 

Chapter 6: Conclusion ................................................................................................ 134 

6.1. Limitations ........................................................................................................... 134 

6.2. Future Research Suggestions ............................................................................... 135 

 In-Depth Light and Scanning Electron Microscopy ..................................... 135 

 In Vitro Diabetes Model ............................................................................... 136 

 Crosslink Analysis and Identification ........................................................... 136 

 In-Depth Analysis of the Tendon Mechanics ............................................... 137 

 Fatigue Subrupture Overload Testing and Usage of a Complementary Set      

of Human Tendons .................................................................................................. 137 

6.3. Concluding Remarks ............................................................................................ 138 

Reference List ................................................................................................................. 139 

Appendix A: Phosphate Buffer Saline DSC Study, Half-Time of Load Decay and   

Height-Related Data........................................................................................................ 165 

Appendix B: Licenses for Copyrighted Material ............................................................ 171 

 



vii 

 

List of Tables 

Table 4.1 Average thermomechanical and thermal properties of the sartorius tendon based on donor 
population across their respective age range (female non-diabetic: 16-60  years, male non-diabetic: 
24-59 years, male diabetic: 46-60 years). ............................................................................................ 63 

Table 4.2 Physical dimensions of the mechanical testing multi-fascicle subsamples. .................................. 76 

Table 4.3 Comparison of HIT (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 9) and DSC (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁 = 5, 𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 9) results between 
female non-diabetic and male non-diabetic donor populations spanning 16 to 59 years of age. ......... 90 

Table 4.4 Comparison of HIT and DSC (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝐷𝐷 = 8) results between male non-diabetic and male 
diabetic donor populations spanning 38 to 60 years of age. ................................................................ 94 

Table 5.1 Summary of thermal studies (DSC and HIT) of tendon collagen performed in the Tissue 
Mechanics Lab demonstrating varying degrees of discrete plasticity damage. ................................. 109 

Table 5.2 Evidence of the decreases in thermal stability of collagen in the presence of a salt ions evaluated 
via HIT and DSC. .............................................................................................................................. 113 

Table 5.3 Summary of the effects of aging on in vitro mechanical properties of human lower limb tendons.
 ........................................................................................................................................................... 114 

Table 5.4 Summary of in vitro mechanical studies identifying sex-determined differences in human lower 
limb tendon mechanical properties. ................................................................................................... 117 

Table 5.5 Summary of thermal Studies (HIT/DSC) of tendon collagen subject to in vitro glycation or 
natural diabetes. ................................................................................................................................. 120 

Table 5.6 Summary of the influence of diabetes on the in vitro mechanical properties of human lower limb 
tendons. .............................................................................................................................................. 122 

Table 5.7 Summary of in vitro mechanical properties of tendons tested in the Tissue Mechanics Lab 
demonstrating varying degrees of discrete plasticity damage. ........................................................... 124 

 

 



viii 

 

List of Figures 

Figure 1.1 Diagram of the tendon hierarchical structure. ................................................................................ 4 

Figure 1.2 Formation of the collagen fibril and molecule. .............................................................................. 4 

Figure 1.3 Diagram of enzymatic and non-enzymatic crosslink formation. .................................................... 7 

Figure 1.4 Energy states of collagen denaturation........................................................................................... 9 

Figure 1.5 DSC testing curve with the differential heat flow between the sample and the reference pan      
on the y-axis and temperature on the x-axis. ....................................................................................... 11 

Figure 1.6 HIT Testing Curves with load (blue curve) or temperature (red curve) on the y axis and time    
on the x-axis. ........................................................................................................................................ 12 

Figure 1.7 Representative tendon multi-fascicle subsample stress-strain curve displaying the toe, linear   
and yield regions. ................................................................................................................................. 15 

Figure 1.8 TEM micrograph of a longitudinal section of 5-week-old rat tail tendon collagen fibrils 
overloaded to 7% strain at 14,000x...................................................................................................... 18 

Figure 1.9 TEM image of transverse section at 38,000x magnification displaying the formation of    
multiple kink deformations in neighboring 39-month old rat tail tendon fibrils overloaded to 4% 
strain indicated by the black arrows. .................................................................................................... 19 

Figure 1.10 SEM images of (A) undamaged and (B, C & D) damaged collagen fibrils ............................... 19 

Figure 1.11 Thermal stability of BTT collagen evaluated using DSC. ......................................................... 21 

Figure 1.12 SEM micrographs of collagen fibrils demonstrating differences in overload response to in   
vitro ribose incubation. ........................................................................................................................ 22 

Figure 1.13 AFM deformation images of a native bovine tail tendon fibrils. ............................................... 24 

Figure 1.14 AFM deformation maps of BTT collagen fibrils exhibiting discrete plasticity before (A, B)   
and after (C, D) incubation with MMP-9 (D) and trypsin (C). ............................................................ 25 

Figure 1.15 SEM micrographs displaying the difference in overload damaged tendon collagen from the 
bovine CDET (Top, Middle) and SDFT (Bottom)............................................................................... 26 

Figure 3.1 Stacked column graph showing individual donor counts grouped into age decades from the 
current study….. .................................................................................................................................. 41 

Figure 3.2 (A) A stacked column graph was used to identify the number of individuals in each BMI 
category for each donor population from the current study. (B) A scatterplot displaying the donor 
BMI and age within each donor population from the current study. ................................................... 42 



ix 

 

Figure 3.3 (A) Anterior perspective view of the anatomy of the right lower limb. (B) Representative     
distal sartorius tendon collected from the NSHA Regional Tissue Bank prior to dissection. .............. 43 

Figure 3.4 Partial assortment (12/24 individuals) of the collected sartorius tendons prior to gross   
dissection from donors varying in age, sex and diabetic status. .......................................................... 44 

Figure 3.5 Hierarchical chart displaying the two comparative groups examined in this study to determine 
differences in human sartorius tendon collagen by age, BMI, sex and diabetic status. ....................... 45 

Figure 3.6 Flowchart of the methodology followed in this study. ................................................................. 46 

Figure 3.7 Representative DSC endotherm from a sartorius tendon collagen sample................................... 48 

Figure 3.8 HIT Apparatus schematic wherein specimens are isometrically constrained in a 4L water bath   
by a fixed support and cantilever load cell. ......................................................................................... 49 

Figure 3.9 Representative HIT test graph of sartorius tendon collagen. ....................................................... 50 

Figure 3.10  Determination of the HIT parameters (A) denaturation temperature and (B) fractional 
differences in load pre- and post-denaturation. .................................................................................... 52 

Figure 3.11 Representative isothermal segment evaluated 5,000-10,000 seconds from the beginning of      
the start of the segment. ....................................................................................................................... 53 

Figure 3.12 Representative stress-strain curve for a mechanical overload rupture test. ................................ 56 

Figure 3.13 Composite SEM micrograph overview of a sample at 40x magnification. ................................ 58 

Figure 3.14 Histological tendon samples were dissected near the middle of the tendon in two 5x10mm 
pieces (green rectangles). ..................................................................................................................... 58 

Figure 4.1 Scatterplots of DSC (A) 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and (B) 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  plotted against age using distilled water as the 
hydrating medium revealed that thermal stability of the male non-diabetic donor tendon collagen 
decreased significantly with increasing age. ........................................................................................ 65 

Figure 4.2 Scatterplots of additional DSC parameters evaluated versus age using distilled water as the 
sample hydrating medium. ................................................................................................................... 66 

Figure 4.3 Representative DSC (Heat Flow) curves y-scale adjusted to reveal the differences in collagen 
thermal behaviour with age and diabetes. ............................................................................................ 67 

Figure 4.4 HIT denaturation temperature plotted against age revealed thermal stability declined with 
increasing age for both the female non-diabetic and male non-diabetic populations. ......................... 67 

Figure 4.5 Scatterplots of the fractional differences in load (A) pre-𝑇𝑇𝑑𝑑 and (B) post-𝑇𝑇𝑑𝑑 versus age. ........... 68 

Figure 4.6 Stacked column graphs of the fractional difference in load pre-𝑇𝑇𝑑𝑑 in HIT strip samples for     
each individual (denoted by their age) of a given donor population. ................................................... 69 



x 

 

Figure 4.7 Mosaic plot displaying the count and percentage of HIT strip samples from each donor 
population that underwent isometric contraction or relaxation pre-𝑇𝑇𝑇𝑇. ............................................... 70 

Figure 4.8 Scatterplot of the fractional difference in load post-𝑇𝑇𝑑𝑑 versus pre-𝑇𝑇𝑑𝑑. ........................................ 71 

Figure 4.9 Comparison of the contraction or decay behaviour during the isotherm. .................................... 72 

Figure 4.10 Isothermal behaviour was classified into four categories: contraction, decay, constant      
loading or failure for each sample in a HIT test for a donor tendon. ................................................... 73 

Figure 4.11 Evaluating DSC parameters of the entire donor population revealed linear decreases with 
increasing water content when calculated for the entire donor population: (A) 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  , (B) 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,       
(C) 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 and (D) ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. ............................................................................................................ 74 

Figure 4.12 Representative stress-strain curves of a tendon multi-fascicle subsample produced by an 
overload to rupture test using a strain rate of 0.25% strain/second. ..................................................... 77 

Figure 4.13 Scatterplot of tissue modulus versus UTS of tendon multi-fascicle subsamples. ...................... 77 

Figure 4.14 Sequence of images capturing the failure of a sartorius tendon multi-fascicle subsample   
secured by the custom waveform crush grips strained at 0.25%/second. ............................................ 78 

Figure 4.15 Mechanical properties of the tendon collagen plotted versus age. ............................................. 79 

Figure 4.16 SEM micrographs of unloaded control images displaying neighboring fibrils with D-banding   
in registry. ............................................................................................................................................ 81 

Figure 4.17 Representative SEM composite micrographs at 40x magnification of (A) an unloaded control 
sample and (B) an overload damaged sample. ..................................................................................... 83 

Figure 4.18 SEM micrographs A and B reveal varying degrees of fibril hairpin turns. ................................ 84 

Figure 4.19 SEM micrographs revealing regions of hairpin turns in neighboring fibrils. ............................. 85 

Figure 4.20 SEM micrographs displaying the different motifs of elastic recoil damage found in the  
sartorius tendon. ................................................................................................................................... 86 

Figure 4.21 SEM micrographs describing the varying degrees of fibril failure found in the sartorius    
tendon collagen. ................................................................................................................................... 87 

Figure 4.22 SEM micrographs revealing differing modes of plasticity damage in sartorius tendon     
samples from the young and tough male non-diabetic donors. ............................................................ 88 

Figure 4.23 Comparison of mechanical parameters based on donor sex across the ages 16-59 years      
(𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 9) revealed three of the four mechanical parameters evaluated were    
significantly different. .......................................................................................................................... 91 

Figure 4.24 Example of the extremes of sartorius tendon collagen coloration observed. ............................. 93 



xi 

 

Figure 4.25 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 of tendon collagen was significantly increased in tendon collagen of male donors         
38-60 years of age with diabetes (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝐷𝐷 = 8). ..................................................................... 94 

Figure 4.26 Evaluation of diabetes-determined mechanical differences in sartorius tendon multi-fascicle 
subsamples from male donors aged 38-60 years of age (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝐷𝐷 = 8) revealed significant 
results. .................................................................................................................................................. 95 

Figure 4.27 Tendon multi-fascicle subsample (A) tissue modulus (p = 0.0026; r2 = 0.74) and (B) 𝑈𝑈𝑈𝑈𝑈𝑈       
(p = 0.0089; r2 = 0.85) decreased with increasing BMI within the female donor population. ............. 97 

Figure 4.28 Longitudinal tendon sections of a young healthy (24 years of age, normal BMI) male non-
diabetic (A & C) and an older unhealthy (50 years of age, obese BMI) male diabetic (B & D) shown 
at magnifications of 40x and 100x respectively. Birefringence examination of the longitudinal 
sections revealed a noticeably higher degree of collagen crimping in the younger donor tendon. ...... 99 

Figure 4.29 Transverse (Cross-sectional) sections of H & E stained tendon of a young healthy (24 years    
of age, normal BMI) male non-diabetic (A & C) and an older unhealthy (50 years of age, obese   
BMI) male diabetic (B & D) shown at magnifications of 40x and 100x respectively. ...................... 101 

Figure 4.30 Longitudinal Sections of H & E stained tendon from a young healthy (24 years of age,     
normal BMI) male non-diabetic (A & C) and an older unhealthy (50 years of age, obese BMI)     
male diabetic (B & D) shown at magnifications of 40x and 100x respectively. ................................ 102 

Figure 4.31 Control (A & C) and ∝-PEN12 immunostained longitudinal tendon sections of a young, 
healthy (24 years of age, normal BMI) male non-diabetic (A & C) shown at magnifications of        
40x and 100x respectively. ................................................................................................................ 104 

Figure 4.32 Control (A & C) and ∝-PEN12 immunostained longitudinal tendon sections of an older, 
unhealthy (50 years of age, obese BMI) male diabetic (B & D) shown at magnifications of 40x      
and 100x respectively. ....................................................................................................................... 105 

Figure 5.1 Graph of 𝑙𝑙𝑙𝑙( 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

) on the y-axis and the time from the start of the isotherm on the             
x-axis in order to illustrate the differences in thermally stable crosslinking and subsequent    
isothermal behaviour of the human sartorius tendon and the bovine SDFT. ..................................... 110 

Figure 5.2 Representative normalized stress-strain curves of the human sartorius tendon (blue) and the 
bovine CDET (red). ........................................................................................................................... 123 

Figure 5.3 SEM micrographs of overloaded human sartorius tendons revealing hairpin turns, recoiled   
fibrils and overall disorganization. .................................................................................................... 126 

Figure 5.4 TEM micrograph of local fibril failure (indicated by the black arrow heads) in a ruptured 
Achilles tendon from a 29-year old female ballet dancer at 38,000x................................................. 126 

Figure 5.5 Light microscopy images at 40x and 100x magnification identifying the differences in     
positive and negative staining of the primary antibody with a clear border where the drop of             
∝-PEN12 antibody was placed. ......................................................................................................... 129 



xii 

 

Abstract 

In an age where men and women are remaining physically active into the geriatric 
years, age-related changes in soft tissue injuries and healing are becoming more 
important to clinical care. Differences in structure and function of human tendons with 
aging, sex, and diabetes are poorly understood, despite reported differences in the 
frequencies of specific tendon injuries. The objectives of this thesis were to investigate 
whether variations occur in (i) molecular-level structure, (ii) multi-fascicle level 
mechanics and (iii) ultrastructural failure mechanisms in the human sartorius tendon that 
are determined by tissue bank donor age, sex and diabetic status.  

Human sartorius tendons were collected from the NSHA Regional Tissue Bank 
(Halifax, N.S) from donors ranging in age from 16–56 (female, non-diabetic only) and 
24–60 (male, non-diabetic or diabetic). Blinded donor information included height, 
weight and diabetic status. To assess molecular-level changes in structure, hydrothermal 
isometric tension (HIT) analysis and differential scanning calorimetry (DSC) were used. 
The mechanics of the sartorius tendon multi-fascicle subsamples were assessed using 
uniaxial tensile overload testing to rupture. After rupture, tendon collagen ultrastructure 
was examined using SEM and compared with undamaged samples. Histology and 
immunohistochemistry were performed on fixed tendon samples (from predominantly 
male diabetic and non-diabetic donors) to identify changes in (i) collagen crimp, (ii) cell 
nuclei content and (iii) pentosidine epitope concentration with aging and diabetes. 

Results demonstrated that the sartorius tendon collagen is highly crosslinked, 
from early adulthood through early geriatric life. Under overload to rupture, this 
crosslinking results in high energy, sequential elastic rupture of individual tendon 
fascicles. Ultrastructural studies with SEM revealed fibril-level failure mechanisms 
consistent with elastic recoil (twisting, balling and knotting), hairpin turns, and local 
failure and complete breakage of isolated and neighboring fibrils – but with an absence of 
serial discrete plasticity kinking observed in other species.  

Fascicle mechanical properties were largely maintained with age. Thermal 
stability and heterogeneity of collagen decreased modestly with age under HIT and DSC. 
In the non-diabetic donors, tendon samples from female donors were 25% weaker, 38% 
less tough and 16% less extensible than those from non-diabetic male donors. In males, 
diabetic tendon samples were 37% less tough and 20% less extensible than normal 
tendons, yet modulus and strength remained unchanged. A slight increase in collagen 
denaturation temperature was observed with diabetes, likely due in part to accumulation 
of advanced glycation product crosslinks. The combination of aging and diabetes 
qualitatively increased collagen crimp wavelength, decreased cell nuclei numbers and 
increased pentosidine epitope concentration.  

The human sartorius tendon is a highly crosslinked structure that remains 
relatively unchanged with age, sex and diabetes, sacrificing the toughness mechanism 
discrete plasticity for molecular stability and elastic mechanical strength. This stability of 
structure with age is belied by the surprisingly high cellular density which is partially 
retained into early geriatric life. This study has contributed to advancing modern 
knowledge of tendon structure-function relations, with potential future applications in 
treatment of soft tissue injuries and engineering of tendon or ligament replacements.   
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Chapter 1: Introduction 

1.1. Objectives 

The overarching objective of this thesis was to investigate age-, sex-, and 

diabetes-determined differences in human distal sartorius tendon collagen structure and 

function by use of thermal, thermomechanical, mechanical and microscopy techniques. 

Thermal and thermomechanical testing was used to assess the structure (crosslinking and 

molecular packing) of the tendon collagen. Uniaxial tensile testing was used as a proxy to 

represent a single overload event on a tendon and characterize the subsequent damage to 

collagen ultrastructure.  

1.2. Soft Tissue Injuries 

As men and women are encouraged and remain physically active into the geriatric 

years, changes in soft tissue injuries and healing with age are becoming more important 

to clinical care. Acute soft tissue injuries derive from sudden traumatic and forceful 

movements such as an acceleration-deceleration movement, twist or blow to the body 

that may produce a tear, strain (overextension of a tendon or muscle) or sprain 

(overextension of a ligament). Meanwhile chronic (overuse) soft tissue injuries are the 

result of repetitive forceful movements over time4. In the U.S. alone, acute sprains, 

strains and tears accounted for 421,610 days away from work45. Moreover, in Canada in 

2013/2014, 15% (4.5 million) of Canadians reported overuse injuries due to repetitive 

strain in addition to the 8.15% (2.45 million) of Canadians that suffered from acute 

injuries (predominantly sprains)238. 

Tendinopathy is the term used to encompass both acute (tendinitis) inflammation 

and chronic (tendinosis) non-inflammatory degenerative events273. Histologically, 

tendinopathy induces disorganization in the collagenous matrix, hypercellularity, and 

increases in proteoglycan and viscous nonfibrous matrix content92,131,273. Chronic 

microtrauma results in incomplete remodeling that adversely affects mechanical integrity 

leaving the tendon vulnerable to injury (rupture). Clinical observations have included 

swelling, pain and reduced range of motion130,212,229. Tendinopathy is commonly 
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observed in frequently strained, high load-bearing tendons (e.g. rotator cuff, Achilles and 

patellar tendons)273,278, and is considered to be facilitated by a multitude of intrinsic and 

extrinsic risk factors in addition to excessive mechanical loading. Intrinsic factors include 

genetics, sex, age, metabolic disorders (diabetes mellitus), obesity and biomechanical 

faults92,204. Extrinsic factors include loading pattern, environmental conditions, shoes and 

equipment65,212. Treatment strategies for tendinopathy vary from invasive surgery, 

exercise, short-term anti-inflammatory drug treatments and most recently cellular-

molecular procedures (e.g. growth factors, stem cells)4,65.  

1.3. Tendon Overview 

Tendons are soft multi-unit hierarchical fibrous tissues that are integral to the 

process of locomotion. The primary function of a tendon is to efficiently transmit high 

tensile forces generated by muscle contractions to bone to allow control of position and 

movement of the musculoskeletal system43,99. The primary component of tendons is 

collagen that is aligned in a hierarchical manner parallel to the primary loading axis, 

affording high tensile strength and stiffness.  

 Tendon Anatomy & Composition 

Tendons typically appear as brilliant white densely fibrous soft tissues. Tendons 

are composed of a both cellular and extracellular components. The cellular component 

primarily consists of fibroblasts (tenoblasts and tenocytes) (95%), which synthesize and 

provide maintenance of fibers and viscous nonfibrous matrix82. The extracellular 

component includes collagen, elastin, and nonfibrous matrix. The viscous nonfibrous 

matrix is comprised of proteoglycans, structural glycoproteins and mucopolysaccharides, 

and water90,264. These components provide a basis for a viscous structural support system, 

allowing for spacing necessary for gliding of the various collagen hierarchy levels and for 

tissue metabolism90,211. Collagen, predominantly type I with minor components of type 

III and V, makes up 20-30% of the wet weight and 60-80% of the dry weight of a 

tendon185. Elastin and nonfibrous matrix respectively comprise approximately 1-2% of 

the tendon dry weight220. Water accounts for 60-80% of the total wet weight of tendon82. 
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 Tendon Structure 

The hierarchical structure of tendon may be divided into seven levels (Figure 1.1). 

The smallest structural unit of tendon is the tropocollagen molecule (~1.5 nm in 

diameter)202. Groups of five tropocollagen molecule assemble laterally in a quarter 

staggered parallel configuration to form a subfibril (~3.5 nm)18. Subfibrils form a twisted 

lattice network and pack together to form fibrils (~50-500 nm)125. Owing to the subfibril 

quarter stagger configuration, fibrils have a characteristic 64-67 nm axial D-banding 

(Figure 1.2B) pattern dependent on the hydration state28,68. Fibrils aggregate together into 

a fiber (~10-50 μm)29,73. Unstrained fibers exhibit a sinusoidal waveform crimp 

structure68. A fiber bundle forms a fascicle (~50-300 μm) enclosed by endotenon125. 

Endotenon provides vascular, lymphatic and nerve supply to the fiber124. Fascicle bundles 

compose the whole tendon (~1-10mm) bound by a thin areolar connective tissue sheath, 

the peritendon263. The peritendon provides protection and lubrication for gliding of the 

tendon around structures82. 

 Collagen Structure 

Collagen type I is a heterotrimeric fibrillar collagen. It consists of two identical 

∝I(I) and one ∝II(I) left-handed helical chains of ~1000 amino acids in length39,217. The 

chains are characterized by the repeating amino acid sequence of Glycine-X-Y, where 

commonly X is proline and Y is post-modified hydroxyproline59,103. A glycine as every 

third amino acid allows for flexibility and close packing of the chain while proline and 

hydroxyproline provide stability forming intramolecular hydrogen bonds83. Three alpha 

chains form the molecular structure of a right-handed triple helix ~300 nm in length104.  

In the formation of collagen molecules (Figure 1.2), procollagen is synthesized 

intracellularly with non-helical telopeptide ends (carboxy-terminal and amino-terminal)83. 

Prior to procollagen being transported extracellularly, post-translation modifications 

including hydroxylation of lysine and proline and glycosylation of specific 

hydroxylysines occurs186. Following which, the carboxy-terminal and amino-terminal 

propeptide ends are cleaved off by their respective procollagen C- and N-proteinases83.  
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Figure 1.1 Diagram of the tendon hierarchical structure. . In the present study, experimental testing 
is performed at the multi-fascicle structural level with scanning electron microscopy used to examine 
overload damage at the fibril structural level. Figure modified with permission 
(www.tandfonline.com)125.  

 

 

 
Figure 1.2 Formation of the collagen fibril and molecule.After cleavage of the procollagen, collagen 
molecules form a triple helix with an N-terminal peptide and a C-terminal peptide. Collagen 
molecules are ordered in a quarter stagger arrangement with a D-period of 67nm. Intermolecular 
crosslinks are shown by the red lines. (B) Transmission electron microscopy image of collagen fibrils 
from a mouse supraspinatus tendon. (Scale bar = 500nm.) Reprinted with permission71. 
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Lastly, aggregation of molecules and covalent crosslinking occurs as shown in Figure 1.2A 

with the red lines indicating the location of the covalent crosslinks between molecules. 

1.4. Crosslinking of Collagen 

Crosslinking in collagen may occur via two mechanisms (Figure 1.3). The first is 

precision-controlled enzymatic crosslinking occuring through development and 

maturation to provide optimized tissue function (Figure 1.3A & B). The second is a non-

enzymatic mechanism thought to occur post-maturation, with aging and deleteriously 

altering tissue function (Figure 1.3C). 

1.5. Enzymatic Crosslinking 

Enzymatic covalent crosslink formation in collagen is regulated by the enzyme 

lysyl oxidase15. Lysyl oxidase is a copper metalloenzyme necessary for converting the N- 

and C- terminal telopeptide lysine and hydroxylysine residues into the aldehydes allysine 

and hydroxyallysine respectively63,215. A telopeptide aldehyde may then react with 

another telopeptide aldehyde of the same molecule to form an aldol that provides an 

intramolecular crosslink20,258. Similarly, an aldehyde may react in a condensation reaction 

with the corresponding hydroxylysine or lysine from an adjacent molecule to form an 

immature, divalent intermolecular covalent crosslink, in a head-to-tail configuration 

(Figure 1.3A)74,258. The type of the crosslinking present in collagenous tissues depends on 

the extent of post-translational telopeptide lysyl hydroxylation, absolute age and turnover 

rate50,74. Covalent intermolecular crosslinks strengthen the lateral association between 

neighboring molecules by resisting slippage under tension266. Importance of enzymic 

crosslinking has been demonstrated by inhibition of lysyl oxidase activity under a 

lathyritic diet258. Tail tendons from lathyritic rats exhibited attenuated resistance to 

molecular slippage and decreased strength106. 

Immature tendons contain both immature aldimine and ketoimine crosslinks. 

Reaction between allysine and helical lysine or hydroxylysine forms dehydro-

hydroxylysinorleucine (deH-HLNL) or dehydro-lysinorleucine (deH-LNL) immature 

divalent crosslinks respectively15. The acid- and thermally-labile immature aldimines are 

prevalent in both skin and tendon where there is minimal lysine hydroxylation23,214. With 
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maturation, deH-HLNL may react with a histidine residue on an adjacent molecule to 

form a trivalent histidinohydroxylysinonorleucine (HHL) crosslink21. Amadori 

rearrangement of the Schiff base formed via the reaction of hydroxyallysine and helical 

lysine or hydroxylysine results in immature divalent hydroxylysino-5-ketonorleucine 

(HLKNL) or lysino-5-ketonorleucine (LKNL) crosslinks74. Predominantly found in bone 

and cartilage31, the immature ketoimine crosslinks are acid- and thermally-stable258. 

Over time, HLKNL may react with a hydroxyallysine to form a 

hydroxylysylpyridinoline (Hyl-Pyr) or a lysine to form a hydroxylysyl pyrrole (H-

Pyrrole) mature trivalent crosslink134 (Figure 1.3B). Common trivalent crosslinks in 

mature tendons are HHL, pyridinolines and pyrroles185. With maturation, it has been 

observed that the level of immature crosslinking remains similar, but the proportion of 

immature to mature crosslinks decreases50,275, perhaps contributing to increases in 

mechanical strength15. The crosslink profile is dependent upon the nature of the tendon 

and corresponding loading endured in vivo128. The dominant crosslinks found in the 

structurally proximate, yet functionally different rabbit forelimb flexor and extensor 

tendons are ketoimine and aldimine respectively128. High load-bearing tendons (Achilles 

tendon) contain a greater concentration of stable mature crosslinking than do non-weight 

bearing tendons (e.g. rat tail tendon (RTT))74,243. 

1.6. Advanced Glycation End-Products 

Collagen is a long-lived protein that is susceptible to the stochastic formation and 

accumulation of non-enzymatic advanced glycation end products (AGEs) that occur with 

aging and diabetes. AGEs may be produced endogenously by metabolic reactions or 

stimulated exogenously by ingestion of foods and tobacco smoke108,184. Endogenous 

glycation occuring via the Maillard reaction is dependent on the concentration and 

reactivity of an open chain carbohydrate (typically glucose) and the concentration of 

specific ε-amino side chains (e.g. lysine) in proteins (collagen), lipids and nucleic 

acids232. Generally, intracellular sugars (ex. glucose-6-phosphate) have a faster reactivity 

rate than does glucose, due to its stable ring structure44,244. Formation of an AGE may 

affect only a sole molecule (termed a covalent adduct); however, an adduct may 

spontaneously react with a neighboring amino side chain to form a covalent  
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Figure 1.3 Diagram of enzymatic and non-enzymatic crosslink formation.  An immature starts with 
immature aldimine and ketoimine divalent crosslinks (red lines) in a head-to-tail configuration. As a 
tissue matures, the lateral association between neighboring grows tighter with the formation of the 
mature trivalent crosslinks (blue hooks). With aging and diabetes, adventitious formation of divalent 
glycation (AGE) crosslinks (black lines) occurs within the triple helical region. 

intermolecular crosslink. In contrast to enzymatic crosslinks, AGE crosslinks are thought 

to form between triple helical regions of adjacent collagen molecules21,179. Common 

intermolecular covalent AGE crosslinks include pentosidine and glucosepane. 

Pentosidine, a fluorescent biomarker for AGE accumulation226, occurs in one per several 

hundred collagen molecules16,27. Accumulation of fluorescent AGEs contributes to the 

change in appearance of collagenous tissues with aging and diabetes, from a brilliant 

white to a golden-brown226. 

Biologically, AGEs disrupt the function of collagen via alteration of molecular 

conformation and packing, resulting in altered surface charges19,23. Thus, changes in cell-

cell and cell-matrix interactions may lead to prolonged inflammation and impaired 

wound healing. Multi-ligand receptors for AGEs (RAGE) are expressed on a variety of 

cells (e.g. macrophages)203. AGE-RAGE interaction induces oxidative stress and 

activates downstream signaling pathways that lead to the production of pro-inflammatory 

cytokines, vasoconstriction, prothrombotic gene expression and free radicals (reactive 

oxygen species)113. AGE-RAGE interaction on fibroblasts is thought to modulate 

collagen production191.  

Mechanically, non-enzymatic intermolecular crosslinks are thought to increase 

tendon stiffness, strength and brittleness13,87. Due to this increase in brittleness, 

accumulation of AGEs may be correlated with more mechanically fragile tissue81. 
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Recently, an in vivo study reported Achilles tendon strength (rather than stiffness) being 

correlated to pentosidine concentration58. An in vitro study revealed increasing presence 

of AGEs induced a pronounced transition in deformation behaviour causing decreased 

fibre sliding relative to fibre stretching154. Furthermore, glycation increases resistance to 

enzymatic degradation, decreases solubility128,223,245 and impairs intermolecular receptor 

recognition233. AGEs are thought to be eliminated from the body via enzymatic 

degradation (proteolytic and lysosomal) and renal excretion113,233. 

1.7. Thermal Stability 

Thermal denaturation of collagen occurs with the disruption of the hydrogen 

bonds and unfolding of the peptide chains, leading to rearrangement of the native triple 

helix into a near-random coil configuration (Figure 1.4). The thermal stability of the 

collagen molecule can be thermodynamically quantified using Gibbs free energy, looking 

at the irreversible rate-governed transition from the native state to the denatured state: 

 ∆𝐺𝐺 =  ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆 (1) 

Where the enthalpy term (∆H), measured via DSC, is representative of the net heat 

contribution from the endothermic (e.g. rupture of the hydrogen bonds) and exothermic 

reactions (e.g. disruption of hydrophobic reactions) occuring within the collagen triple 

helix42. The entropy term (∆S), measured via HIT, describes the disorder within a system 

and physically, the changes in molecular kinetic and intermolecular potential energy (e.g. 

spatial configuration)42,151. 

When thermal denaturation occurs, it is thought to commence locally with the 

scission of hydrogen bonds at the thermally labile domains of the collagen molecule166. 

These domains are characterized by a void of hydroxyproline and are found in the gap 

region of the quarter-staggered collagen arrangement. In collagen type I, three thermally 

labile domains are found in a 65-residue length chain near the C-terminus and two 

regions in the N-terminus 26 residues in length166. At the end of each domain is the 

location of enzymatic crosslink formation. Steric hindrance of the molecules and 

thermally labile domains occurs by increasing the density of the collagen molecules 

within the fiber lattice. This results in a decrease in the configuration entropy (∆S) and 

increase in the activation energy required to initiate local thermal denaturation in the  
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Figure 1.4 Energy states of collagen denaturation.  Upon denaturation, when sufficient thermal 
energy has been transferred to overcome the enthalpic activation energy required to rupture the 
hydrogen bonds, the collagen backbone unravels to a lower energy amorphous random coil 
configuration state. Modified with permission from J. Michael Lee. 

thermally labile domains169,170. This description is the essence of the polymer-in-a-box 

theory170. As a comparison, in a dilute solution, the denaturation temperature of the 

loosely-packed collagen is significantly lower than that of native collagen (fiber-lattice-

confined) by ~ 27℃ (slightly above body temperature)167. It’s been shown that factors 

including ionic concentration7, hydration and crosslinking may affect the denaturation 

temperature on the order of a few degrees celcius22,167,168,170. Differential scanning 

calorimetry (DSC) and hydrothermal isometric tension (HIT) testing of thermal stability 

provide a proxy for implicitly evaluating the degree of collagen crosslinking and 

molecular packing.  

 Differential Scanning Calorimetry 

DSC is a powerful technique that allows researchers to follow the kinematics of a 

thermal transition of a biological molecular system (e.g. collagen). The technique allows 

for direct measurement of the enthalpy, in particular, the thermal transition in minuscule 

samples which cannot be mechanically gripped33,77. In a DSC set-up, two pans are heated 

at a constant rate such that the temperatures of the two pans are identical. One of the 
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sealed pans containing the sample of interest is run against a (generally empty) reference 

pan. Discrete measurements of the differential heat flow (∆𝑄̇𝑄) between a sample (𝑄̇𝑄𝑆𝑆) and 

a reference (𝑄̇𝑄𝑅𝑅) pan are recorded as a function of temperature and time. Scanning may 

occur at lower rates to avoid the effects of superheating, produced by the increasing 

temperature lag between sample and platform122.  

 ∆𝑄̇𝑄 =  𝑄̇𝑄𝑆𝑆 −  𝑄̇𝑄𝑅𝑅 (2) 

With linearly increasing temperature, collagen is thought to undergo a melting 

process, synonymous with the denaturation or unfolding of the triple-helix170. 

Denaturation results in a characteristic endothermic peak, the area under which is the 

enthalpy of denaturation (Figure 1.5). The shape of the resultant endotherm provides 

valuable information on the structure. A narrowed, deeper endotherm represents a more 

cooperative and homogenous population of activation energies in the bonds that are 

ruptured. In contrast a broader and shallower peak represents a more heterogeneous 

population of activation energies of bonds that must be overcome42. Be that as it may, 

DSC typically does not permit the determination of the quantity or type of bonds that 

exist77. As DSC is insensitive to entropic events, it is suggested that it be used in tandem 

with an alternative technique (HIT) to further evaluate collagen crosslinking and 

molecular packing.  

 Hydrothermal Isometric Tension Analysis 

HIT analysis allows for rapid investigation of the alterations in collagen structure 

during (i) denaturation and (ii) post-denaturation where collagen has been described by 

Flory et al. as being rubber-like78. In a HIT set-up, a strip-sample of collagenous tissue is 

mounted to the apparatus via two grips. The lower grip acts as a fixed mount whereas the 

upper grip is attached to a force transducer. The samples are isometrically constrained 

parallel to the primary orientation of the fibers. Thereafter, testing reflects the thermally 

induced structural changes in the load-bearing collagen. The apparatus is immersed in an 

aqueous environment (distilled deionized water). The temperature of the water bath, and 

therefore of the samples are increased from room temperature to 90-97℃ at a fixed rate 

(~1℃/min)12,149. The isothermal segment occurs once the desired temperature is reached  
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Figure 1.5 DSC testing curve with the differential heat flow between the sample and the reference 
pan on the y-axis and temperature on the x-axis.  The temperature is increased from ~20℃ to 90℃ 
at a linear rate of 5℃/minute. As the temperature increases, thermal denaturation of the collagen 
molecules occurs causing an increase in heat flow into the sample. The intersection of the linear 
baseline (solid black line) and tangent line of the heat flow curve (dashed black line) is termed the 
onset temperature (𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐). The temperature at which maximum heat flow into the sample is termed 
the peak temperature (𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑). As the reservoir of native collagen molecules is denatured, the heat 
flow is reduced, and the curve returns to baseline. The width of the resultant endotherm peak 
corresponding to the distribution of thermal stabilities is termed the full width at half-maximum 
(𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭). The area of the endotherm peak under the linear baseline is the total energy absorbed by 
the sample during the helix to near-coil transition of the total collagen in the sample, termed the 
specific enthalpy of denaturation (𝒉𝒉). The shape and peak of the endotherm may be changed to 
reflect the degree of the crosslinking as demonstrated by representative curves of a heavily 
crosslinked tissue (solid blue curve) and a sparsely crosslinked tissue (dashed blue line). 

and is held for an extended period of time. The heat-induced tension generated during the 

process is recorded as a function of temperature and time (Figure 1.6).  

Thermally-induced structural alterations assessed include: (i) the denaturation 

temperature (𝑇𝑇𝑑𝑑) that is a measures of triple-helix thermal stability and (ii) the rate of 

load decay (𝑡𝑡1/2) observed at high isothermal temperatures, a measure of peptide bond 

hydrolysis and total thermally stable crosslinking (Figure 1.6)149. 𝑇𝑇𝑑𝑑 is reached once 

sufficient thermal energy has been transferred to the sample to overcome the activation  
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Figure 1.6 HIT representative test curves with load (blue curve) or temperature (red curve) on the y 
axis and time on the x-axis.  The temperature is gradually increased from room temperature to 90℃ 
at which point it is held for 4-5 hours, termed the isotherm. At the denaturation temperature (𝑻𝑻𝒅𝒅), at 
approximately 65℃, the structure of the collagen triple helix begins the transition to random coil 
configuration with rupturing of the hydrogen bonds and alpha chains. The grey dashed lines indicate 
the differences in denaturation temperatures of the respective representative curves. Due to the 
isometric constraint, the desired shrinkage is registered as an increase in load. Following 
denaturation, thermally labile crosslinks begin to rupture contributing to pre-isothermal contraction.  
During the isotherm, stress relaxation causing load decay due to hydrolysis of peptide bonds occurs. 
Demonstrated by the blue solid and dashed curves, the quantity of load decay that occurs reflects the 
density of thermally stable crosslinking in a tissue preventing molecular slippage. Modified with 
permission from J. Michael Lee. 

energy barrier to rupture hydrogen bonds and subsequently reconfigure collagen 

molecules from helix to amorphous coil conformation33. Due to the isometric constraints, 

desired shrinkage is registered as a sharp increase in tensile force as shown in Figure 1.6.  

Measurement of 𝑇𝑇𝑑𝑑 by HIT is representative of the combined thermal stability of 

the mechanically relevant collagen population11. 𝑇𝑇𝑑𝑑 is thought to be affected primarily by 

intramolecular crosslinks and secondarily by intermolecular crosslinks149,266. 

Intramolecular crosslinks contribute to increasing the enthalpic and decreasing the 

entropic activation energy required by preventing unwinding of the triple-helices266. 

Intermolecular crosslinks contribute to decreasing the entropic activation energy required 

by reducing the number of potential molecular conformations and increasing molecular 

packing170,266. 
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Le Lous et al.144 first described the isometric load decay at near-boiling 

temperatures by a Maxwellian model. Maxwell-type relaxation is described in detail 

elsewhere11,266, and the equations of which are covered in Section 3.5.2. The presence of 

mature thermally stable non-reducible intermolecular crosslinks reduces slippage 

between adjacent collagen molecules, maintaining force transmission under tension in a 

denatured collagen matrix266. Thus, 𝑡𝑡1/2 may be used as a proxy tool to measure the 

presence of the thermally labile crosslinks in a given tissue.  

Sodium borohydride (NaBH4) may be used to stabilize immature reducible 

thermally labile crosslinks, allowing evaluation of the total crosslinking in a collagenous  

tissue. Stabilization treatment provide a means of assessing the proportion of thermally 

labile crosslinks in a given tissue by comparing the values of 𝑡𝑡1/2 between untreated and 

NaBH4-stabilized samples181,266. 

1.8. Mechanical Behaviour of Tendons 

Tendons are tasked with a primary mechanical role of transmitting tensile loads 

generated by muscular contractions to the skeleton, thereby allowing for smooth motion 

and stability of joints. Tendon collagen aligned primarily along the axis of tensile load 

transmission, affords remarkable anisotropic mechanical properties, and acts as a 

“biological spring”30,228,280. Like other collagenous soft tissues (e.g. skin and ligament), 

tendons exhibit viscoelastic behaviour. Viscoelasticity allows for the tendon to exhibit 

both compliant and stiff behaviours due to the time-dependent strain sensitivity2,127. At 

higher strain rates, tendons exhibit increased stiffness and load transmission, whereas at 

lower strain rates they allow for increased extensibility and energy absorption263. Time-

dependent sensitivity may be attributed to the complex interactions between ECM 

components, revealed by the viscoelastic behaviour exhibited: stress-relaxation, creep 

and hysteresis48,199. Work done stretching the tendon is stored elastically and the energy 

input is efficiently recovered (~75-95%) when the tensile loading is removed and the 

tendon recoils83,160. Applied to locomotion, these characteristics results in the conversion 

of potential and kinetic energy into strain energy under ground reaction impact forces8,52. 

When the foot leaves the ground, tendon elastic recoil allows for the strain energy to be 

converted into potential and kinetic energy at the end of a gait cycle9. The importance of 
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the high efficiency energy transfer afforded by the elasticity of tendons has been 

demonstrated in terms of the savings of metabolic energy that would otherwise be 

required for gait10,52. 

To simulate tensile behaviour of tendons in vivo, in vitro tensile testing via 

application of external loads is performed to produce a stress-strain curve (Figure 1.7). 

The initial phase of the stress-strain curve is the toe region that represents low-stress 

extensibility40,140. In this region the stress-strain curve appears concave towards the load 

axis. The primary characteristic of this region is the flattening of the collagen fibre 

crimp176,209 accompanied by the straightening of fibrillar kinks171,267. With increasing 

strain, collagen fibrils are aligned parallel to the loading axis, leading into the beginning 

of the linear elastic region where strain and stress are proportional. Linear regression of 

the curve in this region yields a near constant peak elastic or tissue modulus. The linear 

region is characterized by longitudinal sliding of neighboring collagen molecules and 

stretching of the cross-linked telopeptides79,178. Connected collagen molecules form the 

load-bearing core of the collagen fibril71. Failure of fibrils with further elongation marks 

the start of the yield (plastic) region known as the yield point. The yield region displays a 

non-linear curve shape with plastic behaviour and macroscopic failure126,283. Ultimately, 

the end of the yield region is indicated by loss of structural integrity reflected by a 

substantial decrease in load: tendon rupture. 

Although all tendons share the generic non-linear tensile behaviour described 

above, differing mechanical requirements alter the structure, composition and 

corresponding function of tendons. The length of the toe section is dependent on the 

crimp wavelength of the tissue which typically decreases with age250. The length of the 

yield region may reflect the number of constitutive fascicles and/or degree of 

crosslinking. A tendon composed of many fascicles or a low density of crosslinking may 

display an elongated near-zero slope plateau indicating that the rate of structural plastic 

deformation matches the applied strain126. Alternatively, a tendon with few fascicles or a 

high degree of crosslinking may fail suddenly in a brittle manner as a singular load-

bearing unit.  

While all tendons store energy upon extension, functionally, it has been suggested 

that there are been two wide-ranging divisions of tendons: positional and energy-  
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Figure 1.7 Representative tendon multi-fascicle subsample stress-strain curve displaying the toe, 
linear and yield regions.  

storing225. Positional tendons (ex. common digital extensor tendon) require high stiffness 

and low extensibility to transmit rapid precision motion. In contrast, energy-storing 

tendons (e.g. superficial digital flexor, patellar and Achilles tendon) necessitate high 

strength and extensibility to grant maximal energy transfer under repetitive and high 

loading conditions61,228,247. 

 In Vitro Mechanical Testing 

In vitro tensile testing of tendons has been performed for over 82 years61. 

Typically, in vitro methods have been performed by means of a tensile tester with the 

isolated sample being stretched under controlled deformation or load. Resulting 

deformation and force data are converted to stress and strain upon measurement of the 

sample length and cross-sectional area (CSA). At the tissue and fascicle scale, methods to 

accurately determine the CSA of a sample include non-contact techniques (laser 

micrometry246,265 and photography255).  

When testing, improper gripping may lead to slippage or stress-concentrations 

contributing to overestimates of deformation and underestimates of strength. At the 

tendon and fascicle level, alternative gripping solutions have been implemented (ex. 
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direct282, serrated jaw230, and cryo-gripping67) with varying degrees of success. While 

testing at the tissue scale may ideally probe mechanical properties at a physiological 

relevant scale, slippage may be exacerbated when testing due to the tendon’s inherent  

geometry (ex. Achilles tendon). 

Dissection of the tendon into easily isolated hierarchical substructures (fascicles) 

provides samples of near-ideal geometry (high aspect ratio) mitigating slippage and 

stress-concentration24. Tensile testing of isolated fascicles also provides the ability to 

perform multiple experiments (HIT, DSC) and repeated tensile tests to calculate averages 

and identify local variations of mechanical parameters within a given tendon. 

Furthermore, it bypasses the laborious dissection procedures (decellularization) and 

technologically demanding test set-ups required for study of isolated fibrils and collagen 

molecules.  

In general, it is thought that as one progresses down the structural hierarchy that 

the elastic modulus increases, evidenced by the comparison of modulus values at the 

tissue (0.3-0.7 GPa) and molecule (0.4-12 GPa) levels66,286. Increased modulus may 

perhaps be attributed to attenuation of complex ECM interactions. Evaluation of the 

hierarchical structure allows for determination of not only the mechanical response 

within each hierarchical level, but also investigation of the underlying the complex 

mechanisms within multi-level load transfer. 

1.9. Visualizing Modes of Damage 

Light microscopy is used to evaluate fibre-level changes in tendon structure. 

Histological techniques are advantageous in examination of microscopic structural and 

cellular changes that occur with aging159, diabetes72,158, overuse93, and rupture of tendon 

samples120,157,159,269. Compared to the ordered structure of unloaded samples, diseased or 

damaged samples may contain a disordered collagen structure120,159, disordered 

arrangement of fibers269, increased matrix deposition or increased cellularity93,131. 

Utilization of polarized light microscopy has revealed key features inherent to tendon 

extensibility, flexibility and function in vivo (e.g. collagen crimp)73,209. The lowest level 

of hierarchy observed with light microscopy is the collagen fiber259. Investigation of the 

fibrillar and subfibrillar structures require resolution on the magnitude of the nanoscale.  



17 

Nanoscale fibrillar structure may be examined using x-ray diffraction and/or 

electron microscopy techniques. X-ray diffraction is a powerful tool for investigating the 

axial and lateral packing of collagen allowing observation of particles less than 20Å29,267. 

X-ray diffraction has been used to study how aging29,126,182, diabetes and glycation118,244 

affects the crystallographic fibril structure in tendons. X-ray diffraction studies revealed 

diabetes-induced axial structure and lateral packing of collagen molecules alterations in 

human toe extensor tendons118. An advantage of X-ray and synchrotron radiation is 

simultaneous observation of intra-fibrillar deformation mechanisms during uniaxial 

overload testing79,171,222. 

Electron microscopy has been similarly used to directly examine fibrillar 

structures. Transmission electron microscopy (TEM) used for ultrastructural examination 

requires thin sections of intact specimens stained with heavy metals, requiring meticulous 

preparation111,217. Investigations using TEM to identify collagen fibrillar deformation  

mechanisms post-yield in rat tail tendons (RTT) revealed a common motif: shredding and 

dissociation of fibrils into their subfibrillar components133,183,250. The dissociation of 

fibrils (Figure 1.8) was exhibited in both the transverse and longitudinal axes133,249. 

Repeated subrupture and rupture overloading produced dissociation of fibrils into fine 

substructure249,250. TEM examination revealed a second motif of severely bent or kink-

like deformation of fibrils (Figure 1.9) observed in RTT123,183,249 and human Achilles 

tendon 164. It’s possible that the fibril damage motifs of dissociation and kinking may be 

dependent on the crosslink density of the tissues which restrict intrafibrillar sliding. 

 Discrete Plasticity 

In the Tissue Mechanics Lab through the years, discrete plasticity has been 

studied and described as a kinking/toughening mechanism in mechanically overloaded 

collagen fibrils that provides absorption of strain energy254,255,256,257. This characteristic 

structural motif is thought to be a toughening mechanism by which formation of discrete 

zones of plastic deformation containing denatured collagen molecules is accompanied by 

the loss of the native D-banding along fibril surface at and between the discrete plasticity 

kink sites257. The presence of the nanoscale damage previously observed in RTT183,249 

was confirmed in the bovine tail tendon model (BTT)257. The following sections describe  
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Figure 1.8 TEM micrograph of a longitudinal section of 5-week-old rat tail tendon collagen fibrils 
overloaded to 7% strain at 14,000x.  (Scale bar = 0.5 𝛍𝛍m) Reprinted with permission183. 

models that have been used in the characterization of collagen damage in vitro via 

mechanical overload testing. 

 Bovine Tail Tendon Model 

Much of the work to date on discrete plasticity has been performed on a BTT 

model. In preliminary studies, BTT were mechanical overloaded to rupture, with 

subsequent digestion of the denatured collagen via the serine proteases acetyltrypsin and 

∝-chymotrypsin277. Study results showed an increase in proteolysis of collagen thought to 

be due to micro-unfolding of overloaded collagen molecules, prompting further 

investigation by means of scanning electron microscopy (SEM)277. 

In the first study by Veres et al., mechanical overload to rupture of bovine tail tendons 

was performed and induced damage observed via SEM257. This technique was used to 

explore how overload alters conformation of the constituent collagen molecules and 

structure of the fibrils. Three sample groups were utilized and compared, a control group 

of samples, a mechanically overloaded group and a digested, mechanically overloaded  
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Figure 1.9 TEM image of transverse section at 38,000x magnification displaying the formation of 
multiple kink deformations in neighboring 39-month old rat tail tendon fibrils overloaded to 4% 
strain indicated by the black arrows.  Furthermore, dissociation of subfibrillar components and in-
tact D-banding prior to kink sites is observed. (Scale bar = 0.1 𝛍𝛍m) Reprinted with permission183. 

 

Figure 1.10 SEM images of (A) undamaged and (B, C & D) damaged collagen fibrils  . Damaged 
fibrils exhibited regions of the damage motif “Discrete Plasticity”, the repetitive kinking morphology 
with loss of D-banding at the kink sites. SEM micrograph (D) of the trypsin incubated BTT shows 
voids (indicated by the black arrow) where denatured collagen has been removed. (Panel A and B: 
Scale bar = 500 nm, Panel C and D: Scale bar = 300 nm) Reprinted with permission257. 
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group (Figure 1.10). Serine proteases similar to those used by Willett et al.277 were used 

in the digestion of denatured collagen257,277. 

The undigested mechanical overload group showed serial zones of pronounced  

plasticity longitudinally along fibrils, a feature absent in the control group. Selective 

molecular denaturation was displayed as repeating kink sites with heterogenous inter- 

kink spacing with an approximate minimum of 300 nm257. The frequency of the kink sites 

increased with subrupture cyclical loading255, thought to be a consequence of 

heterogeneity in structure and loading of fibrils and subfibrils. Between kink sites, it was 

observed that at times D-banding striations were not visible on the fibril surface, that 

being covered by a fuzzy surface layer of denatured collagen257. 

In the digested mechanical overload group, both the kink locations and the 

interkink surface layer were subject to enzymolysis, removing apparently denatured 

collagen. In the former, the previously dense appearing kink locations were filled with 

voids, leaving sparse undamaged collagen subfibrils. The D-banding on these subfibrils 

was conserved257. In the latter, the surface layer of denatured collagen in each specimen 

was digested, rendering the underlying D-banding striations visible. In a separate study, 

the authors set to determine whether phagocytes can recognize and target strain-damaged 

collagen fibrils that displayed characteristics of discrete plasticity. Macrophage-like U937 

cells were cultured on exposed internal surfaces of both control and overloaded 

tendons253. The cells preferentially degraded damaged collagen fibrils displaying 

characteristics of discrete plasticity, and were found to have elongated and ruffled 

membranes in the presence of damage. Results indicate that U937 macrophage-like cells 

were able to discriminate between damaged and undamaged fibrils, altering their 

functional morphology in the presence of collagen fibril damage.  

Furthermore, in vitro ribose incubation of BTT was performed for 28 days to 

simulate the accumulation of long-term AGE crosslinking. The purpose of the 

investigation was to observe if the high degree of AGE crosslinking would suppress  

intermolecular sliding thought to consequently induce discrete plasticity damage. Ribose 

crosslinking induced more brittle behaviour under tensile testing and a higher degree of 

thermal stability evaluated by DSC (Figure 1.11). SEM confirmed that changes in 

mechanical behaviour and thermal behaviour were reflected by inhibition of the discrete  
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Figure 1.11 Thermal stability of BTT collagen evaluated using DSC.  Ribose incubation (grey curves) 
increased the thermal stability of the unloaded BTT collagen (shifted endotherm peak to the right) 
and reduced the impact of mechanical subrupture overload testing (grey dashed curve) in 
destabilizing the collagen molecule (decreased thermal stability). Reprinted with permission150. 
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Figure 1.12 SEM micrographs of collagen fibrils demonstrating differences in overload response to in 
vitro ribose incubation.  (A) Untreated and unloaded collagen fibrils reveal absence of damage.  (B) 
Untreated, overloaded collagen fibrils display discrete plasticity. (C) Ribose crosslinking in 
overloaded fibrils suppresses the formation of discrete plasticity. (Scale bars = 500 nm) Reprinted 
with permission150. 
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plasticity failure mechanism in the ribose-crosslinked BTT (Figure 1.12C)150. The results 

are indicative of a pathological suppression of discrete plasticity, thought to be an 

important physiological mechanism in tissue remodeling, that may occur in humans with 

dense crosslinking due to aging or diabetes. 

The interior structure of decellularized collagen type I fibrils extracted from 

unloaded and subrupture-overloaded BTT were also probed using AFM (Figure 1.13)24. 

Dehydrated unloaded control fibrils displayed intact D-banding and undisturbed 

morphology26. Overloaded fibrils revealed the discrete plasticity damage motif with a 

kinked and twisted morphology24. D-banding was absent at the turn and kink sites, but 

recovered between kink sites as previously seen with SEM257. When fibrils were 

hydrated, significant swelling occurred, providing difficulties in observing the D-banding 

in both control and overload samples. Hydrated control images similarly revealed an 

undisturbed morphology and intact D-banding (Figure 1.13A). Hydrated overload 

samples revealed a swollen highly penetrable shell layer overlaying the collagen fibril in 

which kink sites were visible (Figure 1.13B & C)24. Most recently, AFM has been used to 

investigate the role of matrix metallo-proteinases (MMP-2 and MMP-9) located in vivo 

and their role in wound healing on collagen fibrils from overloaded BTTs exhibiting the 

toughening mechanism discrete plasticity25. It was found that the enzyme MMP-9 was 

able to selectively cleave the shell of non-D-banded material from the overloaded 

collagen fibrils (Figure 1.14D). Thus, further supporting the role of the toughening 

mechanism discrete plasticity as a marker of collagen fibril damage in the process of 

tendon remodeling in vivo. 

 Bovine Forelimb Model 

In a study performed by Herod et al.109, the discrete plasticity work was expanded 

to a bovine forelimb model. Drawing on previous literature208,228, this model compared 

two structurally proximate but functionally distinct tendons, the energy storing superficial 

digital flexor (SDFT) and the positional common digital extensor tendon (CDET). With 

significant differences in crosslinking identified via DSC and HIT testing, differences in 

the presence of discrete plasticity were observed upon SEM examination (Figure 1.15). In 

the more thermally stable crosslinked SDFT, as identified by 𝑡𝑡1/2, when mechanically  
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Figure 1.13 AFM deformation images of a native bovine tail tendon fibrils. Image A displays 
hydrated control fibril exhibiting undisturbed intact D-banding and Images B & C display hydrated 
damaged fibrils. (B) Hydrated damaged fibril displayed kinking regions and a loss of observable D-
banding due to the swelling. (C) A swollen damaged fibril revealed (1) kinked regions, (2) a 
penetrable shell layering, and (3) D-banding present in the inter-kinked regions, all of which are 
identified by the grey arrows. Intensity bar indicates the deformation depth. (Scale bar = 1𝛍𝛍m) 
Reprinted with permission24.  

overloaded to rupture, discrete plasticity was rarely observed using SEM. In contrast, the 

less thermally stable crosslinked CDET, when mechanically overloaded to rupture, 

resulted in discrete plasticity damage present in the form of dense serial kinking 

containing disrupted or broken fibrils throughout as observed using SEM109. Differences 

in fibril mechanics and damage motifs between functionally distinct bovine forelimbs 

were confirmed via AFM200, likely the result of differences in kinking containing 

disrupted or broken fibrils throughout as observed using intermolecular crosslinking109. 

AFM, second harmonic generation (SHG) imaging and confocal microscopy revealed 

upon rupture, an absence of fibrillar plasticity damage was observed in the SDFT, 

whereas kink formation and denaturation along the length of the CDET collagen fibrils 

occurred, matching the behaviour observed via SEM109,200.  
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Figure 1.14 AFM deformation maps of BTT collagen fibrils exhibiting discrete plasticity before (A, 
B) and after (C, D) incubation with MMP-9 (D) and trypsin (C).  (D) MMP-9 selectively removes the 
denatured collagen shell leaving the remaining collagen with D-banding intact in compared to (C) 
non-specific removal of denatured collagen with trypsin incubation. (Scale bar = 500 nm) Reprinted 
with permission25. 
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Figure 1.15 SEM micrographs displaying the difference in overload damaged tendon collagen from 
the bovine CDET (Top, Middle) and SDFT (Bottom). In the CDET, dense regions of discrete 
plasticity were observed, whereas in the SDFT discrete plasticity was sparsely observed. This 
difference in damage mechanisms are likely the result of changes in crosslinking profile between the 
two structurally proximate but functionally different tendons. Reprinted with permission109. 
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 Human Distal Sartorius Tendon 

Most recently, discovery of the discrete plasticity toughening mechanism in the 

bovine model begged the question of whether discrete plasticity would be observed in a 

more physiologically relevant human model. Human distal sartorius tendons were 

collected from a local tissue bank (NSHA Regional Tissue Bank, Halifax, N.S.) from 

non-diabetic donors ranging in age from 20-60 years237. Unloaded sartorius tendon 

samples examined via SEM showed intact D-banding in registry across tightly packed 

fibril bundles and relatively homogenous fibril diameters. Examination of tendon samples 

subject to mechanical overload to rupture, revealed an absence of discrete plasticity in 

both younger and older tendon donors. Although sparse sites of fibrillar plasticity damage 

were observed, the quantity and density of the damage observed in the human tendons 

was far less than that found in the bovine tendons. Macroscopic observation of structure 

revealed a highly disrupted and disorganized structure. Fibrillar level damage revealed 

motifs of high energy elastic recoil damage. Damage motifs included balled and bundled 

fibrils, multiple hairpin turns, and kinks with slight loss of D-banding striation only at the 

turn sites. There was no supporting evidence for age dependent damage motifs. Within 

the human sartorius tendon, the notion of dense thermally stable crosslinking was 

evidenced by the high denaturation temperatures (DSC/HIT) and an absence of HIT 

isothermal load decay. Furthermore, in the human sartorius tendon, similar to the bovine 

SDFT109 and in vitro glycated BTT150, that the toughening mechanism discrete plasticity 

may be suppressed in heavily crosslinked tissues. 

1.10. Age-Determined Changes in Tendons 

Aging is a non-pathological process that results in the progressive loss of physical 

function and ability. The rate of aging is highly individual, with influencing factors 

including lifestyle, disease (ex. diabetes), genetics, injuries and hormonal changes165. The 

present study focuses on the age-related alterations in tendons that occur from 

maturation, through adulthood, and into geriatric age. In a society that is physically active 

into geriatric life, it is important to consider soft tissue aging and the corresponding 

increase in injuries. Anatomical location and the absolute age of the tissue components 
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are two factors that contribute to the age-related changes observed in tendon structure and 

function. For example, AGE accumulation may have a more prominent influence over the 

lifespan of a human (~80 years239) versus a smaller animal (ex. mice: ~1-5 years)175. In 

aging human patellar tendon the concentration of pentosidine was found to increase 

seven-fold56. Although changes in structure, composition and mechanics have been 

identified, the underlying mechanisms behind aging in tendons are, to date, not well 

understood. 

 Structural and Compositional Changes in Aging Tendons 

Alterations in tendon structure and composition occurs with aging in both humans 

and animals, potentially influencing the function of the tissue. Evidence in thoroughbred 

horses suggests that structural changes in tendon occur predominantly during maturation, 

and only minimally with further aging195. Important structural changes in human tendons 

with aging, that potentially lead to changes in function, include both the cross-sectional 

area (CSA) and collagen fiber crimp. Previous studies in humans have found that the 

patellar and Achilles tendon CSA increases161,240, remains unchanged51,56,227, and 

decreases189 with aging. However, these changes or lack thereof may be in part 

modulated by the physical activity level of the individual57,272, seemingly as an adaptive 

response to changes in average stresses without altering the material properties. CSA 

aside, collagen fiber crimp wavelength in the Achilles tendon has been found to increase 

with age241.  

Changes in tendon composition with aging has been identified in terms of 

cellular, ECM and nonfibrous matrix components. In aging tendons, the quantity and 

volume density of cells (fibroblast and tenocytes) decreases accompanied by changes in 

morphology and function242. The ability of the cell to synthesize proteins decreases with 

age, attributing to the reduced collagen turnover rate107,130. The reduction in collagen 

turnover rate is further supported by evidence of the absolute collagen content remaining 

relatively unchanged57 and decreasing56 in the human patellar tendon. Some changes in 

animal and human tendons have been reported in relation to the volume fraction194,250,281 

and distribution of diameters of tendon collagen fibrils193,241. However, the effect of aging 
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on the collagen molecular packing remains unclear, as contrasting studies have found 

both increased88,182 and unchanged118 spacing.  

With aging, formation of AGE crosslinking occurs adventitiously and appears to 

contribute to surprising increases in molecular spacing135,248, resistance to enzymatic 

degradation118,182 and tissue dehydration. Extracellular water content has been observed 

to dramatically decrease with maturation, and to a lesser extent with further aging5,228,252, 

modulated in part by a decrease in mucopolysaccharides5,114,217. Evidence of changes in 

MRI signal intensity in the imaging human patellar tendons in vivo suggests that 

ultrastructural age-related changes in tendons does occur51. Overall, the influence of age 

on tendon composition and structure is unclear; nonetheless it appears to produce a 

heavily crosslinked, decreasingly cellular, and dehydrated tendon. 

 Alterations in Tendon Mechanics with Aging 

With conflicting reports of compositional and structural changes in the literature, 

it is also not clear how the mechanics of tendons are altered with aging. Consensus across 

in vivo and in vitro studies in human tendons57,112,210, primarily focusing on the patellar 

tendon51,56,105,121, is that tendon mechanics remain more or less unchanged through 

adulthood. Minor decreases in modulus and tensile strength are observed, while 

extensibility and toughness remain unchanged. Biomechanical properties derived from in 

vivo testing, which is commonly performed using ultrasound to measure deformation, 

and dynamometry to measure forces66, depends on the maximum voluntary muscular 

contraction (MVC) of the individual. The portion of the stress-strain curve that can be 

probed by this technique is thus determined by the force exerted on the tendon.  

Furthermore, individual variability in human tendon mechanics with aging is 

multifactorial, as previously mentioned (disease, diet, injury history, exercise).  

1.11. Sex-Determined Changes in Tendons 

Sex-determined differences in the rate of injuries, mechanics and structure of 

tendons have been reported, with differences in soft tissue injury rates between sexes 

seemingly related to age, sex hormone concentrations, neuromuscular balance, 

biomechanics and anatomical location3,92,213. In the case of ligament injuries, it has been 
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seen in females that there is a greater frequency in anterior cruciate ligament (ACL) 

ruptures and ankle sprains, especially in young females115,129,198. Males have a higher 

occurrence of Achilles tendon ruptures102,192,262. In post-menopausal aging, the sex-

discrepancy is reduced156, perhaps due to comparable levels of estrogen234. Contradictory 

studies have found that soft tissue injury rate is either increased in males17,70 or 

independent of sex75,115,219. Overall, sex-determined differences in overall soft tissue 

injury rate remain inconclusive92,115,119,197. In sports, factors independent of sex, including 

activity type, exposure time, and environment, may regulate the frequency of soft tissue 

injuries17,115,119,213. 

 Sex-Determined Changes in Tendon Structure and Mechanics 

With inconsistent findings in sex-determined tendon injury rates, structural 

studies based on lower limb tendons of both animals and humans are beginning to 

accumulate. In the animal Achilles and human patellar tendons, changes in ECM 

composition (collagen type I, type III) and nonfibrous matrix (major proteoglycan 

content) components have been found to be independent of sex152,192,221. However, the 

total collagen dry weight and total collagen content per wet weight have been found to be 

lower in human female patellar tendons152, perhaps the result of a lowered collagen 

synthesis rate162. In support of the changes in ECM synthesis rates observed in the human 

patellar tendon, the CSA of lower limb tendons have been consistently smaller80,138,190,240, 

with an attenuation or absence of tendon hypertrophy (increased CSA) in response to 

frequent training/physical activity in females152,162,227. To the authors knowledge, no 

studies have investigated the sex-determined changes in molecular packing and 

crosslinking in either animal or human tendons which may help to explain potential 

changes in tendon mechanics.  

In humans, both in vivo and in vitro studies have reported conflicting sex-

determined differences in tendon mechanics. In the Achilles tendon, in vivo studies have 

shown the tendon modulus to be higher in males46,138,240, consistent with in vitro tensile 

testing findings of increased modulus and strength of isolated fascicles162. Likewise in 

patellar tendon studies, modulus has been found to be dependent110 and 

independent187,190,268 of an individual’s sex. It may be possible that rather than sex, lower 
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limb tendon mechanics may be determined by muscle contraction force51,177,180 and 

tendon mass density105. In general, female lower limb tendons have been found to have 

greater energy efficiency80,102,138 and extensibility in vivo51,138,190, which may increase the 

susceptibility to injury. With inconsistent findings in tendon structure and mechanics, 

further in-depth studies of sex-determined differences in baseline tendon properties could 

lead to sex-specific training strategies and treatment of tendon injuries. 

1.12. Diabetes Mellitus-Determined Changes in Tendons 

Diabetes mellitus (DM) is one of the most prevalent diseases around the world, 

with approximately 415 million people worldwide suffering from diabetes mellitus as of 

2015, and the number expected to rise to 615 million by 204053. Clinically, there are two 

distinct types of diabetes. Type I (juvenile) diabetes occurs due autoimmune elimination 

of insulin-producing beta islet cells of the pancreas, resulting in little to no insulin 

production. Type II diabetes, present in 91% of diabetic adults53, occurs when bodily 

resistance to insulin is increased, thus, insufficient quantities of insulin are endogenously 

produced235. Insulin is a hormone that upregulates the transport of glucose in the blood to 

muscle and fat cells. The burdensome nature of diabetes may lead to poor regulation of 

glucose levels in the blood stream causing extended periods of hyperglycemia. Increased 

extracellular glucose may lead to musculoskeletal degeneration amongst other 

complications53,96,235. Accumulation of AGEs due to aging is thought to be accelerated 

with diabetes (hyperglycemia)101,135. 

Previous clinical studies have suggested diabetes has deleterious effects on native 

connective tissue (e.g. limited joint mobility)49,216. Tendon pathological changes are 

evidenced by an increased risk of tendon ruptures requiring hospitalization284 and 

increased rate of tendinopathy (3.67:1)204. Obesity, an independent risk factor for tendon 

disorders is a common comorbidity of type II diabetes3,86. Therefore, obesity likely 

contributes to changes in tendon pathology and incidence of tendinopathy by increased 

loading and biochemical changes, further highlighting the importance of exercise in the 

management of diabetes.  
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 Diabetes Mellitus-Determined Changes in Tendon Structure and Mechanics 

Clinical studies have been performed to reveal diabetes mellitus-related changes 

in structure of a variety of human tendons (e.g. Achilles, rotator cuff). These have 

included both ex-vivo (histology/EM) and in vivo (ultrasound/MRI) studies. Most 

strikingly, diabetic tendons were characterized by a loss of their typical brilliant pearl 

white appearance155,231 and frequent occurrences of structural abnormalities64. Structural 

abnormalities reported include twisted, curved and disorganized collagen ultrastructure 

(fibers and fibrils)64,95,98. Moreover, significant increases in tendon thickness and/or 

volume1,6,38,60,62 have been observed. Similar structural changes were observed in a pair 

of reviews on induced diabetic rat models, predominantly examining the Achilles 

tendon188,231. Clinically, Achilles tendon shortening and strain attenuation have been 

reported in diabetic individuals60,62,64, possibly due to increased stiffness as observed in 

vivo58,196. Changes in mechanics in vivo would contribute to a higher metabolic cost for 

locomotion. In vitro, Guney et al.98 reported inferior Achilles tendon mechanics 

(modulus, strength and toughness) in diabetic individuals. Additional factors that may 

affect diabetic tendon mechanics include accelerated tenocyte senescence3, decreased PG 

content47, and reduced healing capacity236. These factors may be explained by the 

elevated AGE accumulation within tissues during diabetes218,261. The underlying 

mechanisms in vivo behind diabetes-related changes in tendon structure and mechanics in 

humans remains inconclusive.  



33 

Chapter 2: Thesis Rationale, Objectives and Hypotheses 

2.1. Overview  

As men and women are remaining physically active later in life, the prevalence of 

soft tissue injuries and need for healing are becoming of importance to clinical care. 

Aging has been found in the literature to produce a less crimped, more heavily (formation 

of AGEs) crosslinked, decreasingly cellular and dehydrated tendon. However, these 

changes in tendon structure are not reflected by consistent changes in mechanics 

throughout adulthood in humans, in part due to the degeneration of muscle mass, strength 

and physical activity levels with age. Considering the variable of sex of the 

individual/donor, differences in soft tissue injury rates between groups are based on a 

multitude of factors (e.g. anatomical location) are not explained by the inconsistencies in 

tendon structure and mechanics across the literature. Meanwhile in diabetic individuals, a 

disease with a hallmark of hyperglycemia, the rate of tendinopathy has been found to 

increase by nearly four-fold204, possibly due to the impact of impaired tendon remodeling 

on tendon structure and mechanics.  

 In the Tissue Mechanics Lab over the years, the toughening mechanism of 

discrete plasticity was first uncovered in overload damaged BTT257. Using SEM, the 

primary damage motifs identified included serial kinking along collagen fibrils and a loss 

of D-banding between and at kink locations, supporting previous studies of RTT183,250. 

This model was then extended into a bovine forelimb model in which structurally 

proximate but functionally different SDFTs and CDETs were compared109. SEM 

investigations revealed discrete plasticity formed frequently in the CDET and sparsely in 

the SDFT when subject to overload damage, thought to be the result of changes in 

thermally stable crosslinking. This hypothesis is supported by in vitro glycation of BTT 

wherein introduction of AGE crosslinking completely suppressed the formation of 

discrete plasticity150. Most recently, discrete plasticity has been shown to be a marker of 

collagen fibril damage for tendon remodeling, exhibited by the selective damaged 

material removal by MMP-925. From these bovine studies, this begged the question 

whether the formation of discrete plasticity occurs in human tendons, leading to present 

study, a current extension of the works performed by Sparavalo237 wherein structural and 
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biomechanical characterization of age-related changes in human distal sartorius tendons 

harvested from male non-diabetic donors across four decades of adulthood (20-60 years 

of age) were performed. In the present study, a series of thermal, thermomechanical, 

mechanical, histological and immunohistochemical experiments were performed to 

accomplish the objectives of uncovering age-, sex-, and diabetes-determined changes in 

distal sartorius tendon collagen structure and mechanics and to potentially suggest 

underlying mechanisms. 

2.2. Objectives and Hypotheses 

 Study #1: Assessing Collagen Structure and Thermal Stability 

Rationale: Collagen, the primary mechanical component in tendons, allows bearing of 

frequent and high mechanical loads necessary for locomotion without failure. Increases in 

thermal stability may be indicative of a higher degree of thermally stable crosslinking and 

increased molecular packing. Although enzymatic crosslinking may plateau with 

maturation, the slow turnover of collagen allows for further formation of intermolecular 

AGE crosslinks with aging and diabetes. Studies of the differences in tendon collagen 

crosslinking or thermal stability by sex have not been performed to date. Methods like 

DSC and HIT may be used as proxies to evaluate the crosslinking profile and molecular 

organization of tendon collagen, improving fundamental knowledge of molecular level 

changes that occur with aging, sex, and diabetes.  

Objective: To determine if any differences in thermal properties of collagen occur in the 

human sartorius tendon: by sex, diabetes, or age over four decades of adult life (16-60 

years) 

Hypothesis #1: Thermomechanical behaviour will depend significantly on donor age. 

With aging, increases in thermally stable crosslinks will further confine the fiber lattice 

and increase molecular packing resulting in increased overall thermal stability. Aging 

will result in a decreased distribution of thermal stabilities and an increase in thermally 

stable crosslinks. 
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Hypotheses #2: Thermomechanical behaviour of tendon collagen over all age ranges will 

be independent of donor sex. Given the high load-bearing nature of the sartorius tendon 

and similar tendon compositions between sexes, it is expected that the overall collagen 

thermal stability, distribution of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) and thermally stable 

crosslinking will be independent of sex over all age ranges.  

Hypothesis #3: Within each sex, diabetic status will significantly determine 

thermomechanical behaviour of tendon collagen over all age ranges. Accelerated 

accumulation of intermolecular glycation crosslinks in tissues from diabetic donors, with 

regards to the polymer-in-a-box theory170, will further increase molecular packing and 

restrict conformational freedom. Overall collagen thermal stability and total thermally 

stable crosslinking will be increased, accompanied by a decreased distribution of thermal 

stabilities in sartorius tendon collagen from the diabetic donors. 

 Study #2: Assessing Mechanical Behaviour of Tendon Collagen 

Rationale: Given the critical function of tendons, tensile testing provides a fundamental 

and repeatable test to understand bulk mechanical properties. Uniaxial overload to 

rupture tests of tendon fascicles will be performed at a strain rate of 0.25%/sec, as per 

previous studies of human sartorius tendon237 and BTT257. Overload to rupture testing 

provides a replicable test to simulate in vivo overload damage to collagen ultrastructure. 

As thermal techniques are used to probe the type and amount of crosslinking, changes in 

crosslinking should be reflected in the mechanical properties of tendons at high 

extensions106. With aging, sex, and diabetes, differences in injury rates have been 

reported85,204, however, it is unclear how each intrinsic factor independently influences 

the mechanics in a high-load human tendon. Characterizing differences in tendon 

mechanical properties between donor populations may assist in improving clinical care.  

Objective: To determine if any differences in mechanics of collagen occur in the human 

sartorius tendon: by sex, diabetes, or age over four decades of adult life (16-60 years) 

Hypothesis #1: Mechanical behaviour of tendon multi-fascicle subsamples will depend 

significantly on donor age. With anticipated changes in collagen content and crosslinking 
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profile of aging tendons66,242, aging is expected to result in a stiffer, more brittle tissue 

within each donor population. 

Hypotheses #2: Mechanical behaviour of tendon multi-fascicle subsamples over all age 

ranges will be independent of the donor sex. Although minor changes in composition 

have been observed in human Achilles and patellar tendon studies between sexes152, bulk 

mechanical properties will be independent of sex.  

Hypothesis #3: Within each sex, diabetic status will significantly determine the 

Mechanical behaviour of the sartorius tendon multi-fascicle subsamples over all age 

ranges. Further increases in AGE intermolecular crosslink formation will negatively 

impact tendon multi-fascicle subsample mechanical behaviour, resulting in a stiffer and 

more brittle tissue.  

 Study #3: Assessing Overload Damage to Tendon Collagen 

Rationale: Mechanisms of failure in tendon ultrastructure subject to biomechanical 

overload in vivo are poorly understood. The earliest studies of overload damage in 

RTT183,250 and human Achilles tendon164 revealed fibril dissociation and kink-

deformations. These findings were later augmented in the study of BTT and bovine 

forelimb models where a kinking morphology termed discrete plasticity was 

revealed109,257. Most recently, in human sartorius tendons from non-diabetic donors, 

overload damage was found not to cause discrete plasticity; rather, it induced fibril 

disruption, hairpin turns and rare disruption of subfibrillar structures237. It remains to be 

discovered whether similar damage motifs are observed by sex, age and diabetic status. 

Overall, it is important to understand the underlying failure mechanisms of the primary 

load-bearing elements in tendon injury, collagen, in order to deliver more effective 

clinical treatment. 

Objective: To determine the mechanisms by which the human sartorius tendon fails in 

biomechanical overload.  

Hypothesis #1: Failure mechanisms, as described by an absence of discrete plasticity in a 

previous study237, of tendon collagen will not depend significantly on donor age. 
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Hypothesis #2: Failure mechanisms of tendon collagen over all age ranges will be 

independent of the donor sex.  

Hypothesis #3: Within each sex, diabetic status will significantly determine the failure 

mechanisms of tendon collagen over all age ranges.   Evidence of more brittle fractures of 

tendon collagen fibrils from diabetic donors is anticipated. 

 Study #4: General Histology & Immunohistochemistry 

Rationale: Histology and immunohistochemistry in tandem may reveal important 

changes in tendon collagen structure not identified by thermal and mechanical 

techniques. Birefringence may be used to examine collagen fibre crimp which is known 

to vary with age and contributes to low stiffness and extensibility. Use of H&E staining 

will provide information on the cellularity of the tendon, as previously studies have 

indicated changes in cellular content and morphology with aging and diabetes242,252. The 

degree of pentosidine concentration, the best characterized glycation crosslink16, across 

high-load bearing tissues with diabetes and age is unclear242. As such, this work provides 

the first immunohistochemistry experiment to qualitatively examine changes in 

pentosidine concentration in a high load bearing tendon model.  

Objectives: To qualitatively determine differences in cellularity, crimp, and presence of 

the pentosidine epitope (∝-PEN12), the biomarker for AGEs, in a preliminary study 

intended to both (1) partially illuminate the observations in other parts of the thesis, and 

(2) pave the way for possible in-depth studies by comparing tendon collagen from (i) a 

24-year-old non-diabetic and (ii) a 50-year-old diabetic donor.  

Hypothesis #1 In tendon collagen from (i) the older male diabetic donor, expectations are 

that an increase in collagen crimp wavelength will occur when compared to the tendon 

from (ii) the young male non-diabetic donor. With the suggested lowered turnover of 

tendon collagen in the old donor, the increased physical age of the fiber will result in a 

qualitative increase in the crimp wavelength. 

Hypothesis #2 In tendons from (i) the old diabetic donor, expectations are that a 

decreased nuclei content via H & E staining will occur when compared to the tendon 
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from (ii) the young non-diabetic donor. With aging and diabetes, marked qualitative 

decreases in cellular content is anticipated. 

Hypothesis #3: In the tendon from (i) the older diabetic donor, expectations are that an 

increased presence of the pentosidine epitope (∝-PEN12) will occur when compared to 

the tendon from the (ii) young non-diabetic donor. 
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Chapter 3: Materials & Methodology 

3.1. Sartorius Tendon Acquisition & Donor Demographic 

Distal human sartorius tendons were collected from the Nova Scotia Health 

Authority (NSHA) Regional Tissue Bank (Halifax, N.S.) within 24 hours of tissue 

harvest. Tendons were transferred to the Tissue Mechanics Lab (Dalhousie University, 

Halifax, N.S.) on ice. Upon arrival, tendons were immediately wrapped in gauze soaked 

in 0.1M phosphate buffered saline (pH 7.4) containing a 1% Penicillin/Streptomycin and 

1% Amphotericin B solution, and placed in a polypropylene tube. Tendons were stored at 

-86℃ until testing. The tissue harvesting protocol was accepted by the Research Ethics 

Board of the Capital District Health Authority (CDHA-RS/2015-168 and renewals).  

Information collected and recorded for each donor included the age, sex, diabetic 

health status, weight, height and the number of tendons donated. Tendon donors 

collectively spanned four decades of adulthood from 16-60 years of age in this study as 

shown in Figure 3.1. The female non-diabetic population consisted of six sets of paired 

(contralateral and ipsilateral) tendons, spanning 16-58 years of age. The male non-

diabetic population consisted of nine sets of paired tendons spanning 24-59 years of age 

in order to replicate previous work by Sparavalo237. The male diabetic population 

consisted of both diabetes types (𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐼𝐼 =1, 𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐼𝐼𝐼𝐼 = 7), with six paired sets and two 

unpaired (i.e. single) tendons spanning 46-60 years of age. A donor’s body mass index 

(BMI) (Figure 3.2) was calculated using their height and weight in the following 

equation100: 

 
𝐵𝐵𝐵𝐵𝐵𝐵 =

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑘𝑘𝑘𝑘
ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡𝑚𝑚2

=
𝑘𝑘𝑘𝑘
𝑚𝑚2 (3) 

Although BMI is a limited proxy for obesity, it was the best option with the information 

available in this study to be used in determining the influence of health on sartorius 

tendon structure and mechanics. 

3.2. Anatomy of the Distal Sartorius Tendon 

The flat, parallel-fibered sartorius (“tailor’s”) tendon is one of three tendons 

comprising the pes ansinerus, forming at the anteromedial aspect of the proximal tibia142. 
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The pes ansinerus (“goose’s foot”) consists of, from anterior to posterior, the gracilis, 

semitendinosus and sartorius muscle tendinous insertions89,148. The biarticular (hip and 

knee) strap-like sartorius muscle is the longest muscle (~50cm) in the body69. Its function 

is to provide lateral rotation and flexion of the thigh in addition to flexion and medial 

rotation of the leg163. The sartorius muscle is thought to play an important role in 

stabilizing the pelvis172 (Figure 3.3).  

Aside from the donor-dependent variations in morphology, the distal sartorius 

tendons (Figure 3.4) that were harvested by the residents at the NSHA Regional Tissue 

Bank were also variable in the degree of intactness (occasional missing portions) and in 

the appearance (e.g. color, fat and muscle content). Previously reported dimensions of 

distal sartorius tendons have varied in width (1-2.5 cm) and in length (4.4-17 cm)69,285. 

The harvested tendons used in this study fell within these ranges of measurements.  

Structurally, the tendon has been described consisting of two tracts (superior and inferior) 

at the osteotendinous junction (OTJ). The differences in the two tracts were thought to be 

fibre packing, fibre length and insertion locations69. Tract and junction (osteotendinous 

and musculotendinous) sampling locations were mapped and investigated to compare the 

thermal and mechanical properties of the collagen at the different anatomical locations 

within the tendon. 

Distal sartorius tendon injuries are rarely documented in the literature as they are 

difficult to diagnose clinically89,139,207. The most common injuries are “snapping sartorius 

syndrome”, tendinitis and bursitis37,89,117. The limited literature on the distal sartorius 

tendon is growing, due to the increasing usage of pes anserinus grafts (semitendinosus 

and gracilis distal tendons) in anterior cruciate ligament reconstruction84,279,285. Typically 

discarded by the resident upon tissue (pes anserinus) harvesting, the sartorius tendon 

provided a means of studying human tendon collagen structure, mechanics and overload 

damage.  

3.3. Proposed Studies for Structural and Mechanical Analysis 

Two comparison groups were investigated in this study: the (i) sex- and (ii) 

diabetes-determined differences in human sartorius tendon collagen behaviour (Figure 

3.5). Age- and BMI-related changes in sartorius tendon collagen behaviour within each  
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Figure 3.1 Stacked column graph showing individual donor counts grouped into age decades from 
the current study.  Ten male non-diabetic donors spanned 24-59 years of age, donated as paired 
tendons. Eight male diabetic donors spanned 46-60 years of age, two of which donated as a single 
unpaired tendon. Six female non-diabetic donors spanned 16-58 years of age, giving a clear younger 
and older cohort, all of which were donated as paired tendons. 
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Figure 3.2 (A) A stacked column graph was used to identify the number of individuals in each BMI 
category for each donor population from the current study. (B) A scatterplot displaying the donor 
BMI and age within each donor population from the current study. 
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Figure 3.3 (A) Anterior perspective view of the anatomy of the right lower limb. (B) Representative 
distal sartorius tendon collected from the NSHA Regional Tissue Bank prior to dissection.  Although 
there was large variability in the morphology of the sartorius tendons, there were defined 
musculotendinous (MTJ) and osteotendinous (OTJ) junctions. Sampling locations were recorded to 
identify possible changes in structure and mechanics throughout the study. Figure modified from 
MARIEB, ELAINE N.; HOEHN, KATJA, HUMAN ANATOMY & PHYSIOLOGY, 9th, ©2013. 
Reprinted by permission of Pearson Education, Inc., New York163. 
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Figure 3.4 Partial assortment (12/24 individuals) of the collected sartorius tendons prior to gross 
dissection from donors varying in age, sex and diabetic status. 
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Figure 3.5 Hierarchical chart displaying the two comparative groups examined in this study to 
determine differences in human sartorius tendon collagen by age, BMI, sex and diabetic status.  

donor population were also studied. Standardized handling procedures were used for each 

tendon sample to ensure consistent treatment prior to all testing237. Sartorius tendon 

collagen behaviour was investigated using the established techniques of hydrothermal 

isometric tension (HIT) analysis, differential scanning calorimetry (DSC) and mechanical 

uniaxial tensile overload to rupture. Rupture testing provided both mechanical properties 

and, using scanning electron microscopy (SEM), allowed for the observation of failure 

mechanisms at the nanoscale (fibril level) of the tendon collagen. Histology and 

immunohistochemistry (IHC) were used to investigate structural differences in tendon 

collagen based on donor diabetic health status and age. Shown in Figure 3.6 is a 

flowchart demonstrating the different methodologies used in this study for a set of paired 

tendons from a single donor. The tendon from one leg of the pair (labeled B upon 

collection) was used for light microscopy (histology and IHC) and thermomechanical 

evaluation. The tendon from the opposite leg (labeled A upon collection) tendon was 

used for uniaxial overload to rupture to reveal tendon mechanical properties and 

subsequent ultrastructural evaluation of overload damage motifs via SEM. 

3.4. Differential Scanning Calorimetry 

Differential Scanning Calorimetry was performed on 𝑛𝑛 = 22 tendons from female 

non-diabetic (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁  = 5), male non-diabetic (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁  = 9) and male diabetic (𝑛𝑛𝑀𝑀,𝐷𝐷  = 8) 

donors. 
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Figure 3.6 Flowchart of the methodology followed in this study.  Using paired tendons from a donor, 
the ipsilateral tendon underwent thermomechanical and histological characterization. The 
contralateral tendon underwent uniaxial overload to rupture testing to extract both mechanical 
properties and ultrastructural control and damage motifs (via SEM). 
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 DSC Test Protocol 

For DSC testing, tendon pieces were taken from two ~10 x 10 mm square sections 

near the middle of the tendon (Figure 3.6). This resulted in multiple ~2.5 x 2.5 mm 

samples each weighing 15 ± 5 mg. Samples were placed in either 40 mL of freshly 

prepared phosphate buffer saline or distilled water. Samples were double rinsed with their 

respective solutions and stored at 4℃ overnight. DSC samples were blotted dry to 

remove excess water from the surface and weighed before being individually placed and 

hermetically sealed in 20µL aluminum pans. DSC was performed using a Q200 

differential scanning calorimeter (TA Instruments, New Castle, DE) that was calibrated 

prior to testing with an indium standard. Samples were run against an empty hermetically 

sealed reference pan. Pan temperatures were equilibrated at 30°C and the temperature 

was increased at a linear rate of 5°C per minute to 90°C. During testing, data was 

recorded at 10 Hz with the resultant endotherm analyzed using Universal Analysis 2000 

software (Version 4.5A, TA Instruments). After testing, sealed pans were pierced using a 

hypodermic needle and stored in a vacuum desiccator with the sample dry mass being 

weighed once every 24 hours until the mass stabilized. 

 Calculating DSC Parameters 

Resultant endotherm peaks were evaluated with reference to a linear baseline 

from 65℃ to 80℃ (Figure 3.7). Parameters that were extracted include the onset 

temperature (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), peak temperature (𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), full width at half-maximum (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹), 

and the specific enthalpy of denaturation (ℎ). 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 was defined as the temperature at 

which thermal denaturation commences, calculated as the intersection of the tangent line 

of the endotherm slope and the endotherm baseline. 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 was defined as the temperature 

of maximum heat flow into the sample, where denaturation of collagen molecules is 

occurring at its fastest rate. The full width at half-maximum was calculated as the percent 

range of the temperatures at 50% of the heat flow values between 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and the baseline 

heat flow, a measure of the distribution of thermal stabilities. The specific enthalpy of 

denaturation was calculated as the area under the DSC endotherm using both the sample 

wet mass (ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)and dry mass (ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚).  
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Figure 3.7 Representative DSC endotherm from a sartorius tendon collagen sample.  With reference 
to a linear baseline from 65℃ to 80℃, parameters extracted from an endotherm included onset 
temperature (𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐), peak temperature (𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑), full width at half-maximum (𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭) and specific 
enthalpy of denaturation (𝒉𝒉𝒘𝒘𝒘𝒘𝒘𝒘 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎,𝒉𝒉𝒅𝒅𝒅𝒅𝒅𝒅 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎). 

3.5. Hydrothermal Isometric Tension Analysis 

Hydrothermal Isometric Tension (HIT) analysis was performed on 𝑛𝑛 = 23 tendons 

comprised of female non-diabetic (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁  = 6), male non-diabetic (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁  = 9) and male 

diabetic (𝑛𝑛𝑀𝑀,𝐷𝐷  = 8) donors. 

 HIT Test Protocol 

Strip samples measuring nominal dimensions of 15 x 2.5 mm (Figure 3.6), three 

or four from the OTJ and two from the MTJ, were secured into a six-sample custom 

apparatus (Figure 3.8) that has been previously described149,181,266. Sensors consisted of 

six 1000-gram cantilever load cells (Transducer Techniques, Temecula, CA) and a 

thermocouple placed in the middle of the apparatus. Briefly, samples were secured by a 

spring-loaded clamp at each end, leaving an intergrip distance of ~8 mm. Once the 

samples were secured, the mounting apparatus was immersed into a 4 L beaker of 

distilled water.  
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Figure 3.8 HIT Apparatus schematic wherein specimens are isometrically constrained in a 4L water 
bath by a fixed support and cantilever load cell.  The water bath was then placed on a computer-
controled hot plate during testing, with the temperature readings by a thermocouple in the center of 
the apparatus. Figure modified with permission254. 

The HIT apparatus was controlled by a custom software in LabVIEW (Version 

6.1, TA Instruments). Samples were preloaded to 60 grams and remained undisturbed for 

10 minutes prior to heating, allowing for stress relaxation to occur. Using computer 

on/off control of a hotplate, the temperature of the water bath was increased from room 

temperature at a near-constant rate of ~1.3℃/minute to 75°C and a rate of ~0.7℃ from 

75℃ to 90℃. Once the temperature of the bath reached 90°C, the temperature was 

maintained at 90.0 ± 0.2°C for 5 hours (Figure 3.9). Time (sec), load (g) and temperature 

(℃) data were recorded at 0.2 Hz.  

 Calculation of HIT Parameters 

Analysis of the data was conducted using custom-written software in MATLAB (Version 

R2017b, Mathworks). Data were averaged over time using a five-point moving average  
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Figure 3.9 Representative HIT test graph of sartorius tendon collagen.  HIT samples were dissected 
into 6 strip samples measuring 15 x 2 mm (Figure 3.6). were isometrically constrained in the HIT 
apparatus (Figure 3.8) and placed in a 4L water bath. A ramp from room temperature to 90℃ was 
followed by an isothermal segment at 90℃ to produce the representative graph where load 
(multicolor curves), temperature (black curve) and time were recorded. 

filter (centered at the third point) prior to analysis266. Parameters of interest calculated 

include: denaturation temperature (𝑇𝑇𝑑𝑑), the fractional differences (F.D.) in load pre- and 

post-𝑇𝑇𝑑𝑑, the sample’s half-time of load decay (𝑡𝑡1/2) under the isotherm and the type of 

collagen isothermal segment behaviour observed separated into four defined categories.  

𝑇𝑇𝑑𝑑 was defined as the temperature at which a distinctive monotonic increase in 

load is generated by the inhibited contraction of the sample under isometric constraints. 

Evaluation of 𝑇𝑇𝑑𝑑 was performed by drawing a manual line of best fit over the few degrees 

prior to the generated tension observed in the load-temperature curves (Figure 3.10A) 

that were created using custom-written software in MATLAB (Version R2017b, 

Mathworks). 

The fractional differences in load pre-𝑇𝑇𝑑𝑑 (29℃ to 𝑇𝑇𝑑𝑑) and post-𝑇𝑇𝑑𝑑 (𝑇𝑇𝑑𝑑 to 90℃) 

(Figure 3.10B) were used to determine the fractional amount of contraction or relaxation 

over those two regions of the load-temperature curves: 

Isothermal Loads 

Temperature 
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𝑃𝑃𝑃𝑃𝑃𝑃−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹.𝐷𝐷. 𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑇𝑇𝑑𝑑 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙29℃
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙29℃

 
 (4) 

 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹.𝐷𝐷. 𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙90℃ − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇𝑑𝑑
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇𝑑𝑑

 
(5) 

Two alternative methods were chosen to describe the isothermal behaviour of the 

sartorius tendon collagen. The first means of isothermal analysis was a characterization 

based on whether the tendon strip samples exhibited signs of decay, isothermal 

contraction, constant load or breakage in the isotherm. Again, the load for each sample 

was examined between 5,000-10,000 seconds after the start of the isothermal segment to 

avoid any thermoelastic effects266. Linear least squares regression was used to assess the 

sample behaviour across the 5,000 second period (Figure 3.11), with a significant 

positive and negative slope indicating contraction and decay respectively (p<0.05). 

Failure was defined as a sudden major decrease in load (> 5g). A slope of the line of best 

fit that is not statistically different from zero (p > 0.05) denoted constant load in the 

samples. 

The second isotherm analysis used was the calculation of the half-time of load 

decay using the Maxwell model of the hydrolysis of the peptide bonds of the collagen 

network144,181. Looking at a window of 5,000 to 10,000 seconds after the start of the 

isotherm, the isothermal load behaviour was represented as a ratio of the logarithm of the 

load at a specified time 𝑡𝑡 to the logarithm of the maximum load that was found over the 

5,000 second interval.  

 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡)
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

= 𝑒𝑒−𝑘𝑘𝑘𝑘 (6) 

Where −𝑘𝑘 is the relaxation slope constant calculated using a linear regression of the ratio 

of 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡):𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 versus time (𝑡𝑡). For a rubber, the relaxation constant is directly 

proportional to the rate of bond rupture and inversely proportional to the number 

of intact polymeric chains at a given time143,145. Rearranging Equation 4, the half-time of 

load decay (𝑡𝑡1/2) was able to be calculated in the following equation:  

 𝑡𝑡1/2 = −
ln �1

2�
𝑘𝑘

 (7) 
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Figure 3.10  Determination of the HIT parameters (A) denaturation temperature and (B) fractional 
differences in load pre- and post-denaturation.  (A) Determination of the HIT denaturation 
temperature (𝑻𝑻𝒅𝒅) for a given sample. A manual line of best fit was constructed to assist in evaluating 
the temperature at which the monotonic increase in load first occurs (𝑻𝑻𝒅𝒅). (B) Determination of the 
fractional differences in load (i) pre-𝑻𝑻𝒅𝒅 (29℃ to 𝑻𝑻𝒅𝒅) and (ii) post-𝑻𝑻𝒅𝒅 (𝑻𝑻𝒅𝒅 to 90℃) are shown by the 
red brackets by dividing the difference in load between two temperature points and an initial 
temperature point as identified on the graph. 
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Figure 3.11 Representative isothermal segment evaluated 5,000-10,000 seconds from the beginning of the start of the segment.  Linear least squares 
regression was used to evaluate the isothermal behavior of a given strip sample using the resulting slope and significance values. 
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It was only possible to calculate this parameter in tendon samples that displayed load 

decay – and most did not. 

3.6. Mechanical Overload Testing 

Mechanical overload to rupture testing was performed on 𝑛𝑛 = 23 tendons 

comprised of female non-diabetic (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁  = 6), male non-diabetic (𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁  = 9) and male 

diabetic (𝑛𝑛𝑀𝑀,𝐷𝐷  = 8) donors.  

 Mechanical Overload Protocol 

Tendon samples were dissected using a scalpel under the 40x magnification 

Nikon SMZ 800 dissection microscope (Nikon, Tokyo, Japan). A minimum of six multi-

fascicle subsamples were cut from each tendon using a scalpel to approximate 

dimensions of 35 mm in length and 2 mm in width. During dissection, multi-fascicle 

bundles were separated using a scalpel such that multiple fascicles – thought to range 

individually from 50 – 300 μm in diameter125 – were apparently enveloped within an 

endotenon covering with clearly defined edges. This separation of multi-fascicle units 

was assisted by the presence of this endotenon: it prevented cutting of fascicles and fibers 

within the multi-fascicle subsamples by splaying open as the scalpel blade progressed 

through the tendon sample along the edge of the assumed bundle of fascicles. One of the 

subsamples was used as a control sample and a minimum of five subsamples were placed 

in PBS in a 6-well plate after dissection prior to the overload testing described below to 

ensure the samples maintained proper hydration. 

Uniaxial overload testing was conducted using a servo-hydraulic material testing 

system (MTS 458-series, MTS, Eden Prairie MN) controlled in LabVIEW (Version 2010, 

National Instruments, Austin, TX) using custom-written software. Samples were mounted 

into custom waveform-crush grips padded with cotton fabric squares to reduce potential 

slippage and secured with noticeable slack. At this point the 100lbs load cell (Transducer 

Techniques, Temecula, CA) was zeroed. Samples were extended to a detected load of 0.5 

± 0.25 N with a nominal intergrip distance of 15.0 mm that was measured and input as 

the actuator maximum displacement. Mechanical overload to rupture then commenced at 

a variable extension speed to attain a nominal strain rate of 0.25% strain/second. During 
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overload to rupture, drops of PBS were dispensed along the sample regularly to maintain 

hydration. Tests were visually recorded using an OEM-Optical HD133DV HD (OEM-

Optical, Danville, CA) video camera with Zoom7000 macro video lens (Nativar Inc., 

Rochester, NY) and a video capture board (Intensity, Blackmagic Design, Burbank, CA) 

to observe the induced fascicle damage. Actuator position, time and load were recorded 

at 10 Hz (Figure 3.12). Post-testing, the crushed gripped ends of each sample were 

removed using a razor blade. The remaining samples, both unloaded control and 

overloaded, approximately 15 mm in length, were prepared for examination of damage 

using scanning electron microscopy.  

 Calculation of Mechanical Parameters 

Determination of Cross-Sectional Area 

Prior to testing, each sample to be overloaded was vertically suspended from one 

end using a custom apparatus and photographed with a scalebar at 90° rotation 

increments (D0°, D90°, D180° and D270°,) using a 12.0-megapixel Nikon digital camera 

(Nikon, Tokyo, Japan). Using Image J (Version 1.51, National Institutes of Health) 

software, the photos were used to capture the sample’s minor (DMinor) and major axis 

diameters (DMajor) at the thinnest location a minimum of 10 mm from each end of the 

sample. The minor and major axes were used to calculate the elliptical cross-sectional 

area with the following equation: 

 𝐶𝐶𝐶𝐶𝐶𝐶 =
𝜋𝜋
4

(𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)�𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀� =
𝜋𝜋
4

(
𝐷𝐷90° + 𝐷𝐷270°

2
)(
𝐷𝐷0° + 𝐷𝐷180°

2
)  (8) 

Determination of Mechanical Properties 

Custom MATLAB software (version 2017b, Mathworks) was used to extract the 

stress, strain, tissue modulus, ultimate tensile strength (𝑈𝑈𝑈𝑈𝑈𝑈), strain at 𝑈𝑈𝑈𝑈𝑈𝑈 and toughness 

of a ruptured sample (Figure 3.12). Stress, σ (MPa), was calculated using the recorded 

force (N) and the cross-sectional area (mm2) with the following equation:  
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Figure 3.12 Representative stress-strain curve for a mechanical overload rupture test.  Mechanical 
parameters evaluated include tissue modulus (𝑬𝑬), ultimate tensile strength (𝑼𝑼𝑼𝑼𝑼𝑼), strain at 𝑼𝑼𝑼𝑼𝑼𝑼 and 
toughness. 

 𝜎𝜎 =
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶−𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
 (9) 

 
Strain (𝜀𝜀), the fractional change in length of the sample, was calculated using the 

actuator displacement, ∆l (mm), and initial sample intergrip length, lo (mm), shown 

below:  

 𝜀𝜀 =  
∆𝑙𝑙
𝑙𝑙𝑜𝑜

=  
𝑙𝑙 − 𝑙𝑙𝑜𝑜
𝑙𝑙𝑜𝑜

 (10) 

 
Tissue Modulus, 𝐸𝐸 (MPa), was calculated as the steepest slope in the linear region 

of the stress-strain curve over an interval of 150 data points. Ultimate tensile strength 

(𝑈𝑈𝑈𝑈𝑈𝑈) was taken as the maximum stress that the sample was able to withstand prior to or 

at failure. The strain at 𝑈𝑈𝑈𝑈𝑈𝑈 value was taken as the corresponding strain value at the 𝑈𝑈𝑈𝑈𝑈𝑈. 

Toughness was calculated by integration of the curve from the start of the test to the 

strain at 𝑈𝑈𝑈𝑈𝑈𝑈 value using the trapezoidal rule. 
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 SEM Preparation and Examination 

Following mechanical overload testing, samples were prepared for ultrastructural 

assessment via SEM. Both control and overloaded samples were individually placed in a 

12 well plate containing 2.5% SEM-grade glutaraldehyde (Sigma, St. Louis, MO) in PBS 

and stored for 24 hours at 4°C. Fixed samples were triple-rinsed for ten minutes in 

distilled water and gently shaken. Rinsed samples were bisected longitudinally using a 

scalpel to expose the internal surface, then dehydrated using graded aqueous ethanol for 

10-minute intervals at the following concentrations: 30%, 50%, 70%, 90%, 95% and 

100%. Dehydrated samples were critical point-dried using a Leica EM CPD300 (Leica 

Microsystems, Ontario, Canada) with liquid CO2, and mounted on aluminum stubs using 

carbon tape with each sample’s internal surfaces facing upwards. The samples were then 

sputter-coated with gold palladium using a Low Vacuum Coater Leica EM ACE200 

(Leica Microsystems, Ontario, Canada). The diffuse coating setting was used for 60 

seconds with a current of 30mA, resulting in a ~6 nm thick layer. Samples were 

examined at a minimum of five locations along the length of each bisected piece (Figure 

3.13) using magnifications up to 200,000x in a Hitachi S-4700 scanning electron 

microscope (Hitachi, Chula Vista, CA) operating at an accelerating voltage of 3kv and 

current of 15µA.  

3.7. Histology & Immunohistochemistry 

Within one hour of extraction from the -86℃ freezer, tendon samples measuring 

approximately 5mm x 10mm in size (Figure 3.14) were dissected and laid flat in 10% 

acetate-buffered neutral formalin for 96 hours at 4℃. Following fixation, samples were 

double rinsed in 70% ethanol and placed in tissue cassette containers. Cassettes were 

stored in 70% ethanol until tissue processing and paraffin-embedding by the Histology 

and Research Services Laboratory (Department of Pathology, Dalhousie University). 

Two different orientations of the tendon were examined, (1) the longitudinal (L) plane 

that was parallel to the fibers and (2) the transverse cross-sectional area (T) plane 

perpendicular to the fibers. Paraffin-embedded samples were stored at -10℃ prior to 

serial sectioning at 5μm thickness using a Leica 4000 Microtome (Leica Biosystems,  
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Figure 3.13 Composite SEM micrograph overview of a sample at 40x magnification. Regions 
investigated (blue circles) along the cross section of the sample at locations included areas near the 
ends, middle and alternative areas where the fibrils appear damaged.  

 

 

Figure 3.14 This is a magnification of an image in Figure 3.6 showing that the histological tendon 
samples were dissected near the middle of the tendon in two 5x10mm pieces (green rectangles).  The 
two pieces were used for a longitudinal (L) and transverse (T) sections respectively.  
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Ontario, Canada). Tissue sections were placed on positively charged microscope slides 

(Fisherbrand) and stored at 37℃ for 48-72 hours after sectioning. 

 For the histology and immunohistochemistry experiments, the analysis was 

performed primarily in the male (non-diabetic and diabetic) donor population due to the 

experimental progress – paired tendons from 4/6 female non-diabetic donors having been 

used for thermal and mechanical testing – prior to the light microscopy studies being 

confirmed.  

 Birefringence (Collagen Crimp) 

Birefringence of unstained samples was explored to reveal collagen fiber 

arrangement and crimp using a Nikon Eclipse E600 light microscope (Nikon, Tokyo, 

Japan) equipped with a polarizing filter set and a quarter-wave plate analyser. Images were 

captured using a 10 MP AmScope digital camera and IS Listen software (Version 2.0, 

AmScope). 

 Hematoxylin & Eosin 

Cell nuclei and collagen were visualized by staining slides using hematoxylin and 

eosin (H & E). Slides were deparaffinized with three five-minute washes in xylene and 

rehydrated using graded ethanol solutions (100%, 100%, 100%, 95%, 95%, 95%, 70%). 

Hydrated samples were rinsed in a bath of running water for 1 minute to remove residual 

ethanol. Slides were placed in Harris’s Hematoxylin (Sigma-Aldrich) for five minutes 

and washed in a running water bath until the water became clear. Rinsed slides were then 

placed in Scott’s H20 for two, two-minute washes separated by a quick dip in 0.1% picric 

acid. After rinsing in the water bath, slides were dipped in Eosin Y (Sigma) 15 times and 

dehydrated using 20 dips at each concentration of graded ethanol (70%, 95%, 95%, 95%, 

100%, 100%, 100%) and placed in xylene. Stained sections were covered and sealed 

using 24x50 mm glass coverslips (VWR) and Cytoseal XYL mounting media (Thermo 

Scientific) respectively. Sealed slides were set in a fume hood to adhere for 24-48 hours 

prior to examination. 
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 Immunostaining (∝-Pen12) 

AGE pentosidine epitope content was qualitatively examined by staining slides 

using an anti-pentosidine antibody (∝-Pen12, mouse monoclonal IgG1, Transgenic Inc., 

Kobe, Japan). Slides were deparaffinized and hydrated using the same protocol as for H 

& E staining (see above). Slides were rinsed using TRIS-buffered saline (TBS) (Sigma-

Aldrich) three times prior to applying a protein block (Background Punisher, BioCare 

Medical) for 10 minutes at room temperature in a humid chamber. Samples were rinsed 

once more using TBS prior to application of the primary antibody (∝-Pen12) using a 

working dilution of 5.0μg/mL in TBS overnight in a humid chamber at room 

temperature. Slides were rinsed with TBS three times, blotted and then incubated with a 

secondary anti-mouse antibody (MACH 4 Mouse Probe, Biocare Medical) in a humid 

chamber for 15 minutes at room temperature. Slides were rinsed once with TBS and 

incubated in a humid chamber for 15 minutes at room temperature with a horseradish 

peroxidase (HRP) polymer (MACH 4 HRP-Polymer, Biocare Medical). Slides were 

rinsed with TBS three times, washed with 3% hydrogen peroxide for 10 minutes at room 

temperature to block endogenous peroxidase staining93, and subsequently rinsed in TBS 

three times. Slides were then stained using 3,3'-Diaminobenzidine (DAB) (BioCare 

Medical) for 10 minutes. Post-staining, the slides were washed in a water bath and then 

counterstained for nuclei by placing them in Mayer’s Hematoxylin (Dako) for 5 minutes. 

Slides were placed in the water bath, dipped in Scott’s H2O until nuclei were stained blue 

and then washed in water. The slides were covered using glass 24x50mm coverslips 

(VWR), then were mounted and sealed using mounting media (VectaMount), and left to 

dry for 24 hours prior to evaluation. Control slides were processed as described above 

absent the primary antibody.  

3.8. Statistical Analysis 

Results were analyzed using JMP software (Version 14.0, SAS Institute). Dataset 

normality was assessed using Shapiro-Wilk tests. Parametric student-t tests were used to 

compare unpaired groups of normally distributed data. Non-parametric Mann-Whitney 

tests were used to compare unpaired groups of data in the event of non-normal datasets. 



61 

An ordinary one-way ANOVA was used to compare normally distributed data across 

BMI divisions. Non-parametric Kruskal-Wallis tests were used to compare non-normal 

datasets across BMI divisions. An ordinary two-way ANOVA was used to evaluate 

changes in thermal stability using either distilled water or PBS as the hydrating solution 

within the young and older donor cohorts.  

Linear least squares regression was used to evaluate tendon collagen properties 

relationships with independent variables (e.g. donor age and BMI). Chi-Squared tests 

were used to evaluate the proportion of samples displaying load decay (i) prior to 𝑇𝑇𝑑𝑑 and 

(ii) during the isotherm. A minimum level of statistical significance in this thesis was 

taken to be p < 0.05, although p values as large as 0.10 are reported as indicators of 

possible trends in the data which might be evaluated through further experiments. Unless 

otherwise stated, values presented in tables and text are in the format mean ± standard 

deviation (S.D.). 

Outliers were defined as points ranging outside of the Tukey Outlier Range shown 

in the following equation:  

 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =  �
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 < (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 − 1.5(𝐼𝐼𝐼𝐼𝐼𝐼))
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 > (𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 + 1.5(𝐼𝐼𝐼𝐼𝐼𝐼))� (11) 

Where IQR (Interquartile range) is defined as the range between the first and third 

quartile of the of the dataset. For mechanical testing, other samples were excluded 

including samples which had slipped, as shown by a rounded peak or a noticeable change 

in slope of the linear portion of the stress-strain curve without any signs of fiber rupture, 

resulting in a lowered 𝑈𝑈𝑈𝑈𝑈𝑈 and increased strain at the 𝑈𝑈𝑈𝑈𝑈𝑈. Tukey outlier box plots were 

used in comparisons of tendon properties. The lines within the boxes corresponded to the 

median. The boxes extended to the first and third quartile of the data. Whiskers were 

determined by the maximum and minimum data points if the outlier criteria as shown in 

Equation 10 was not fulfilled. Outliers were displayed on graphs when present.  

3.9. Methodical Limitations 

The influence of diabetes on sartorius tendon collagen structure and mechanics was 

limited by the absence of female diabetic donors in the current study. Thus, findings of 

the influence of diabetes may only be inferred from the male diabetic data. Moreover, the 
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age range (46-60 years) prevented comparison of structure and mechanical properties of a 

young (20-40 years) and old (41-60 years) cohort, simultaneously negating potential 

significant relationships with age. 
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Chapter 4: Results 

4.1. Structural Studies of Sartorius Tendon Collagen 

  Sartorius Tendon Collagen is Extremely Crosslinked and Thermally Stable  

Thermal studies revealed through the range of average values of DSC 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 

(68.35 – 69.22℃), 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (69.78 – 70.48℃)and HIT 𝑇𝑇𝑑𝑑 (65.57 – 66.36℃) that the sartorius 

tendon collagen is a highly crosslinked and densely packed structure (Table 4.1). The 

high degree of thermal stability was observed consistently across donor populations with 

respect to age, sex and diabetic status. Dense thermally stable crosslinking found in the 

sartorius tendon collagen was reflected in evaluation of the collagen isotherm behaviour 

wherein resistance to load decay was frequently observed. Overall, 63% of the total strip-

samples tested via HIT resisted load decay under a 90℃ isotherm. The average half-time 

of load decay values (𝑡𝑡1/2) that were calculated when possible varied from 482 – 1,490 

hours. Moreover, the range of FWHM values (1.73 – 1.99℃) and average water content 

(73.39 – 77.3%) of the sartorius tendon samples prepared for DSC testing were not 

significantly different between donor sample populations. Altogether, these parameters 

are indicative of dense heat-stable crosslinking which contribute to maintaining the 

structural integrity of the sartorius tendon collagen. 

Table 4.1 Average thermomechanical and thermal properties of the sartorius tendon based on donor 
population across their respective age range (female non-diabetic: 16-60  years, male non-diabetic: 
24-59 years, male diabetic: 46-60 years). Values presented as mean ± SD. 

Method  Parameter  Female  
Non-Diabetic 

Male  
Non-Diabetic 

Male  
Diabetic 

DSC  

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (℃)  68.4 ± 1.1 69.2 ± 0.8 69.2 ± 0.7 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (℃)  69.8 ± 1.3 70.3 ± 0.8 70.5 ± 0.8 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (℃)  1.91 ± 0.24 1.99 ± 0.28 1.73 ± 0.15 

Water Content (%)  77.3 ± 6.6 76.5 ± 4.1 73.5 ± 5.0 

HIT 
 𝑇𝑇𝑑𝑑  (℃)  65.84 ± 1.13 66.4 ± 1.0 65.6 ± 1.0 

 𝑡𝑡1/2 (hrs)*  482 ± 568 1,490 ± 2,370 757 ± 677 
*Value calculated when applicable. 
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 Sartorius Tendon Collagen Thermal Stability Decreases with Age in the Female 

and Male Non-Diabetic Populations 

Evaluation of thermal stability via DSC using distilled water as the sample 

hydrating medium, revealed decreases in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (p = 0.0065) and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (p = 0.0025) 

within the aging male non-diabetic donor population (Figure 4.1). Moreover, 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (p 

= 0.0477) and ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (p = 0.0453) significantly declined with age, indicative of a more 

homogenous collagen population in the older male non-diabetic population (Figure 4.2A 

& C). In tendon collagen from the female donor population, thermal stability (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) (Figure 4.1) and range of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) were not significantly 

related to age (p > 0.2794), however, a decrease in ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (p = 0.0893) was suggested 

with aging (Figure 4.2A & C). Meanwhile in tendon collagen from the respective donor 

populations, ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 was not significantly related to age (Figure 4.2B). The changes in 

thermal stability with aging and diabetes evaluated by DSC may be observed in the 

representative endotherms in Figure 4.3, where the peak shifts left to the lower 

temperatures and change in shape (narrowing) is observed. Evaluating the thermal 

stability of the tendon collagen using HIT, it was found that in both the female non-

diabetic and male non-diabetic donor population that 𝑇𝑇𝑑𝑑 decreases with aging (Figure 

4.4). Changes in the fraction of pre-𝑇𝑇𝑑𝑑 and post-𝑇𝑇𝑑𝑑 contraction were not related to age in 

respective donor populations. Despite the observed changes in thermal stability, the 

isotherm behaviour and average 𝑡𝑡1/2 did not vary significantly with age within each 

donor population. Due to the limited age range (46 to 60 years) of the male diabetic 

donors observed in the present study, relations of thermal stability determined by age 

were not significant.  

 Isometric Contraction Occurs Prior to Denaturation 

Thermally induced isometric contraction occurred prior to denaturation in 82% of 

the total samples in the entire donor population (Figure 4.6). The frequency and 

magnitude of the pre-𝑇𝑇𝑑𝑑 contraction was consistent across each donor population. This 

behaviour was atypical to that observed in studies of bovine tendons275 where stress 

relaxation occurs prior to denaturation. The amount of pre-𝑇𝑇𝑑𝑑 and post-𝑇𝑇𝑑𝑑 contraction  
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Figure 4.1 Scatterplots of DSC (A) 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 and (B) 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑  plotted against age using distilled water as 
the hydrating medium revealed that thermal stability of the male non-diabetic donor tendon collagen 
decreased significantly with increasing age. 
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Figure 4.2 Scatterplots of additional DSC parameters evaluated versus age using distilled water as the sample hydrating medium. Scatterplots of (A) 
𝒉𝒉𝒘𝒘𝒘𝒘𝒘𝒘 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 (p = 0.0477) and (C) 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 (p = 0.0453) showed declining relations with increasing age within the male non-diabetic donor population. (B) 
𝒉𝒉𝒅𝒅𝒅𝒅𝒅𝒅 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 appears to remain unchanged with age in tendon collagen from each donor population. (D) Average tendon sample water content was shown 
to increase with age within the male non-diabetic donor population. 
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Figure 4.3 Representative DSC (Heat Flow) curves y-scale adjusted to reveal the differences in 
collagen thermal behaviour with age and diabetes.  The noticeable shifting of the endotherm peak to 
the left with aging and diabetes to the left is indicative of a lowered 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 and 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑. Similarly, a 
narrowing of the endotherm peak may be observed indicating a smaller range of thermal stabilities 
(𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭). The young curve (blue) was taken from a 24-year old male non-diabetic donor. The old 
curve (red curve) was taken from a 59-year old male non-diabetic donor. The old diabetic curve 
(grey curve) was taken from a 54-year old male diabetic donor. (Scale bar is 2W/g.)  

 

Figure 4.4 HIT denaturation temperature plotted against age revealed thermal stability declined with 
increasing age for both the female non-diabetic and male non-diabetic populations.  The slopes of the 
regression lines were not significantly different. The y-intercept values varied significantly (p = 
0.0261) with a slight increase in the male non-diabetic compared to the female non-diabetic 
population (69.07℃ to 68.03℃). 
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Figure 4.5 Scatterplots of the fractional differences in load (A) pre-𝑻𝑻𝒅𝒅 and (B) post-𝑻𝑻𝒅𝒅 versus age. 
The amount of contraction pre- and post-𝑻𝑻𝒅𝒅 was not governed by age and was not significantly 
different between donor populations.  
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Figure 4.6 Stacked column graphs of the fractional difference in load pre-𝑻𝑻𝒅𝒅 in HIT strip samples for 
each individual (denoted by their age) of a given donor population. The blue represents the samples 
that contracted, and the red represents the samples that relaxed during the period of temperatures 
prior to denaturation. Graphs A, B, and C represent the female non-diabetic, the male non-diabetic 
and the male diabetic donor populations respectively. Overall, a high percentage of the samples do 
contract prior to 𝑻𝑻𝒅𝒅. 
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Figure 4.7 Mosaic plot displaying the count and percentage of HIT strip samples from each donor 
population that underwent isometric contraction or relaxation pre-𝑻𝑻𝒅𝒅. A chi-squared test revealed 
there was no significant likelihood that the donor population impacted the fraction of samples that 
contracted pre-𝑻𝑻𝒅𝒅 (χ2 = 0.9442).  

was not significantly dependent on age (for each donor population: p > 0.30 and r2 < 

0.16). A chi-squared analysis (Figure 4.7) revealed that the proportion of contraction to 

relaxation prior to 𝑇𝑇𝑑𝑑 was independent of donor population (χ2
 = 0.9442). In the male 

non-diabetic donor population, the fraction of post-𝑇𝑇𝑑𝑑 contraction significantly decreased 

with increasing pre-𝑇𝑇𝑑𝑑 contraction (p = 0.0363; r2 = 0.49) as shown in Figure 4.8. A 

similar trend was observed when evaluating the entire donor population (p = 0.0146; r2 = 

0.25), suggesting that there is a finite amount of thermally induced contraction that 

occurs within a tendon collagen strip sample across all donor populations. 

 Isometric Contraction Occurs within the Isothermal Segment  

Investigating the interval of 5,000 to 10,000 seconds after the start of the 

isothermal segment (Figure 4.9) revealed that a high percentage of samples displayed 

isometric contraction (Figure 4.10). Classification of the isothermal behaviour in four 

categories: contraction (55%), constant load (8%), relaxation (34%), or failure (3%) 

revealed that a high quantity of samples (63%) underwent contraction or remained in  
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Figure 4.8 Scatterplot of the fractional difference in load post-𝑻𝑻𝒅𝒅 versus pre-𝑻𝑻𝒅𝒅. In the Male ND 
donor population, a significant declining relationship (p = 0.0363; r2 = 0.49) was observed. As a 
combined population (p = 0.0146; r2 = 0.25), a significant declining relationship that weakly suggested 
that a specific degree of contraction occurs across all sample populations. 

constant isometric loading. This isothermal behaviour has not been observed in the 

bovine tendon models previously explored109,255,275. In combination with the elevated 

denaturation temperatures, this isothermal behaviour suggests that the sartorius tendon 

collagen is a densely crosslinked structure independent of sex, age and diabetes. Average 

values of 𝑡𝑡1/2 for the proportion (37%) of samples demonstrating load decay from a 

given donor and donor population may be found in the Appendix A, however, the values 

are limited in their usefulness as they are not representative of the entire sample 

population. Occasionally, contraction or load decay would occur from 5,000 – 10,000 

seconds after the start of the isotherm only to plateau over the last few thousand seconds 

of testing and vice versa. Additional analyses would be to compare the behaviour at the 

two time points in the isotherm.  



72 

 

Figure 4.9 Comparison of the contraction or decay behaviour during the isotherm. The slope value k 
is calculated between 5,000 and 10,000 seconds from the start of the isotherm. Load decay occurred 
in 42/120 (35%) and rupture in 5/120 (4.5%) of the total HIT strip samples tested across the entire 
donor population. In the absence of load decay, the Maxwell-type analysis is invalid and would not 
yield a meaningful constant k. 

 Hydration may play a role in Sartorius Tendon Collagen Thermal Stability 

The average water content of the sartorius tendon DSC samples across the entire 

donor population was 75.62 ± 5.08%. DSC sample water content was found to be  

independent of sex and diabetes (Table 4.1). Water content increased with age in the 

sartorius tendon collagen from male non-diabetic donors (p = 0.0381; r2 = 0.48), yet was 

unchanged with age in the female donor population (p = 0.1651). Moreover, water 

content was not significantly related with age when accounting for the entire donor 

population (p = 0.2176). Evaluation of DSC parameters versus water content in the entire 

donor population (Figure 4.11) revealed declining relationships in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (p = 0.0148; r2 = 

0.26), 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (p = 0.0311; r2 = 0.26), 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (p = 0.0406; r2 = 0.26) and ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (p = 

0.0311; r2 = 0.26). The low r2 values indicate that water content, although significant, is 

not a strong predictor of collagen thermal stability due to the high degree of variability in 

the data. Combining the female and male non-diabetic donor populations as shown in 

Figure 4.12, HIT 𝑇𝑇𝑑𝑑 significantly decreased (p < 0.0001) with increasing DSC sample 

water content, indicative of changes in the molecular packing.  
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Figure 4.10 Isothermal behaviour was classified into four categories: contraction, decay, constant 
loading or failure for each sample in a HIT test for a donor tendon. Columns were divided by the 
donor ages. Graphs A, B, and C represent the female non-diabetic, the male non-diabetic and the 
male diabetic donor populations respectively. No relationships were found comparing the behaviour 
of the number of samples that contracted, decayed, remained at a constant loading or failed between 
and within donor populations
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Figure 4.11 Evaluating DSC parameters of the entire donor population revealed linear decreases with increasing water content when calculated for the 
entire donor population: (A) 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐  , (B) 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑, (C) 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 and (D) 𝒉𝒉𝒘𝒘𝒘𝒘𝒘𝒘 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎. Although each relationship was significant, poor r2 values obtained 
indicate that water content is not a strong predictor of collagen thermal behaviour.  
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Figure 4.12 Scatterplot of HIT denaturation temperature versus DSC sample water content. A 
negative linear relationship with HIT denaturation temperature and water content was found in a 
pooled female non-diabetic and male non-diabetic donor population (p < 0.001; r2 = 0.74). 
Furthermore, this decreasing relationship was likewise found for the female non-diabetic (p = 0.0360; 
r2 = 0.81) and male non-diabetic (p = 0.0054; r2 = 0.69) donor populations. 

4.2. Mechanical Overload Studies of Sartorius Tendon Collagen 

 Sartorius Tendon Multi-Fascicle Subsample Failure Occurs via Stepwise Rupture 

of Fascicles 

With a multi-fascicle subsample secured properly in the custom waveform grips, 

constitutive fascicles (fibre bundles) ruptured in a stepwise manner as illustrated by the 

representative curves in Figure 4.13. The high elastic energy snapping of the individual 

fibre bundles was clearly audible, even over the sound of the servo-hydraulic system. 

Based on the loading distribution, the number of discrete bundles providing mechanical 

integrity of a subsample ranged from as little as three to as many as fifteen discrete 

bundles, indicated by the number of piecewise failures in the stress-strain curves. Across 

the entire donor population, the average gauge length was 14.5 ± 2.5 mm and the average 

cross-sectional area was 1.82 ± 0.82 mm2 of the multi-fascicle subsamples. The sample 

gauge length and CSA for each of the donor populations are reported in Table 4.2. The 
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manner wherein individual fascicle first failed varied from test to test. During a test, the 

first fascicle failure would occur either at the extremities of or near the middle of the 

CSA. Both modes of fascicle rupture provided a narrowing of the CSA of the sample as 

observed in Figure 4.15. Furthermore, the sample failures typically occurred in the mid-

substance of the samples and not near the grip edges where stress concentrations may 

occur. Proper mounting of the samples would prevent edge stress concentrations that 

would lead to premature failure. Consistency of the testing methodology was reflected in 

a scatterplot of modulus versus strength wherein relationships of or approaching 

significance were observed within each donor population (Figure 4.14). Throughout the 

study, no differences were observed in the manner that failure (upon examination of the 

stress-strain curves) of the multi-fascicle subsamples occurred based on sex, diabetes, and 

age.  

Table 4.2 Physical dimensions of the mechanical testing multi-fascicle subsamples. Values expressed 
as mean ± SD. 

Donor Population 
Sample Gauge Length  

(mm) 
Cross-Sectional Area  

(mm2) 

Female Non-Diabetic 14.8 ± 2.3 2.25 ± 0.79 

Male Non-Diabetic 13.5 ± 2.8 1.54 ± 0.75 

Male Diabetic 15.3 ± 1.9 1.88 ± 0.81 

Total Population 14.5 ± 2.5 1.82 ± 0.82 

 Sartorius Tendon Multi-Fascicle Subsample Strength Declined with Age in Female 

Donors  

As previously discussed (Section 4.1.2), investigations of the tendon collagen 

crosslinking revealed declining thermal stability with age through DSC (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) and HIT 

(𝑇𝑇𝑑𝑑). However, using a nominal strain rate of 0.25% strain/second, the only mechanical 

property (Figure 4.16) found to reflect these structural changes was the declining tendon 

strength (p = 0.0232) in the female donor population with aging. Moreover, a declining 

relationship with toughness and aging was almost significant (p = 0.0708) in the female 

donor population. Curiously, in the tendon collagen from male non-diabetic and diabetic 
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Figure 4.13 Representative stress-strain curves of tendon multi-fascicle subsamples produced by 
overload to rupture testing using a strain rate of 0.25% strain/second. The feature of note is the 
stepwise failure of fascicular subcomponents prior to loss of total mechanical integrity. The blue 
curve (female non-diabetic, 16-years of age) represents a sample made up of multiple load-bearing 
fascicles. The red curve (male non-diabetic, 48-years of age) represents a sample made up of few 
load-bearing fascicles.  

 

Figure 4.14 Scatterplot of tissue modulus versus UTS of tendon multi-fascicle subsamples. Samples 
from male non-diabetics (p = 0.0046, r2 = 0.71) and diabetics (p = 0.004 r2 = 0.77) each displayed 
significant increasing relationships, whereas female non-diabetic data suggests a similar increasing 
relationship of UTS and tissue modulus. When pooling the entire donor population, a significant 
increasing relationship of tissue modulus and strength was identified (p < 0.0001; r2 = 0.62). 
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Figure 4.15 Sequence of images capturing the failure of a sartorius tendon multi-fascicle subsample 
secured by the custom waveform crush grips strained at 0.25%/second. Fibre bundles fail in a 
stepwise manner observed by the reduction in cross-section in the images and in the stress-strain 
curve (Figure 4.13). 
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Figure 4.16 Mechanical properties of the tendon collagen plotted versus age. Mechanical parameters (A) tissue modulus, (C) strain at 𝑼𝑼𝑼𝑼𝑼𝑼 and (D) 
toughness were independent of age for all donor populations. The shaded box highlights the tendons in which plastic deformation of collagen fibrils was 
observed via SEM. (B) 𝑼𝑼𝑼𝑼𝑼𝑼 declined with age in the female non-diabetic population. 

Plastic Damage 
Observed 
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donor populations, none of the mechanical testing parameters approached significance 

with a high degree of variability between donors of similar age. This large variation was 

likely in part to donor dependent factors (e.g. genetics, lifestyle) not accounted for in the 

present study.  

4.3. SEM Structural Studies and Failure Motifs of Sartorius Tendon Collagen 

Scanning Electron Microscopy was used to evaluate evidence of structural 

disruption and damage in tendon samples from each donor population after overload to 

rupture (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁 = 6, 𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁 = 8, 𝑛𝑛𝑀𝑀,𝐷𝐷 = 8). For each donor, an unloaded control and a  

minimum of 4 ruptured tendon samples were evaluated. 

 Unloaded Control Sample SEM Micrographs Reveal Relatively Tight-Packing and 

D-banding in Registry Amongst Neighboring Collagen Fibrils. 

SEM micrographs of the unloaded/untested control samples from each donor did 

not show the presence of flattened regions indicative of fibrils which had uniformly 

straightened out by applied overload. Even at the lower magnifications (~2000x), 

although collagen crimp waveform was observed at lower magnifications, evidence of 

densely packed fibril bundles was observed. At higher magnifications (~15,000-70,000x), 

SEM micrographs revealed tightly packed collagen fibrils and intact D-banding (Figure 

4.17). Neighboring fibrils exhibited D-banding in registry and a retention of clear D-

banding. The presence of non-collagen extracellular matrix components was suggested 

by a filamentous webbing occasionally covering the fibril surfaces. 

 SEM Examination Reveals Damage Motifs Characteristic of High-Energy Elastic 

Piecewise Failure and Absence of Discrete Plasticity 

Overall, regions of tendon damage in the ruptured samples of sartorius tendon 

were sparse and infrequent. Adding to the difficulties in exploration of these samples 

were limitations based on the orientation of the bisected samples on the carbon taped 

stubs. To expedite tendon sample scanning, examination of select locations included 

across the cross-section of the longitudinal ends, middle and flattened regions was 

performed. In contrast to bovine tendon studies performed by Veres et al.257 and 
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Figure 4.17 SEM micrographs of unloaded control images displaying neighboring fibrils with D-banding in registry. High and low magnification 
micrographs reveal dense fibril packing. The presence of ECM components is suggested by the debris covering the fibril surfaces. 
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Herod et al.109, where discrete plasticity motifs are observed, discrete plasticity was 

absent in the human sartorius tendon samples. In the bovine tendon models, extensive 

regions of collagen fibrils were found to be kinked at regular intervals with loss of D-

banding between or at the kink sites.  

In the sartorius tendon, although a few distinct damage motifs were identified as 

follows, composite overview micrographs (40x magnification) displayed some evidence 

of structural disorganization between undamaged and damaged samples (Figure 4.18). 

Firstly, many isolated fibril hairpin turns were observed. Often in these scenarios, it was 

single fibrils affected (Figure 4.19); however, at times multiple fibrils were affected 

(Figure 4.20). Within these hairpin turns, the D-banding was preserved and the subfibril 

structure was often revealed. As shown in Figure 4.20C, the substructure of the fibrils 

could often be observed in otherwise undamaged fibrils throughout tendon samples from 

varying donors. Collagen fibrils undergoing hairpin turns likewise occurred at a lowered 

frequency within unloaded control samples. High energy elastic fibre snapping and recoil 

was observed during testing and recorded as discrete down-steps in the stress-strain curve 

were reflected in the second motif, structural disorder accompanied by twisting (Figure 

4.21B), tangling and balling of ruptured fibrils (Figure 4.21A, C & D). Local failure and 

complete breakage was observed in both isolated (Figure 4.22A & B) and neighboring 

fibrils (Figure 4.22C). Disruption of the fibrillar substructure and loss of D-banding 

occurred only at the damage sites. Third, examples of plastic damage were found in 

tendon samples from the tougher younger male (non-diabetic) donor population (refer to 

box in Figure 4.16D). These minuscule regions of damage extending at maximum ~200 

μm, appeared noticeably flattened and straightened at low magnifications (40x). At 

higher magnifications (>15,000x), those fibrils displayed kinking, subfibrillar disruption, 

and softening of appearance (loss of D-banding) are defined as plastic deformation 

(Figure 4.23). In micrograph B of Figure 4.23, loss of D-banding and disrupted structure 

in the form of dark spots in the twisted collagen fibrils, however interkink D-banding is 

preserved. This behaviour occurred in a number of fibrils in the damaged regions, 

however it lacked the consistent serial kinking along a fibril shown with the previously 

described discrete plasticity damage in the bovine tendon models109,257. However, the 

areas of plastic damage, but not discrete plasticity, is consistent with what was found for  
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Figure 4.18 Representative SEM composite micrographs at 40x magnification of (A) an unloaded 
control sample and (B) an overload damaged sample. Differences are observed in the level of 
structural disorganization between the two representative sample micrographs. Micrographs of 
tendon multi-fascicle subsamples are from a 16-year old female non-diabetic donor. 
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Figure 4.19 SEM micrographs A and B reveal varying degrees of fibril hairpin turns. Hairpin turns were often observed in isolated fibrils as shown in 
micrograph A. Micrograph B displays a region where multiple fibrils display the hairpin behaviour. Subfibril structure may clearly be observed at the 
turn sites. D-banding is present throughout the turn sites. 
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Figure 4.20 SEM micrographs revealing regions of hairpin turns in neighboring fibrils. Micrograph A & B reveal bundles of neighboring fibrils 
exhibiting hairpin turns. In micrograph B the subfibril structure may be observed as the twisting of the internal structure. Image C reveals tangled 
fibrils that were found undergoing multiple hairpin turns. These motifs were regularly seen across all donor populations irrespective of age.  
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Figure 4.21 SEM micrographs displaying the different motifs of elastic recoil damage found in the sartorius tendon. At 45,000x, micrographs A, B & C 
show a mixture of recoiled fibrils showing tangling, twisting and balling. At 70,000x, micrograph C reveals an isolated fibril with a continuous twisting 
morphology. Micrograph D displays elastically recoiled fibrils and overall disruption.
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Figure 4.22 SEM micrographs describing the varying degrees of fibril failure found in the sartorius tendon collagen. SEM micrograph set A reveals 
local fibril disruption at magnifications of 70,000x and 200,000x. Micrographs B and C display fibril failure at 80,000x and fibril bundle failure at 
70,100x magnification respectively.
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Figure 4.23 SEM micrographs revealing differing modes of plastic damage in sartorius tendon samples from the young and tough male non-diabetic 
donors. Donors where plasticity damage was found are indicated by the box located in Figure 4.16D. In micrographs A & B, rare and small regions 
exhibiting plasticity damage revealed kinking and twisting plasticity of collagen fibrils. Typically, the kinking plasticity damage was not observed 
serially along fibrils or in registry across neighboring fibrils. An overview is presented in the panoramic composite micrograph A. 
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the SDFTs by Herod and coworkers109. It could be suggested that in these damaged regions 

the diameters of the plastically damaged fibrils were larger than the undamaged fibrils; 

however, a more thorough study would be required to reach a conclusion on this point. 

Overall, in addition to the absence of discrete plasticity, evidence of differences in damage 

motifs based on age, sex and diabetes were not found. 

4.4. Sex-Related Differences in Sartorius Tendon Collagen Structure and Mechanics 

 DSC and HIT Revealed Dense Crosslinking and No Differences in Structure 

Determined by Donor Sex 

DSC and HIT testing were used to reveal structural changes between sartorius 

tendon collagen from female and male non-diabetic donors over four decades of age. 

These techniques revealed similar changes in thermal stability with aging (16-59 years) 

independent of sex. Furthermore, no changes in thermal stability were observed when 

separated into young (16-40 years) and old (41-59 years) cohorts. DSC testing revealed 

that thermal stability (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), range of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) and enthalpy 

of denaturation (ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) were independent of sex as shown in Table 4.3. 

Within each donor sex, HIT 𝑇𝑇𝑑𝑑 declined with age (female: p = 0.0197, male: p = 0.0012), 

with their respective regression lines having similar slopes (p = 0.6248). The intercept of 

the regression line was significantly increased (p = 0.0261) in the male non-diabetic 

donor tendon population (69.07℃ versus 68.03℃), perhaps an indicator of increased 

crosslinking and molecular packing. When comparing the average 𝑇𝑇𝑑𝑑 between donor 

sexes, no significant difference was observed (p = 0.1996). Comparison of the fractional 

differences in load pre- and post-𝑇𝑇𝑑𝑑 resulted in no significant differences between donor 

sexes. Overall, dense thermally stable crosslinking was indicated by the absence of 

change in tendon collagen isotherm behaviour (contraction) in samples based on donor 

sex. 

 Sartorius Tendon Multi-Fascicle Subsamples from Female Donors have Reduced 

Strength, Extensibility and Ability to Absorb Strain Energy 

Uniaxial overload to rupture testing revealed changes in the mechanics of the 
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sartorius tendon multi-fascicle subsamples determined by sex across four decades of age 

(16-59 years). Tendon samples from the female non-diabetic donors exhibited 

significantly lower strength, toughness, and extensibility (p = 0.0274, p = 0.0211 and p = 

0.0041 respectively) in comparison to samples from the male non-diabetic donor 

population (Figure 4.24). Tendon sample tissue modulus meanwhile remained 

independent of sex (p = 0.3556). Without any alterations in molecular packing  

and crosslinking identified by HIT and DSC, it is curious that the mechanical behaviour 

nonetheless varied by sex. Differences observed in mechanics via overload testing did not 

result in changes in the modes of structural failure revealed by SEM examination. 

Table 4.3 Comparison of HIT (𝒏𝒏𝑭𝑭,𝑵𝑵𝑵𝑵 = 6, 𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 9) and DSC (𝒏𝒏𝑭𝑭,𝑵𝑵𝑵𝑵 = 5, 𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 9) results between 
female non-diabetic and male non-diabetic donor populations spanning 16 to 59 years of age. Values 
expressed as mean ± SD. 

Method Parameter Male  
Non-Diabetic 

Female  
Non-Diabetic p-value 

DSC 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (℃) 68.8 ± 0.7 68.3 ± 1.1 0.3435 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (℃) 70.3 ± 0.8 69.8 ± 1.3 0.3044 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (℃) 1.99 ± 0.28 1.91 ± 0.24 0.5680 

ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (J/g) 7.3 ± 2.1 6.4 ± 2.4 0.4475 

ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (J/g) 32 ± 8 31 ± 6 0.8862 

HIT 

𝑇𝑇𝑑𝑑  (℃) 66.3 ± 1.0 65.6 ± 1.0 0.1996 

Slope of 𝑇𝑇𝑑𝑑  vs. 
Age (℃/year) -0.066 -0.056 0.6248 

Y-Intercept of 
𝑇𝑇𝑑𝑑  vs. Age (℃)  69.1 ± 1.3 68.0 ± 1.8 0.0261 

F.D. in Load  
Pre-𝑇𝑇𝑑𝑑 0.073 ± 0.119 0.130 ± 0.081 0.4029 

F.D. in Load 
Post-𝑇𝑇𝑑𝑑 1.86 ± 0.98 2.75 ± 1.39 0.1216 
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Figure 4.24 Comparison of mechanical parameters based on donor sex across the ages 16-59 years (𝒏𝒏𝑭𝑭,𝑵𝑵𝑵𝑵 = 6, 𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 9) revealed three of the four 
mechanical parameters evaluated were significantly different. (A) Tissue modulus was found to remain unchanged by donor sex. Moreover, (B) 𝑼𝑼𝑼𝑼𝑼𝑼 (p 
= 0.0274), (C) Strain at 𝑼𝑼𝑼𝑼𝑼𝑼 (p = 0.0211) and (D) Toughness (p = 0.0041) were significantly reduced in tendons from female non-diabetic donors. 
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4.5. Diabetes-Related Changes in Sartorius Tendon Collagen Structure and 

Mechanics 

 Appearance of Sartorius Tendon Collagen Unaltered by Diabetes 

Upon gross dissection of the sartorius tendon, in comparison to the tendons from 

non-diabetic donors, diabetes did not produce a consistent yellow discoloration. A few 

times in the older diabetic and non-diabetic older population, the tendons appeared 

golden-yellow, replacing the brilliant pearl white of the tendons seen otherwise. The 

overall absence of change in appearance (Figure 4.25) of golden-yellowing was 

inconsistent with the literature of collagenous tissues having undergone natural95,174,236 or 

simulated diabetes41,81,135,150,231,260. Variability in the appearance of the sartorius tendon 

coloring may vary on a multitude of factors associated with donor health. Qualitative 

differences in tendon thickness were also not observed between the diabetic and non-

diabetic tendons commonly recorded in tendons47,91,95,188.  

 Sartorius Tendon Collagen Thermal Stability Largely Unchanged by Diabetes  

Interestingly, the influence of diabetes on tendon collagen thermal stability was 

revealed by a higher average DSC 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 from diabetic compared to non-diabetic male  

donors over an age range of 38-60 years (Figure 4.26, Table 4.4). The difference in the 

average 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and lack of change in the average 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 leads to the suggestion of a 

significant narrowing occurs in the range of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀, p = 0.0944) and 

some changes in molecular packing in the diabetic population. Changes in enthalpic 

energy required to denature the tendon collagen was not significantly determined by 

diabetes when considering the wet mass (ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) and dry mass (ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) of the DSC 

samples. When evaluating tendon collagen thermal stability using PBS as the hydrating 

solution, significant increases in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 were similarly observed (p = 0.0033 

and p = 0.0079 respectively) when compared to distilled water as the hydrating solution 

(refer to appendix). 

HIT testing revealed no significant changes in the evaluated parameters 𝑇𝑇𝑑𝑑 and 

the fractional differences in load pre- and post-𝑇𝑇𝑑𝑑. Moreover, the isotherm behaviour did  
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Figure 4.25 Example of the extremes of sartorius tendon collagen coloration observed. While 
atypical, the tendon subsample from an older and/or diabetic donor (left) was of a golden yellow 
appearance - likely the result of hyperglycemia - in comparison to the brilliant pearl white tendon 
collagen of a young non-diabetic donor (female non-diabetic, 16 years of age). 

not vary by diabetic status, indicative of the dense thermally stable crosslinking in the 

sartorius tendon collagen, irrespective of a possible increase in AGE intermolecular 

crosslinking induced by hyperglycemia. 

 Sartorius Tendon Multi-Fascicle Subsamples from Diabetic Donors Exhibit Brittle 

Behaviour  

Tensile overload to rupture testing revealed that significant decreases in sartorius 

tendon subsample extensibility (p = 0.0003) and ability to absorb strain energy  

 (p = 0.0020) occurred in donors with diabetes (Figure 4.27). Furthermore, it could be 

suggested that strength (p = 0.1006) decreases, yet tissue modulus (p = 0.8767) remains 

unchanged in sartorius tendon subsample from male donors with diabetes. These 

modifications in mechanical behaviour were not reflected in changes in the modes of 

structural failure assessed via SEM. 
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Figure 4.26 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 of tendon collagen was significantly increased in tendon collagen of male donors 
38-60 years of age with diabetes (𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 6, 𝒏𝒏𝑴𝑴,𝑫𝑫 = 8).  The DSC sample hydrating medium was 
distilled water. 

Table 4.4 Comparison of HIT and DSC (𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 6, 𝒏𝒏𝑴𝑴,𝑫𝑫 = 8) results between male non-diabetic and 
male diabetic donor populations spanning 38 to 60 years of age. Values expressed as mean ± SD. 

Method Parameter Male  
Non-Diabetic 

Male  
Diabetic p-value 

DSC 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (℃) 68.5 ± 0.6 69.2 ± 0.7 0.0135 

𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  (℃) 70.1 ± 0.8 70.5 ± 0.8 0.4999 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (℃) 1.88 ± 0.29 1.73 ± 0.15 0.0944 

ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (J/g) 7.0 ± 2.3 7.3 ± 1.7 0.7454 

ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (J/g) 30 ± 8 29 ± 5 0.6370 

HIT 

𝑇𝑇𝑑𝑑  (℃) 66.25 ± 1.04 65.6 ± 1.0 0.1996 

F.D. in Load  
Pre-𝑇𝑇𝑑𝑑  

0.061 ± 0.133 0.188 ± 0.157 0.0976 

F.D. in Load 
Post-𝑇𝑇𝑑𝑑 1.72 ± 1.03 2.14 ± 0.81 0.4600 
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Figure 4.27 Evaluation of diabetes-determined mechanical differences in sartorius tendon multi-fascicle subsamples from male donors aged 38-60 years 
of age (𝒏𝒏𝑴𝑴,𝑵𝑵𝑵𝑵 = 6, 𝒏𝒏𝑴𝑴,𝑫𝑫 = 8) revealed significant results. The (C) strain at 𝑼𝑼𝑼𝑼𝑼𝑼 and (D) toughness were shown to be significantly lowered in the diabetic 
donor population. The data also suggests that the tendon subsample strength (p = 0.1006) decreases in the presence of diabetes.
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4.6. Sartorius Tendon Stiffness and Strength in Female Donors are Altered by Body 

Mass Index (BMI) 

BMI appears to play a minor role in determining the structure and mechanical 

behaviour of the sartorius tendon collagen in the female non-diabetic donor population, 

but curiously absent a role in the male non-diabetic and diabetic population. Female 

sartorius tendon multi-fascicle subsample strength and tissue modulus (p = 0.0089 and p 

= 0.0026 respectively) declined significantly with increasing BMI. Furthermore, the 

ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (p = 0.1000) suggested a possible slight inverse relationship with BMI in the 

female donor population. Although significant, it is likely that these relationships were 

influenced by BMI in combination with age. Overall, changes in thermal stability were 

not influenced by the BMI of the donor in each population. Significant differences were 

not obtained when comparing testing parameters based on donor BMI division (normal, 

overweight and obese) when analysed using an ordinary one-way ANOVA or Kruskal-

Wallis test dependent on dataset distributions. Surprisingly, donor weight did not 

influence structural and mechanical properties of the sartorius tendon collagen whereas 

the height of the donor played a significant positive linear relationship in determining the 

extensibility of the sartorius tendon subsamples (p = 0.0497; r2 = 0.24) when evaluating 

the entire donor population (Figure A.4)  

4.7. Anatomical Location does not Alter Tendon Structure and Mechanics 

Anatomical location did not play a role in altering the structural and mechanical 

characteristics of the sartorius tendon collagen as evaluated via ordinary one-way 

ANOVA. Comparison of tendon collagen thermal stability and crosslinking by HIT and 

DSC reveal no effect of sampling location. Mechanical testing likewise revealed no 

changes in mechanical properties based on sampling location. Qualitative assessment of 

the tensile behaviour under overload to failure and loss of mechanical integrity of the 

multi-fascicle subsample was found to remain unchanged by sampling location.  
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Figure 4.28 Tendon multi-fascicle subsample (A) tissue modulus (p = 0.0026; r2 = 0.74) and (B) 𝑼𝑼𝑼𝑼𝑼𝑼 
(p = 0.0089; r2 = 0.85) decreased with increasing BMI within the female donor population. 
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4.8. Histology & Immunohistochemistry 

 Sartorius Tendon Collagen Crimp Appears to Diminish with Aging 

Birefringence was used to assess the degree of crimp and orientation of the tendon 

collagen fibers at 40x and 100x magnification. Birefringence examination of the 

longitudinal sections (Figure 4.29) revealed that in the younger donor tendons, the 

collagen was highly crimped. Longitudinal tendon sections from aged and/or diabetic 

donors exhibited a near absence of crimping. Alongside the reduction in crimp frequency 

was an observable flattening of the crimp waveform in the older tendon sections. The 

change in crimp waveform amplitude, noticeable in the birefringence images, was further 

evidenced by the changes in staining intensity of the tendon sections from younger 

donors (Figure 4.33). Tendon sections also appeared more susceptible to fragmentation 

with increasing donor age. Interestingly, qualitative changes in fiber thickness and 

spacing were not observed to be altered with age or diabetes. 
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Figure 4.29 Longitudinal tendon sections of a young healthy (24 years of age, normal BMI) male non-diabetic (A & C) and an older unhealthy (50 years 
of age, obese BMI) male diabetic (B & D) shown at magnifications of 40x and 100x respectively. Birefringence examination of the longitudinal sections 
revealed a noticeably higher degree of collagen crimping in the younger donor tendon. 
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 Hematoxylin & Eosin Staining Reveals a High Density of Nuclei  

H & E staining was used to characterize changes in tendon structure. Examination 

of stained transverse sections at 40x and 100x magnification respectively (Figure 4.30) 

revealed that nuclei appeared relatively dense and uniformly distributed throughout the 

transverse section of the collagen fibers. Occasional non-specific staining of the 

neighboring muscle fibers occurred as shown in Figure 4.30C. Hematoxylin staining 

uncovered a high concentration of nuclei between collagen fibers. Investigation of the 

stained longitudinal sections (Figure 4.31) revealed elongated nuclei present in the 

grooves of the collagen fibers in an undulated distribution. There were instances where 

the nuclei were found in serial chains in both young and old tendon sections. Although 

DSC and HIT revealed dense crosslinking in both young and old donors, hematoxylin 

staining uncovered a surprisingly high degree of nuclei density. However, in the older 

donors, qualitative decreases in nuclei content were observed with aging and diabetes, 

consistent with the literature of aging tendons242. Qualitatively, the intensity of the eosin 

staining of collagen was found to be independent of age. Evaluation of serial sections 

from the mid, and extremes of a tendon would give a better representation of the 

distribution of nuclei content throughout the tendon thickness laterally and the length 

longitudinally. 
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Figure 4.30 Transverse (Cross-sectional) sections of H & E stained tendon of a young healthy (24 years of age, normal BMI) male non-diabetic (A & C) 
and an older unhealthy (50 years of age, obese BMI) male diabetic (B & D) shown at magnifications of 40x and 100x respectively. Both donor tendons 
appear cellular, however the nuclei in the younger donor tendon appear to be more elongated, contrasting the fine rounded nuclei in the older donor 
tendon. 
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Figure 4.31 Longitudinal Sections of H & E stained tendon from a young healthy (24 years of age, normal BMI) male non-diabetic (A & C) and an older 
unhealthy (50 years of age, obese BMI) male diabetic (B & D) shown at magnifications of 40x and 100x respectively. Tendons from both donors appear 
relatively cellular with the presence of elongated nuclei. Qualitatively at higher magnifications, the younger donor tendon appears to have a higher 
density of nuclei. Similar observations were made in other donor tendons. 
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 Greater Pentosidine Epitope Concentration Observed in Sartorius Tendon 

Collagen with Diabetes and Aging 

In this preliminary immunohistochemistry study, presence of the ∝-PEN12 

epitope for the sugar crosslink pentosidine was examined using DAB labelling, resulting 

in brown staining where present (magnifications of 40x and 100x). Control tendon 

sections (Figure 4.32A & C, Figure 4.33A & C), absent the ∝-PEN12 antibody, were 

counterstained with hematoxylin and displayed collagen fibers of a brilliant blue coloring 

with nuclei observable. Examination of the stained longitudinal sections from the 

younger donor (Figure 4.32B & D) revealed a slight positive staining that was not found 

to be uniform in the collagen fibers, perhaps due to collagen crimp. In the older diabetic 

tendon sections (Figure 4.33B & D), the collagen fibers were uniformly stained positive 

for the pentosidine epitope. In both the young non-diabetic and the old diabetic donor 

longitudinal tendon sections, significant non-specific background staining of the ECM 

components was observed between collagen fibers (Figure 4.32, 4.33)  
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Figure 4.32 Control (A & C) and ∝-PEN12 immunostained (B & D) longitudinal tendon sections of a young, healthy (24 years of age, normal BMI) male 
non-diabetic shown at magnifications of 40x and 100x respectively. Sections stained brown with DAB (∝-PEN12) were counterstained with Meyer’s 
Hematoxylin. At 100x, image D shows a slight amount of positive staining on the collagen fibers contrasting the blue found in the control image (C). 
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Figure 4.33 Control (A & C) and ∝-PEN12 immunostained (B & D) longitudinal tendon sections of an older, unhealthy (50 years of age, obese BMI) 
male diabetic shown at magnifications of 40x and 100x respectively. Sections stained brown with DAB (∝-PEN12) were counterstained with Meyer’s 
Hematoxylin. IHC revealed in the older donor tendons there was a noticeable amount of positive staining when compared to the control sections.
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4.9. Summary of Results 

Investigation of the structure of the sartorius tendon collagen using HIT and DSC 

as proxies for crosslinking and molecular packing revealed that the tendon collagen is a 

densely crosslinked structure. With age, tendon collagen structure was modulated with 

slight changes in denaturation temperatures independent of sex. Changes in collagen 

structure with aging were reflected by a significant declining strength solely observed in 

the multi-fascicle tendon subsamples from female donors. BMI was likewise significantly 

related to a decline in strength and tissue modulus solely in tendon samples from the 

female donors. Although tendon collagen structure was found to be independent of sex, 

lowered average strength, extensibility and toughness was found in tendon samples from 

female donors over four decades of age. In terms of the influences of diabetes, a 

significantly higher tendon collagen 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 was observed in the older (38-60 years) male 

donor population with diabetes. Meanwhile, the sole changes in mechanics observed 

were reduced extensibility and toughness in tendon samples from the diabetic donor 

population.  

Observation of overload damage to tendon collagen via SEM revealed structural 

damage motifs of isolated hairpin turns, elastic recoil, local isolated fibril damage, 

complete fibril breakage, and plastic damage. Discrete plasticity motifs – loss of D-

banding and serial kinking along fibrils - were absent across all tendons examined under 

SEM. The type of damage motifs observed were not influenced by sex, by diabetes or by 

age.  

In preliminary light microscopy experiments, birefringence examination revealed 

a decrease in the tendon collagen crimp waveform frequency and amplitude with aging. 

H & E studies revealed a surprisingly dense nuclei content despite the heavy crosslinking 

indicated by DSC and HIT experiments. However, the amount and density of nuclei 

content, although not measured, appeared to decrease with age. Initial IHC experiments 

uncovered an increase in pentosidine epitope (∝-PEN12) concentration with age and 

diabetes. Further histological studies are required independently investigate the 

relationship between aging and pentosidine epitope concentration.  
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Chapter 5: Discussion 

From the outset of this thesis, an extension of previous work by Sparavalo237, the 

overarching objectives were to determine (i) age- (16-60 years), (ii) sex-, and (iii) 

diabetes-related variations in sartorius tendon collagen molecular structure, multi-fascicle 

mechanics and fibrillar overload damage mechanisms. With aging, it was found that 

although decreases in thermal stability occurred in tendon collagen from both the female 

and male non-diabetic donor population, the mechanics were largely unchanged. 

Considering donor sex, it was found that while thermal stability was independent of sex, 

sartorius tendon multi-fascicle subsamples from the female donors were weaker, less 

tough, and less extensible. Finally, diabetes induced minor changes in structure and more 

brittle mechanical behaviour. The combined effects of diabetes and 30 years of aging 

were revealed in the light microscopy findings of a less crimped, less cellular tissue with 

a higher concentration of pentosidine epitopes. SEM examination identified overload 

damage motifs consistent with the high-energy elastic snapping observed during testing – 

but with the absence of the toughening mechanism discrete plasticity. This was found to 

be independent of donor age, sex and diabetic status. Overall, it appears that the sartorius 

tendon collagen is a densely crosslinked structure that is modestly modulated over four 

decades of adulthood, in individuals of either sex and/or diabetic status. 

5.1. Age-Related Changes in Sartorius Tendon Collagen Thermal Stability and 

Mechanics 

This section serves as an extension of a previous study by Sparavalo237 who 

investigated age-related changes in the sartorius tendon’s collagen (thermal stability and 

mechanics) from male, non-diabetic donors only.  

 Relationships Between Aging and Thermal Stability: 

Sartorius Tendon Collagen Thermal Stability Declines with Age 

Evaluation using DSC (enthalpic) and HIT (entropic) methods uncovered 
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decreases in thermal stability of sartorius tendon collagen with age. In the male non-

diabetic donor population, decreasing thermal stability was found with age via both DSC 

(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡: p = 0.0065) and HIT (𝑇𝑇𝑑𝑑 : p = 0.0012). Meanwhile, significant decreases in 

thermal stability of the female tendon collagen was only found using HIT (𝑇𝑇𝑑𝑑 : p = 

0.0197). It is possible that in the female donor population, the DSC analysis was limited 

by the sample size (n = 5). The decreases in thermal stability observed in the male non-

diabetic donor population may be associated with an increase in pentosidine 

concentration with aging, similar to that observed in the gracilis and semitendinosus 

tendons88. While the formation of AGEs would restrict conformational freedom, 

increasing the thermal stability, the effect of the increased lateral molecular spacing 

decreasing the thermal stability may be greater. Further, it is possible the decrease in 

thermal stability may be associated with the decreased distribution of thermal stabilities 

with aging (decreased 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹: p = 0.0477). The narrowing endotherm with aging may be 

indicative of a more uniform organization of the collagen molecules and a cooperative 

reduction in the thermal energy required to disrupt hydrogen bonds responsible for 

maintaining molecular structure42,251. 

Despite the decrease in thermal stability with aging, in comparison to previous 

studies of bovine tissues, the sartorius tendon collagen denaturation temperatures 

evaluated by HIT (𝑇𝑇𝑑𝑑) and DSC (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) were higher (despite of the change in 

hydrating medium from PBS to distilled water for DSC) as observed in Table 5.1. 

Unexpectedly, the sartorius tendon collagen was more thermally stable when compared to 

other human lower limb tendons (e.g. patellar, Achilles) 271, although this may be the 

result of a difference in heating rates between studies (0.3℃/min vs. 5℃/min). 

Despite Sartorius Tendon Thermal Stability Decrease, Crosslinking Remains 

Largely Unchanged with Aging 

In the human sartorius tendon across male and female non-diabetic donors, 

decreases in thermal stability were found to occur despite dense thermally stable 

crosslinking across four decades of age (𝑡𝑡1/2). The dense crosslinking was reflected 

across the entire donor population as 61% of the total strip-samples resisted load decay  
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Table 5.1 Summary of thermal studies (DSC and HIT) of tendon collagen performed in the Tissue Mechanics Lab demonstrating varying degrees of 
discrete plasticity damage. Values expressed as mean ± SD. 

Tissue 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐        
(℃) 

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭      
(℃) 

𝑻𝑻𝒅𝒅                
(℃) 

𝒕𝒕𝟏𝟏/𝟐𝟐               
(hrs) 

Degree of  
Discrete Plasticity? 

Steer Tail Tendon 
(24-30 M.O.)274 64.5 ± 0.5 4.2 ± 1.4 65.5 ± 1.2 Failure Prior  

to Isotherm Extensive 

Glycated Steer Tail Tendon 
(24-30 M.O.) δ,150  66.9 ± 0.3 2.6 ± 0.4 - - Absent 

Bovine CDET 
(24-36 M.O.)109 63.1 ± 1.0 2.7 ± 0.5 62.7 ± 0.4 Failure Prior  

to Isotherm Extensive 

Bovine SDFT 
(24-36 M.O.)109 65.4 ± 0.7 1.7 ± 0.1 65.4 ± 0.7 6 ± 2 Sparse 

Human Sartorius Tendon237  
(Male ND: 20-60 Y.O.) 67.2 ± 0.8 1.7 ± 0.2 66.5 ± 0.4 55 ± 55** Absent 

Human Sartorius Tendon*  
(16-60 Y.O.) 69.2 ± 0.7 2.0 ± 0.3 66.0 ± 1.0 774 ± 1340** Absent 

* Inclusive of male non-diabetic, male diabetic and female non-diabetic donor populations. **Load decay only occurred in a 
portion of the samples. Italicized data are from current study. 
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Figure 5.1 Graph of 𝒍𝒍𝒍𝒍( 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳
𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

) on the y-axis and the time from the start of the isotherm on the x-
axis in order to illustrate the differences in thermally stable crosslinking and subsequent isothermal 
behaviour of the human sartorius tendon and the bovine SDFT.  In 61% of the human sartorius 
tendon HIT strip samples, isothermal contraction (blue curve) was observed. However, in the 
proportion of sartorius tendon samples that displayed load decay (red curve), the difference in the 
density of thermally stable crosslinking between the human sartorius tendon and bovine SDFT (grey 
curve) is evident. Bovine SDFT data from Herod et al.109. 

during the isotherm. When load decay did occur, it was on the order of days to weeks 

rather than hours when compared to previously studied bovine tendons109 that survived 

the denaturation segment from room temperature to the 90℃ isotherm (Figure 5.1). It 

may be that the changes in thermal stability are found to be independent of changes in the 

crosslinking profiled of the human sartorius tendon as a result of aging. With maturation,  

it’s been suggested that the conversion of divalent to trivalent crosslinking plateaus, with 

few new crosslinks being formed242, and leading to a reduction in tendon collagen 

turnover107 with further aging. This notion is supported by Sparavalo237 wherein an 

absence of change to thermally stable crosslinking was observed throughout adulthood 

(post-maturation) as assessed by HIT (𝑡𝑡1/2), and the amount of load decay remained 

unchanged in spite of NaBH4-stabilization treatment. The absence of change in 𝑡𝑡1/2 with  

aging is likely the result of early and dense enzymatic crosslinking. Subsequently, non-
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enzymatic crosslinking then has little thermal or mechanical effect. The attenuated 

influence of AGE crosslinking on the sartorius tendon may be supported by evidence in 

the human patellar tendon, wherein the ratio of the concentration of enzymatic crosslink 

Hyl-Pyr to the non-enzymatic pentosidine was found in excess of twelves times (898 ± 

172 vs. 73 ± 13 mmol/mol), even into the sixth decade of age, despite the 39% and six 

fold increase in Hyl-Pyr and pentosidine concentration respectively over four decades of 

adulthood56.  

Sartorius Tendon Collagen Molecular Packing may Increase with Aging, Leading 

to a Decrease in Thermal Stability 

 Similar to Miles et al.168, age-based changes in thermal stability using distilled 

water as the DSC sample hydrating solution were performed to strictly examine the 

effects of physical fiber confinement. In the current study, it was found that 𝑇𝑇𝑑𝑑 (p < 

0.0001), 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (p = 0.0017), and ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (p = 0.0199) were inversely related to the 

tendon collagen water content – and thus to the size of the box170 – in a combined female 

and male non-diabetic donor population. With aging, the polymer-in-a-box model170 

suggests that an increase in the size of the box may be observed. This is suggested by the 

linear increase in tendon water content found (p = 0.0064). However, differences in the 

measured water content which are due to (i) solvation water bound to the collagen 

molecules, and (ii) free, interfibrillar water are not able to be distinguished in this study. 

It is possible that the increase in water content may have subsequently increased the 

configuration entropy of the thermally labile domains. X-ray diffraction studies of human 

toe extensor tendons have indicated increases in lateral molecular spacing with the 

formation of AGEs, yet the mechanism of this change with aging remains unclear118,182.  

In contrast to the present findings of decreased thermal stability, previous studies 

in animals (e.g. rabbit Achilles and bovine tail tendon) have found that thermal stability 

increases251 or remains unchanged275 with maturation, accompanied by increases in the 

degree of thermally stable covalent crosslinking275, decreases in ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, and no change 

in the distribution of thermal stabilites251. In humans, DSC investigation of the long head 

of the biceps collagen (using a scanning rate of 0.3℃/min) revealed significant increases 
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in the thermal stability of collagen (𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) through maturation to young adult (0-35 years) 

while remaining unchanged with further aging35. In studies of aging, it is possible that 

varying degrees of microtrauma accumulate in the tendon collagen that may produce 

confounding results. Injury and/or disease has been shown to decrease the enthalpy of 

collagen denaturation across varying tendons54,269,270. Similarly, injury and/or disease 

have been shown to produce increases in collagen thermal stability of lower limb tendons 

(e.g. quadriceps/patellar tendon)271, this contrasting with decreases found in rotator cuff 

tendons54.  

Effect of Test Solution on Thermal Studies 

In contrast to the present study where distilled water was used as the DSC sample 

hydrating solution, as commonly in the literature, PBS has been used as the hydrating 

solution to investigate age-related changed in thermal stability and crosslinking35,251. The 

present study using distilled water contrasts with that of Sparavalo237 in which sartorius 

tendon collagen thermal stability, assessed via DSC (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), increased linearly through 

adulthood (20-60 years). Introduction of a salt solution (PBS) to the collagen molecule in 

that study may have disrupted hydrogen bonding interactions97,168 resulting in altered 

conformational stability. Consistent with previous studies of molecular destabilization in 

the presence of salt ions97,116,136, values of 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 found in this study were ~1.6℃ higher 

when comparing values to those obtained by Sparavalo237 (Table 5.2). 

 Relationships Between Aging and Tendon Mechanical Properties: 

Sartorius Tendon Mechanical Properties Remain Largely Unchanged with Aging 

In large part, the decreases in thermal stability observed in the male and female 

non-diabetic donor population with aging were not reflected in the tensile failure 

mechanics and mechanical properties of the sartorius tendon multi-fascicle subsamples. 

No significant changes in mechanical properties of the tendon samples were observed 

with aging in the male donor population. By contrast, in the aging female donor 

population, only a significant negative linear correlation of strength and age, with a  
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Table 5.2 Evidence of the decreases in thermal stability of collagen in the presence of a salt ions 
evaluated via HIT and DSC. Values expressed as mean ± SD. 

Tissue Solution 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐        
(℃) 

𝑻𝑻𝒅𝒅  
(℃) 

𝒕𝒕𝟏𝟏/𝟐𝟐  
(hr) 

Bovine  
Marginal Chordae 
Tendineae116 

Distilled Water - 69.0 ± 1.0 47.0 ± 10.0 

0.1M NaCl - 66.0 ± 0.2** 17.0 ± 2.5** 

Human  
Sartorius Tendon 

0.1M PBS237  67.2 ± 0.8** - - 

0.1M PBS* 66.1 ± 0.5** - - 

Distilled Water* 68.8 ± 0.7 - - 

*Values calculated for tendon collagen from non-diabetic donors. **Significant difference 
from distilled water values (p < 0.05). Italicized data are from current study. 

 

downward trend for toughness (p = 0.0708) were observed. Tensile failure mechanics of 

the multi-fascicle tendon subsamples (e.g. elastic high energy rupture) supported the 

thermal evidence of a dense network of thermally stable crosslinking (enzymatic and 

non-enzymatic) from early adulthood to early geriatric age. 

The overall absence of changes of the in vitro mechanical properties of the 

sartorius tendon with age are in partial agreement of studies of lower limb tendons in 

vivo wherein the modulus remained unchanged56,57 throughout adulthood. However, in 

contrast to the current study, the modulus has also been found to decrease with 

age137,189,201,205,240 in lower limb tendons. Discrepancies in results between studies may be 

due to decreases in lower limb muscle strength (sarcopenia)201, rate of torque 

development and activation capacity240 that occur with aging, which may allow these 

studies to describe only the low stress region tendon mechanics in vivo. 

Further, the relative absence of changes with in the current study has been largely 

supported by findings in vitro of human lower limb tendons (Table 5.3). Across four 

decades of adulthood, Sparavalo237 found that the measured mechanical properties 

(modulus, strength, and extensibility) of the distal sartorius tendon from male non-

diabetic donors (only) remained unchanged. Moreover, in vitro mechanical testing of 

patellar tendons support the current findings since mechanical properties (e.g. 

extensibility, toughness) are largely independent of aging post-maturation34,76,112,121,  
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Table 5.3 Summary of the effects of aging on in vitro mechanical properties of human lower limb 
tendons. Values expressed as mean ± SD. 

Tissue Strain Rate Age 
(years) 

Tissue 
Modulus 

(MPa) 

𝑼𝑼𝑼𝑼𝑼𝑼 
(MPa) 

Failure 
Strain 

Toughness 
(MJ/m3) 

Whole Patellar 
Tendon109 200mm/min 

29-50  660 ± 266 65 ± 15 0.14 ± 0.06 4.3 ± 2.5 

64-93 504 ± 222 54 ± 10* 0.15 ± 0.15 3.7 ± 1.6 

Whole Patellar 
Tendon76  10%/sec 18-55 340 ± 97 78 ± 19 0.31 ± 0.06 - 

Whole Patellar 
Tendon34  10%/sec 17-54 302 ± 83** 36 ± 11 - - 

Sartorius 
Tendon Multi-
Fascicle 
Subsamples237 

0.25%/sec 
20-40 168 ± 86 31 ± 12 0.29 ± 0.02 5.0 ± 1.7 

41-60 206 ± 49 33 ± 9 0.27 ± 0.02 5.3 ± 1.6 

Sartorius 
Tendon Multi-
Fascicle 
Subsamplesφ 

0.25%/sec 
16-40 208 ± 47 44 ± 10 0.29 ± 0.04 6.9 ± 1.8  

41-60 195 ± 35 37 ± 8 0.26 ± 0.04 5.3 ± 1.6 

*Significant difference between young and old (p<0.05); **Significant decrease with aging; φInclusive 
of male non-diabetic, male diabetic, and female non-diabetic population. Italicized data are from 
current study. 
 

irrespective of donor sex105. Contrasting the present study, though, separate studies of 

patellar tendons have found decreases in strength121 or modulus34 with aging. It is possible 

that differing strain rates (0.25%/sec vs. 10%/sec76), sample selection bias (injury), or 

gripping across studies may add to the literature variance in tendon mechanics with 

age105,112,121. 

BMI May Play a Confounding Role in the Study of Aging and Tendon Mechanics 

With the exception of two class III obese individuals (BMI > 40), it might be 

suggested that donor BMI in the sample population increased linearly with age (p = 

0.0583). It is possible that an inverse relationship between BMI and physical activity 

level may be a confounding effect on assessed tendon mechanics with aging. Despite the 

reported BMI-related decreases in strength and modulus of the multi-fascicle samples 

from the female donor population, it is possible that rather than triggering an increase in 
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material properties (e.g. toughness) due to increasing BMI (with potential associated 

changes in physical activity) and age, an increase in tendon dimensions (tendon 

hypertrophy) might occur instead51,57,242. 

5.2. Sex-Related Changes in Sartorius Tendon Collagen Thermal Stability and 

Mechanics 

 Thermal Stability and Degree of Thermally Stable Crosslinking of Sartorius 

Tendon Collagen are Independent of Donor Sex 

To the author’s knowledge, this is the first study to investigate the influence of a 

donor’s sex on the thermal stability of tendon collagen. As hypothesized, thermal 

investigations revealed no differences with sex in the thermal stability (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝑇𝑇𝑑𝑑), 

distribution of thermal stability (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) and the specific enthalpy of denaturation 

(ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) . Dense thermally stable crosslinking and molecular packing in 

both sexes was evidenced by high collagen denaturation temperatures and resistance to 

load decay (female: 71%, male: 54%) under a 90℃ isotherm in HIT. A recent 

biochemical study of human patellar tendon from young adults (21-30 years of age) 

failed to show that there are sex-linked difference in the mature enzymatic crosslink Hyl-

Pyr152, supporting the findings of no significant differences in the thermally stable 

crosslinking of the sartorius tendon collagen analysed via HIT (𝑡𝑡1/2).  

 Relationships Between Donor Sex and Tendon Mechanics 

Donor Sex Influences Sartorius Tendon Mechanics 

Despite the absence of identifiable sex-linked changes in molecular thermal 

stability via HIT and DSC, and in contrast to a hypothesis, sartorius tendon multi-fascicle 

subsamples from female donors were 25% weaker (𝑈𝑈𝑈𝑈𝑈𝑈), 38% less tough, and 16% less 

extensible (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎 𝑈𝑈𝑈𝑈𝑈𝑈) than were samples from male donors. Despite these findings 

suggesting a more mechanically fragile sartorius tendon in females, no changes in failure 

motifs due to overload were observed under SEM between sexes.  
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In the current literature, there are limited studies investigating sex-related changes 

of in vitro human tendon mechanical properties (Table 5.4). Magnusson and coworkers162 

likewise identified in vitro a 50% decrease in strength, while reporting a ~53% lower  

tendon modulus in isolated Achilles tendon fascicles from female donors compared to 

male donors. Meanwhile, Hashemi et al.105 found that, in contrast to the current study, 

human patellar tendons mechanical properties from donors aged 17-50 years were 

independent of sex; however, linear increases in tendon strength and modulus were 

attributed to tendon mass density. It may be speculated that inconsistencies in the sex-

determined differences in mechanical properties in vitro may be masked by the use of 

differing strain rates (0.25%/sec vs. 100%/sec105) and/or by the determination of the 

sample CSA.  

In vivo, in disagreement with the present findings of unchanged sartorius tendon 

modulus between sexes throughout adulthood, decreased lower limb tendon modulus 

(patellar190 and Achilles46,110,153,190) has been reported in females. However, one study 

found that in post-menopausal age the discrepancy in patellar tendon modulus is 

absent227. It is possible that the differences in tendon mechanical properties in vivo 

between studies are the result of a difference in the maximum voluntary contraction of 

the acting muscle, tendon length and moment arm length acting upon the tendon within 

an individual177,268.  

Difference in Sartorius Tendon Mechanical Behaviour Between Donor Sexes may 

be Related to Collagen Content or Sex Hormone Concentrations 

Alternatively, sex-related differences in tendon mechanical properties may not lie 

at the molecular level as assessed by DSC and HIT. Evidence in human patellar tendons 

suggests that changes in collagen content152 and type102 – in particular collagen type III – 

may explain differences in tendon collagen between sexes. Furthermore, sex hormones 

(e.g. estrogen, testosterone) are influential during development and further aging, and 

may contribute to determining tendon mechanical properties. Testosterone, present in 7-8 

times higher concentration in males has proven to be correlated with increased stiffness 

and collagen synthesis rates3,102. Meanwhile, there have been findings of reduced  
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Table 5.4 Summary of in vitro mechanical studies identifying sex-determined differences in human 
lower limb tendon mechanical properties. Values expressed as mean ± SD. 

Tissue Strain 
Rate 

Sex:         
Age (years) 

Tissue 
Modulus 

(MPa) 

𝑼𝑼𝑼𝑼𝑼𝑼 
(MPa) 

Failure 
Strain 

Toughness 
(MJ/m3) 

Whole 
Patellar 
Tendon105 

100%/s 

Female:  
17-50  513 ± 134 60 ± 17 0.18 ± 0.03 4.8 ± 0.8 

Male:  
26-50 501 ± 143 58 ± 15 0.18 ± 0.03 4.4 ± 1.1 

Patellar 
Tendon 
Fascicle162 

0.13 mm/s 

Female: 
Young Adult 576 ± 86 39 ± 4*,Ψ - - 

Male:  
Young Adult 1230 ± 190φ 76 ± 16* - - 

Sartorius 
Tendon 
Multi-
Fascicle 
Subsample 

0.25%/sec 

Female:  
16-58 186 ± 40 34 ± 7Ψ 0.24 ± 0.04Ψ 4.5 ± 1.1Ψ 

Male: 
24-59  207 ± 44 45 ± 10 0.30 ± 0.03 7.3 ± 1.7 

*Measured from printed graph using ImageJ Software. ΨSignificant difference from male (p < 0.05). 
Italicized data are from current study. 

collagen synthesis rate152, decreasing fibrillar diameters and viscoelastic energy 

dissipation3,46,102,192 in tendons while in the presence of increased circulating estrogen85. 

Recently, a study by Lee et al.147 showed that in engineered ligaments, inhibition of lysyl 

oxidase activity (77% after 48 hours) occurred in the presence of high levels of estrogen, 

possibly reducing the concentration of enzymatic crosslinking – although in the current 

study, this was not observed via HIT analysis (𝑡𝑡1/2). In females, despite pregnancy being 

thought to potentially cause irreversible changes in tendon thermal and mechanical 

properties due to a combination of cardiovascular changes132,224 and sex-hormone 

changes146, evidence in the human patellar tendon in vivo shows that mechanical 

properties remained relatively unchanged32.  
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5.3. Diabetes-Related Changes in Sartorius Tendon Collagen Thermal Stability and 

Mechanics 

 Relationships Between Diabetes and Tendon Collagen Thermal Stability 

Thermal Stability and Thermally Stable Crosslinking Remains Largely Unchanged 

with Diabetes in Male Donors 

In examining the effects of diabetes on sartorius tendon collagen thermal stability, 

only an increase in thermal stability in the DSC 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 – a measure of the onset of the 

phase transition from helix to near-random coil configuration – was identified using both 

distilled water and PBS as the hydrating medium, partially confirming the hypothesis of 

increased thermal stability. Curiously, the absence of significant differences in thermal 

stability (𝑇𝑇𝑑𝑑, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) and tendon water content suggests an overall similarity in molecular 

packing of the sartorius tendon collagen between non-diabetic and diabetic donors. 

Similarly, the enthalpy of denaturation (ℎ𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and ℎ𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) remained unchanged 

with diabetic status, despite the suggested narrowing of the distribution of thermal 

stabilities in tendon collagen from diabetic males (p = 0.0944). Independent of diabetic 

status, consistent findings of isothermal contraction in tendon strip-samples via HIT 

revealed the continuing presence of dense thermally stable crosslinking with diabetes 

(𝑡𝑡1/2).  

In support of these findings, Couppé et al.58 provided evidence that the 

concentrations of the crosslinks pentosidine and Hyl-Pyr in the Achilles tendons of adult 

humans (45-70 years of age) did not differ significantly between age-matched diabetic 

and non-diabetic individuals. Furthermore, the mature enzymatic crosslink Hyl-Pyr was 

found in ~40x the concentration of pentosidine58, indicative of the dense thermally stable 

enzymatic crosslinking present, possibly of comparable crosslinking to that in the human 

sartorius tendon. 

Animal tendon studies have been used to examine the effects of diabetes. 

Typically, an in vitro glucose or ribose incubation animal model of 14-28 days is used to 

mimic the enhanced glucose concentration present in an acute hyperglycemic state (Table 
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5.5) without the other pathophysiological effects of diabetes. For example, a 4-week 

incubation in a 200mM ribose solution has been suggested to simulate ~20 years of aging 

and diabetes150. In contrast to the observations of a largely insignificant change in thermal 

stability with diabetic state in the current study, DSC investigations of BTT (28 days, 

200mM, ribose)150 and rabbit Achilles tendon (14 days, 100mg/mL, ribose)251 have found 

that, due to the increases in AGE crosslinking, the thermal stability (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) 

increases in the presence of a decreased distribution of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹). 

Similarly, Reihnser and coworkers206 demonstrated an increase in thermal stability by in 

vitro glycation of RTT (14 days, 100mmol/L, glucose), with an attenuation of the 

stabilizing effect of the glycation-induced AGE crosslinks with aging. Compared to the 

sartorius tendon collagen from the male diabetic donors, the dramatic increases in the 

thermal stability and decreases in the distribution of thermal stabilities observed in animal 

models may be indicative of the density of thermally stable crosslinking present, as the 

proportion of additional AGE crosslinking would be easier to detect. 

 Relationships Between Diabetes and Mechanical Properties in Male Donors 

Sartorius Tendons from Male Diabetic Donors Exhibit More Brittle Behaviour 

In the present study, the hypothesis of the sartorius tendon becoming a more 

brittle and mechanically fragile tissue in the presence of diabetes was confirmed by 

findings of decreased extensibility (20%) and toughness (38%) when compared to similar 

aged male donors (Diabetic: 55.6 ± 5.3 years, Non-Diabetic: 48.1 ± 7.9 years). Curiously, 

the modulus and strength of the sartorius tendon were found to be independent of 

diabetes in males.  

In the literature, studies of diabetes-determined differences in tendon mechanical 

properties in vitro in animals and humans have provided conflicting results. In support of 

the current findings, the Achilles tendon modulus in the linear region remained 

unchanged in dogs with naturally occuring diabetes and who were receiving insulin 

therapy for 4-9 years141. In vitro studies of diabetes-induced rats and mice have shown in 

contrast to the current work, a decrease in the modulus of lower limb tendons 
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Table 5.5 Summary of thermal Studies (HIT/DSC) of tendon collagen subject to in vitro glycation or natural diabetes. Values expressed as mean ± SD. 

Tissue  
Reducing Sugar 
(Concentration),  

Incubation Duration 

Heating 
Rate 

(℃/min) 

∆𝑻𝑻𝒅𝒅 
(℃) 

∆𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 
(℃) 

∆𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 
(℃) 

 ∆𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 
(℃) 

∆𝒉𝒉 
(J/g) 

Rabbit Achilles 
Tendon  
(8-9 M.O.)251 

Ribose (100 mg/mL),  
14 days  5 - - + 4.1* -1.0* -7.1* 

Rabbit Achilles 
Tendon  
(28-34 M.O.)251 

Ribose (100mg/mL),  
14 days 5 - - + 3.4* -1.1* -1.8* 

Steer Tail Tendon 
(18-30 M.O.)150  

Ribose (200 mM),  
28 days 10 - +1.7 ± 0.5* +1.6 ± 0.5* - -0.8 ± 0.5* 

Human Sartorius 
Tendon  
(38-60 Y.O.) 

Diabetes,  
N/A 5 -0.68 +0.68* +0.36 -0.15φ -1.69 

*Significant difference from control or non-diabetic tendon sample (p < 0.05). φDifference suggests significance (p = 0.0998). Italicized 
data are from current study. 

120 
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(Achilles36,81,173, patellar55), with inconsistent decreases in the 𝑈𝑈𝑈𝑈𝑈𝑈36,218 and toughness218 

across studies. In humans, there have been few studies investigating diabetes-based 

changes in the mechanical properties of the Achilles tendon (Table 5.6). Consistent with 

the sartorius tendon multi-fascicle subsamples, despite the extreme change in strain rate 

in vitro (0.25%/sec vs. ~100%/sec), extensibility and toughness were decreased in the 

Achilles tendon samples from the diabetic donors98. In disagreement with the current 

findings, the modulus and/or strength were lowered in the diabetic Achilles tendon 

samples94,98. However, the results obtained in the studies by Grant et al.94 and Guney et 

al.98 may be confounded by the combined influence of diabetes and a specific 

pathological condition of interest (e.g. diabetic foot ulcers94 and Charcot’s foot98). 

Variability in the harvesting and storage of the Achilles tendon samples from diabetic and 

non-diabetic donors within the study by Grant et al.94 may further confound mechanical 

testing results. Unlike in the previously described studies of symptomatic diabetic 

individuals, the current study investigated only the influence of diabetes on tendon 

mechanics.  

 Diabetic Tendon Coloration Remains Largely Unchanged 

In the current study, there was no consistent evidence of altered tendon coloring 

in the sartorius tendon samples due to the combined effect of diabetes and aging. In 

contrast to the findings in this study, in the literature, the typical brilliant pearl white of 

tendon collagen is consistently replaced by a yellow-golden coloring in diabetic95,174,236 

and in vitro glycated41,81,135,150,231,260 collagenous tissues. It is possible that the expected 

change might be the result of an elevated accumulation of the fluorescent AGE crosslinks 

(e.g. pentosidine)14. However it is possible that in the sartorius tendon, similar to 

evidence in the human Achilles tendons from older individuals (Non-Diabetic: 59 ± 7 

years, Diabetic: 58 ± 5 years)58, the concentration of the fluorescent pentosidine 

crosslinks may be independent of diabetic status. Furthermore, evidence in the study of 

humans patellar tendons suggests that regular physical activity reduces the accumulation 

of AGE crosslinks57. Unfortunately, information regarding potential confounding  
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Table 5.6 Summary of the influence of diabetes on the in vitro mechanical properties of human lower 
limb tendons. Values expressed as mean ± SD. 

Tissue Strain 
Rate 

Diabetic 
Status: 

Age (years) 

Tissue 
Modulus 

(MPa) 

𝑼𝑼𝑼𝑼𝑼𝑼 
(MPa) 

Failure 
Strain 

Toughness 
(J/m3) 

Whole 
Achilles 
Tendon98 

10%/sec 
ND: 48 ± 21 414 ± 67 - 0.30 ± 0.10 1.2 ± 0.3 

D: 69 ± 11  347 ± 68* - 0.20 ± 0.03* 1.0 ± 0.3* 

Whole 
Achilles 
Tendon94 

10%/sec 
ND: N/A 272 ± 86 37 ± 28 - - 

D: N/A 80 ± 48* 17 ± 11* - - 

Sartorius 
Tendon 
Multi-
Fascicle 
Subsample 

0.25%/sec 

ND: 48 ± 8 196 ± 43 44 ± 11 0.30 ± 0.03 7.3 ± 2.0δ 

D: 55 ± 5 199 ± 30 36 ± 6 0.24 ± 0.02* 4.7 ± 0.9*,δ 

*Significantly different from non-diabetic population (p < 0.05). δMJ/m3. Italicized data are from 
current study. 

 

variables of physical activity level or blood sugar regulation of the diabetic donors for 

this study was not provided. 

5.4. Tensile Failure Mechanics and SEM Structural Studies 

 Tensile Failure Mechanics of the Sartorius Tendon Reflects Dense Crosslinking 

Tensile failure mechanics of the sartorius tendon multi-fascicle samples consisted 

of a high-energy, elastic, piecewise brittle snapping as observed in other mechanical 

studies of tendons in vitro performed by Bennett et al.30 and Sparavalo237, with the 

snapping clearly audible over the sounds of the hydraulic system. This brittle behaviour 

was found to be independent of donor age, sex and diabetic status, contrasting with a 

previous study by Guney et al.98 wherein Achilles tendons from diabetic donors 

underwent a more gradual failure. As shown in Figure 5.2, the brittle piecewise failure of 

the densely crosslinked sartorius tendon contrasted with the tensile failure mechanics of 

the weakly crosslinked bovine CDET, that failed as a single component in a gradual 

manner (a parabolic shaped plastic region)109. Perhaps indicative of the increase in brittle  
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Figure 5.2 Representative normalized stress-strain curves of the human sartorius tendon (blue) and 
the bovine CDET (red).  A marked difference in the failure mechanics are observed. The densely 
crosslinked sartorius tendon multi-fascicle subsample fails in a brittle piecewise manner in contrast 
to the single component gradual failure of the weakly crosslinked bovine CDET. Bovine CDET data 
from Herod et al.109. 

behaviour of the tensile failure mechanics, the sartorius tendon multi-fascicle subsamples 

demonstrated a similar range of modulus and strength, yet were less extensible and tough 

when compared to previously studied bovine tendons109,276 (Table 5.7). 

 Discrete Plasticity is Absent in Overloaded Sartorius Tendon 

Overall, consistent with prior SEM investigations in the densely crosslinked 

sartorius tendon237, an absence of discrete plasticity and consistent failure motifs at the 

nanoscale independent of age, sex, and diabetes were observed. Across all donor tendons, 

evidence of elastic recoil, hairpin turns, local fibril damage and complete fibril breakage 

of collagen fibrils. In the few (3/19 donors) tendon samples exhibiting apparent plasticity 

damage – that lacked the primary motifs of discrete plasticity257 – interkink D-banding 

was preserved and kinking along often isolated fibrils occurred for at maximum ~200 

microns. The tendons from these particular donors (24, 25, and 39 years of age) displayed  
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Table 5.7 Summary of in vitro mechanical properties of tendons tested in the Tissue Mechanics Lab demonstrating varying degrees of discrete plasticity 
damage. Values expressed as mean ± SD. 

Tissue Strain 
Rate 

Tissue Modulus 
(MPa) 

𝑼𝑼𝑼𝑼𝑼𝑼          
(MPa) Failure Strain Toughness 

(MJ/m3) 

Degree of  
Discrete 

Plasticity? 

Steer Tail Tendon276 
(24-30 M.O.)  0.01%/sec 421 ± 80 60 ± 10 - 9.1 ± 3.0 Extensive 

Bovine CDET109  
(24-36 M.O.)  10%/sec 151 ± 46 38 ± 8 38 ± 18 14.3 ± 3.6 Extensive 

Bovine SDFT109 
(24-36 M.O)  10%/sec 102 ± 34 23 ± 8 33 ± 12  6.8 ± 3.4 Sparse 

Human Sartorius Tendon 
Multi-Fascicle 
Subsample237  
(Male ND, 20-60 Y.O.)  

0.25%/sec 189 ± 66 32 ± 10 28 ± 4 5.2 ± 1.9 Absent 

Human Sartorius Tendon 
Multi-Fascicle Subsample  
(16-60 Y.O.)* 

0.25%/sec 199 ± 38 39 ± 9 27 ± 4 5.7 ± 1.8 Absent 

*Inclusive of male non-diabetic, male diabetic and female non-diabetic donor populations. Italicized data are from current study. 
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greater toughness (> 6 MJ/m3) and distribution of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 > 2℃) 

while being amongst the donors with the highest proportion of load decay observed via 

HIT. 

From the Tissue Mechanics Lab109,150,237,257,276 (Table 5.1, Table 5.7), it could be 

suggested that the formation of discrete plasticity in collagen fibrils occurs within 

tendons exhibiting a higher average toughness, sparse thermally-stable crosslinking 

(failure to reach 90℃ isotherm), and a broader average distribution of thermal stabilities. 

In the sartorius tendon, likely of a similar profile to the patellar tendon56, the elevated  

density of mature enzymatic (Hyl-Pyr) and non-enzymatic (pentosidine) intermolecular 

crosslinking restricts molecular sliding, thought to be necessary for the formation of 

discrete plasticity150.  

Consistent with Sparavalo237 (Figure 5.3), the high-energy, snapping, piecewise 

failure of the sartorius tendon multi-fascicle subsample was accompanied by elastic recoil 

damage at the nanoscale in SEM: balling, twisting and tangling of ruptured fibrils. The 

formation of hairpin turns in isolated fibrils occurred, at times serially along the length of 

the fibril. Appearances of hairpin turns occurred in both control and overloaded tendons, 

possibly in part due to sample preparation, however, with a significantly higher frequency 

and density in the overloaded specimens. Local fibril damage and complete fibril 

breakage was observed in isolated or neighboring fibrils, consistent with evidence of 

local fibril failure discovered via TEM by Meinel and coworkers164 in a ruptured Achilles 

tendon of a 29-year old female ballet dancer (Figure 5.4). A feature of importance to note 

in both the sartorius and Achilles tendon is that disruption of the substructure was present 

only at the damage sites. Local failure of the collagen fibrils may be indicative of 

inhomogeneities in collagen stability as displayed in BTT fibril modulus via AFM24.  

In the present study, qualitative differences in ultrastructure organization were not 

found to be determined by diabetic state. In contrast, Grant et al.95 described SEM 

investigations in regions of “twisted”, “curved” and otherwise disorganized Achilles 

tendon fibrils in 11 of 12 diabetic individuals in comparison to non-diabetic individuals. 

Comparable contrasting structural changes have been discussed in review papers of  
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Figure 5.3 SEM micrographs of overloaded human sartorius tendons revealing hairpin turns, 
recoiled fibrils and overall disorganization. Reprinted with permission237.  

 

Figure 5.4 TEM micrograph of local fibril failure (indicated by the black arrow heads) in a ruptured 
Achilles tendon from a 29-year old female ballet dancer at 38,000x. Reprinted with permission164. 
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induced diabetic rat model studies, predominantly examining models of the Achilles 

tendon188,231. 

5.5. Light Microscopy Studies of Structure and Composition 

 Birefringence: Collagen Crimp Flattening and Period Increases with Aging and 

Diabetes 

From the preliminary light microscopy studies, few noticeable changes in 

structure and composition of the sartorius tendon were observed with age. Qualitatively, 

collagen fiber flattening and crimp length were increased with age under polarized light  

microscopy. Changes in the collagen crimp were similar between tendons from  

older non-diabetic and diabetic male donors. Studies of human Achilles tendon241 and 

RTT68 have found a similar loss of crimp amplitude and increase in crimp wavelength of 

collagen fiber with aging. In light of the observed qualitative flattening of the collagen 

crimp and increase in crimp wavelength with aging, one would expect a decrease in 

extensibility, however, this does not agree with the mechanical findings of age-

independent extensibility in the current study. 

 H & E Staining: The Human Sartorius Tendon is Highly Cellular, Decreasing with 

Aging and Diabetes 

H & E staining of nuclei provided evidence of changes in cellular content with 

aging. Examination of a young female and male non-diabetic donor demonstrated dense 

nuclei content with no obvious differences between sexes. In the male donors, the density 

of nuclei appeared to be lower with the combined influence of aging and diabetes, likely 

indicative of lowered cellular activity and lowered tendon collagen turnover. The result 

of a qualitative decrease in nuclei content was similarly observed when investigating the 

sole influence of aging. In support of the current findings, in the human Achilles tendon, 

a qualitative decrease in nuclei content was observed throughout 4 decades of adulthood 

(30-66 years of age), and this process appeared to be accelerated in the presence of 

diabetes241. Elsewhere, a study of Achilles tendons provided no comment on the changes 
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in the content of nuclei between old diabetic and non-diabetic donors98; rather, tendon 

samples from diabetic donors displayed focal regions of collagen fiber disorganization 

and degeneration that were not observed in the current study. Taken together, the 

potential effects of a reduced cellular quantity and fiber disorganization support the 

notion of a reduced healing capacity in tendons from diabetic individuals236. 

 ∝-PEN12: Qualitative Increases in ∝-PEN12 Epitope Concentration with the 

Combined Influence of Aging and Diabetes  

In comparing the combined effects of aging and diabetes on pentosidine 

concentration (the biomarker for AGE accumulation), immunohistochemistry was 

performed using an antibody for the pentosidine epitope (∝-PEN12). A qualitative 

increase was identified in the degree of positive (DAB) staining for ∝-PEN12 when 

comparing tendon collagen from an old diabetic and a young non-diabetic donor. While 

the present study did not differentiate between aging and diabetic state on the 

concentration of ∝-PEN12, previous studies have examined these separately56,58. In 

support of this result, in the human patellar tendon, HPLC analysis has shown a 

significant six-fold increase in pentosidine accumulation when comparing a young (27 ± 

2) and older (67 ± 3) group of male donors56. Pentosidine concentration has not been 

found to be significant between non-diabetic and diabetic donors with similar physical 

activity levels and age58, suggesting that the increase in ∝-PEN12 epitope concentration 

in the sartorius tendon occuring due to the combination of aging and diabetes would be 

comparable to solely studying the effect of aging. 

In preliminary experiments, the use of a heat-induced epitope retrieval method 

(HIER) denatured much of the collagen on the slides, and it was found that the technique 

was much more informative without HIER. Positive staining occurred uniformly across 

collagen fibers. This is confirmed in Figure 5.5, where a drop of the primary was placed 

on the sample for a short duration (< 2 minutes) and the experiment proceeded according 

to protocol. Clearly defined edges are displayed where the primary had been placed, 

suggesting that binding to non-specific endogenous receptors did not occur (which would 

have resulted in misleading background staining). Further studies are necessary to  
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Figure 5.5 Light microscopy images at 40x and 100x magnification identifying the differences in 
positive and negative staining of the primary antibody with a clear border where the drop of ∝-
PEN12 antibody was placed. 
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independently evaluate the age-related changes in ∝-PEN12 concentration and to 

determine if HIER at various temperatures might be useful to access potential epitopes 

masked by the 10% formalin fixation. 

5.6. Summary of Objectives and Hypotheses 

 Study #1 Assessing Collagen Structure and Thermal Stability 

Hypothesis #1: Thermomechanical behaviour will depend significantly on donor age. 

With aging, increases in thermally stable crosslinks will further confine the fiber lattice 

and increase molecular packing resulting in increased overall thermal stability. Aging 

will result in a decreased distribution of thermal stabilities and an increase in thermally 

stable crosslinks. 

Conclusion: With increasing age, it was shown that sartorius tendon collagen thermal 

stability evaluated by HIT and DSC showed significant decreases in some parameters 

within the female and male non-diabetic donor populations. Similarly, the distribution of 

thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) and wet mass enthalpy significantly decreased with age. As 

sartorius tendon collagen ages, no changes in the concentration of thermally stable 

crosslinking were observed (𝑡𝑡1/2) in either sex. 

Hypotheses #2: Thermomechanical behaviour of tendon collagen over all age ranges will 

be independent of donor sex. Given the high load-bearing nature of the sartorius tendon 

and similar tendon compositions between sexes, it is expected that the overall collagen 

thermal stability, distribution of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) and thermally stable 

crosslinking will be independent of sex over all age ranges.  

Conclusion: No significant changes in thermal stability in tendon collagen were found 

between female and male non-diabetic donors. Moreover, the distribution of thermal 

stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹), enthalpy of denaturation, and density of thermally stable 

crosslinking (𝑡𝑡1/2) did not differ between sexes.  

Hypothesis #3: Within each sex, diabetic status will significantly determine 

thermomechanical behaviour of tendon collagen over all age ranges. Accelerated 
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accumulation of intermolecular glycation crosslinks in tissues from diabetic donors, with 

regards to the polymer-in-a-box theory170, will further increase molecular packing and 

restrict conformational freedom. Overall collagen thermal stability and total thermally 

stable crosslinking will be increased, accompanied by a decreased distribution of thermal 

stabilities in sartorius tendon collagen from the diabetic donors. 

Conclusion: Thermal stability assessed via DSC revealed an increase in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 in tendon 

collagen from the male diabetic donors when evaluated using both distilled water and 

PBS as the hydrating solution. However, the distribution of thermal stabilities (𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀), 

enthalpy of denaturation, HIT 𝑇𝑇𝑑𝑑, and isotherm behaviour the thermal stability remained 

independent of diabetic status in male donors. 

 Study #2: Assessing Mechanical Behaviour of Sartorius Tendon Collagen 

Hypothesis #1: Mechanical behaviour of tendon multi-fascicle subsamples will depend 

significantly on donor age. With anticipated changes in collagen content and crosslinking 

profile of aging tendons66,242, aging is expected to result in a stiffer, more brittle tissue 

within each donor population. 

Conclusion: With aging, no significant changes in tendon multi-fascicle subsample 

mechanics and tensile properties with age were observed in the male non-diabetic and 

male diabetic population. Samples from female donors exhibited both a significant 

decrease in strength and a trend toward decreasing toughness (p = 0.0859) with aging.  

Hypotheses #2: Mechanical behaviour of tendon multi-fascicle subsamples over all age 

ranges will be independent of the donor sex. Although minor changes in composition 

have been observed in human Achilles and patellar tendon studies between sexes152, bulk 

mechanical properties will be independent of sex.  

Conclusion: Despite an absence of sex-determined difference in the tensile failure 

mechanics of the sartorius tendon multi-fascicle subsample (e.g. brittle piecewise failure), 

some mechanical properties were determined by the donor sex. In the female donors, 

tendon multi-fascicle subsample strength, toughness and extensibility were significantly 
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lower when compared to the male donor population, while curiously, the modulus 

remained independent of the donor sex.  

Hypothesis #3: Within each sex, diabetic status will significantly determine the 

mechanical behaviour of the sartorius tendon multi-fascicle subsamples over all age 

ranges. Further increases in AGE intermolecular crosslink formation will negatively 

impact tendon multi-fascicle subsample mechanical behaviour, resulting in a stiffer and 

more brittle tissue.  

Conclusion: Despite an absence of diabetes-determined differences in the multi-fascicle 

subsample tensile failure mechanics (e.g. brittle piecewise failure) from male donors, the 

mechanical properties of toughness and extensibility were reduced in samples from the 

diabetic males. Unexpectedly, strength and modulus remained unchanged in the similarly 

aged population: 38-60 years old.  

 Study #3: Assessing Overload Damage to Tendon Collagen 

Hypothesis #1: Failure mechanisms, as described by an absence of discrete plasticity in a 

previous study237, of tendon collagen will not depend significantly on donor age. 

Hypothesis #2: Failure mechanisms of tendon collagen over all age ranges will be 

independent of the donor sex.  

Hypothesis #3: Within each sex, diabetic status will significantly determine the failure 

mechanisms of tendon collagen over all age ranges.   Evidence of more brittle fractures of 

tendon collagen fibrils from diabetic donors is anticipated. 

Conclusions: Nanoscale failure mechanics of tendon collagen identified by SEM were 

independent of donor age, sex and diabetic status. Evidence of an increase in brittle 

fractures of collagen fibrils from male diabetic donors was not found, and may require 

further studies. Damage motifs of elastic recoil, hairpin turns, and local fibril failure were 

observed in all samples. Plasticity damage was rarely observed in younger (24, 25 and 39 

Y.O.) and tougher donor tendon multi-fascicle subsamples; nevertheless, the extent of the 

influence of aging on its formation remains unclear.  
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 Study #4: Histology & Immunohistochemistry 

Hypothesis #1 In tendon collagen from (i) the older male diabetic donor, expectations are 

that an increase in collagen crimp wavelength will occur when compared to the tendon 

from (ii) the young male non-diabetic donor. With the suggested lowered turnover of 

tendon collagen in the old donor, the increased physical age of the fiber will result in a 

qualitative increase in the crimp wavelength. 

Conclusion: In tendon collagen samples from both non-diabetic and diabetic donors in 

their sixth decade of life, collagen crimp flattening and increase in the crimp wavelength 

was evident in comparison to a young (24 Y.O.) non-diabetic donor. 

Hypothesis #2 In tendons from (i) the old diabetic donor, expectations are that a 

decreased nuclei content via H & E staining will occur when compared to the tendon 

from (ii) the young non-diabetic donor. With aging and diabetes, marked qualitative 

decreases in cellular content is anticipated. 

Conclusion: Although a surprisingly high level of nuclei was present overall in the 

densely crosslinked sartorius tendon irrespective of age, a qualitative decrease in nuclei 

content occurred in the older versus younger donor. This decrease in nuclei content with 

aging appears to be independent of diabetic status.  

Hypothesis #3: In the tendon from (i) the older diabetic donor, expectations are that an 

increased presence of the pentosidine epitope (∝-PEN12) will occur when compared to 

the tendon from the (ii) young non-diabetic donor. 

Conclusion: Qualitative increases in the positive staining of the primary antibody for 

pentosidine (∝-PEN12) were observed in the older male diabetic donor when compared 

to the younger non-diabetic donor. As this preliminary study has determined changes in 

pentosidine epitope concentration based on the combined variable of aging and diabetes, 

future studies are required to differentiate the influence of aging and diabetes. 
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Chapter 6: Conclusion 

6.1. Limitations 

The primary constraint on this study occurred in the limited donor supply and 

information available to us about individual tissue donors. The tissue bank provided us 

only with age, sex, diabetic status, weight, and height of the donor. Unknown factors 

influencing tendon health not accounted for in this study include both intrinsic (e.g. 

genetics) and extrinsic (physical active living) factors. In the diabetic donors, the duration 

of diabetes and the extent of regulation of blood glucose levels, impacting tendon health 

and formation of AGEs, remain unknown. The statistical power of the analysis in the sex- 

and diabetes-related comparative studies examining tendon structure and mechanics were 

also limited by the sample sizes. In the younger cohorts, only a maximum of two sets of 

paired tendons under 30 years of age were available in each donor population (𝑛𝑛𝐹𝐹,𝑁𝑁𝑁𝑁 = 2, 

𝑛𝑛𝑀𝑀,𝑁𝑁𝑁𝑁  = 2, 𝑛𝑛𝑀𝑀,𝐷𝐷 = 0), with the youngest in the male diabetic donor population being 46 

years of age. Thus, age-related comparisons within the diabetic population (46-60 years) 

were insignificant. Moreover, the influence of diabetes could only be inferred from the 

male data in the absence of sartorius tendons from female diabetic donors. This is 

especially of importance given results from a previous study that found evidence of 

Achilles tendon thickening occurred only in females with diabetes6. 

Histological and immunohistochemical studies were a late addition to the thesis, 

intended as a preliminary work to qualitatively compare collagen crimp, cellularity and 

pentosidine epitope content between a younger non-diabetic male donor and an older 

diabetic donor. Thus, implementation of the light microscopy segment was agreed upon 

when 4/6 female donor tendons had been used, limiting the diversity of the tendon 

samples. Compared to animal studies where fixation of tendon specimens is able to occur 

shortly after the animal is euthanized, the human sartorius tendons were collected and 

frozen from the NSHA Regional Tissue Bank within 24 hours of tissue harvest prior to 

dissection and subsequent fixation. Thus, the overall duration of time between harvest to 
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fixation – during which cellular autolysis and degeneration may occur – of the sartorius 

tendon would be a limitation. 

During mechanical testing preparation, the cross-sectional area of the multi-

fascicle subsample was calculated using a line of sight and calculation of an assumed 

elliptical cross-section. It is possible that inaccurate estimates of the UTS and modulus 

were obtained due to sample shape. As a tradeoff in facilitating tendon multi-fascicle 

subsample gripping in tensile overload testing, and replicating the strain rate from the 

first study of discrete plasticity257, the quasistatic strain rate (0.25%/sec) utilized here 

limits the physiological relevance of the testing, as loading in vivo may reach up to 

200%/sec. Although tensile testing of the multi-fascicle bundles provides near-ideal 

geometry for gripping and allows for multiple tests to be performed, mechanics of whole 

tendon or fibril level mechanics are predominantly found elsewhere in the literature. 

In the thermal studies performed using DSC and HIT, the denaturation 

temperature evaluated by HIT (𝑇𝑇𝑑𝑑) was found to consistently precede that evaluated by 

DSC (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜). This is contrast to what would be thermodynamically expected and may be 

attributed to the differences in heating rates (~1.5 vs. 5℃/min). Furthermore, comparing 

the results obtained here and with other thermal studies of human tendon collagen is 

difficult due in part to the variety of tendons (e.g. patellar/Achilles/rotator cuff tendon) 

and heating rate – with superheating effects122 – available for comparison (0.3 vs. 

5℃/min)54,271. 

6.2. Future Research Suggestions 

 In-Depth Light and Scanning Electron Microscopy 

To further improve upon the light microscopy findings, a comparison of serial 

sections of the tendon tissues at pre-determined locations along the tendon depth is 

required, in addition to with testing with HIER techniques to potentially uncover masked 

epitopes not identified in IHC experiments. To add depth, the usage of the Movat 

Pentachrome kit would uncover the location and concentrations of other ECM 

components (e.g. proteoglycans, muscle, and elastin). Further, determination of the 
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nuclear aspect ratio and nuclei counting of H & E stained tendon sections may be used to 

evaluate changes related to age, sex, and diabetes. In terms of immunohistochemistry, 

determination on the type of collagens present and cellular activity (e.g. metabolism, ∝-

SMA) may be performed. In general, a more complete quantitative study with increased 

number of tendon samples from varying donors and tendon anatomical locations (e.g. 

Midsubstance, OTJ, MTJ) would improve upon the current findings. Lastly, a study of 

the changes in fiber structure after multiple overload cycles without rupture could be 

carried out.  

With SEM, determination of changes in fibril diameters and density with donor 

age, sex, and diabetic status may provide insight into changes in structure and mechanics 

observed via HIT, DSC, and tensile testing. Moreover, a study of the changes in fibril 

diameter of damaged versus undamaged fibrils may provide insight on strain energy 

absorption and dissipation in specific fibrils. In addition to SEM, AFM could be used 

(similar to the BTT24 and bovine forelimb tendon200 studies) to determine overload 

damage to the internal fibril structure. 

 In Vitro Diabetes Model 

Determining the alterations in tendon structure and mechanics of a weight-bearing 

human tendon solely due to accumulation of AGEs has not been performed previously to 

the author’s knowledge. The current study of the effects of diabetes was limited by the 

lack of knowledge of the diabetic donor’s ability to regulate their blood glucose levels 

(and other factors including activity level) and this may have masked the effects of AGE 

accumulation occuring in poorly maintained diabetes. Application of in vitro ribose 

solutions to these (human sartorius) tendons similar to Lee and Veres might be 

revealing150.  

 Crosslink Analysis and Identification 

HIT and DSC techniques provided valuable (proxy) insight into the changes in 

density of and types of the crosslinking present (thermally stable vs. thermally labile). 

Usage of a technique similar to High Performance Liquid Chromatography (HPLC) as 



137 

 

per studies of patellar tendon56 and BTT275 may provide important insight in the quantity 

and concentration of the specific crosslinks present.  

 In-Depth Analysis of the Tendon Mechanics 

In-depth evaluation of the stress-strain curves of the tendon fascicles could be 

performed on three phases. Firstly, determining the extensibility of the tendon based on 

the beginning of the linear region of the stress-strain curve might reduce manual bias 

from the variability of the applied preload (0.5 ± 0.25 N). Secondly, evaluating changes 

in the post-yield strain energy absorbed may indicate changes with age, sex, and diabetes. 

Thirdly, determining the differences in failure mechanics after the point of UTS similar to 

the methods of Guney and coworkers98 in the Achilles tendons from non-diabetic and 

diabetic donors could be applied. Lastly, implementation of dynamic mechanical testing 

to assess viscoelastic properties of the sartorius tendon investigating age-, sex- and 

diabetes-determined changes. 

 Fatigue Subrupture Overload Testing and Usage of a Complementary Set of 

Human Tendons 

Implementation of a study using repeated subrupture overload may provide 

valuable information on the formation of discrete plasticity in human sartorius tendon 

collagen fibrils. A previous study of BTT have shown that repeated subrupture overload 

progressively leads to the increased formation of discrete plasticity damage in tendon 

collagen fibrils with the number of overload cycles255. 

In addition to the implementation of a repeated subrupture overload protocol, and 

similar to the works performed by Herod et al.109, an experiment in which the differences 

in structurally proximate, yet functionally distinct human tendons would provide useful 

information on the differences in positional and energy-storing tendons throughout 

adulthood. The digital flexor-extensor pair are the likely best candidates.  
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6.3. Concluding Remarks 

As an extension of previous work performed by Sparavalo et al237, the purpose of 

this thesis was to determine the differences in sartorius tendon collagen structure and 

mechanics based on age (16-60 years), sex and diabetes. HIT and DSC revealed some 

changes in donor tendon structure with aging and diabetes, yet no changes occurred with 

sex. Compared to male non-diabetic donors, female non-diabetic and male diabetic 

tissues were found to be less tough and less extensible. In addition, tendons from female 

donors were weaker than those from the male donors. SEM microscopy revealed no 

changes in nanoscale failure mechanisms with age, sex and diabetic status. Light 

microscopy studies revealed a loss of collagen crimp, reduced density of nuclei, and 

increases in pentosidine epitope accumulation with aging and diabetes. Further, this study 

was to the author’s knowledge, the first to investigate structural changes in tendon 

collagen based on sex via thermal methods DSC and HIT. In light of these findings, it 

appears the sartorius tendon is a highly crosslinked structure that remains relatively 

unchanged with age, sex and diabetes, sacrificing the toughness mechanism of discrete 

plasticity for molecular stability and strength. This stability of structure with age is belied 

by the surprisingly high cellular density which is partially retained into early geriatric 

life. In summary, this novel study has contributed to advancing knowledge in multiple 

fronts of modern tendon research with potential future applications in healing and 

treatment of soft tissue injuries, and which could provide insight for tendon and ligament 

replacements.
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Appendix A: Phosphate Buffer Saline DSC Study, Half-Time of Load 

Decay and Height-Related Data 

DSC Protocol for Usage of PBS as the Hydrating Solution 

For DSC testing, tendon pieces were taken from two ~10 x 10 mm square sections 

near the middle of tendons (Figure 3.6) from male diabetic and non-diabetic donors due 

to experimental progression. This resulted in multiple ~2.5 x 2.5 mm samples each 

weighing 15 ± 5 mg. Samples were placed in 40 mL of freshly prepared phosphate buffer 

saline. Samples were double rinsed with PBS and stored at 4℃ overnight. DSC samples 

were blotted dry to remove excess water from the surface and weighed before being 

individually placed and hermetically sealed in 20µL aluminum pans. DSC was performed 

using a Q200 differential scanning calorimeter (TA Instruments, New Castle, DE) that 

was calibrated prior to testing with an Indium standard. Samples were run against an 

empty hermetically sealed reference pan. Pan temperatures were equilibrated at 30°C and 

the temperature was increased at a linear rate of 5°C per minute to 90°C. During testing, 

data was recorded at 10 Hz with the resultant endotherm analyzed using Universal 

Analysis 2000 software (Version 4.5A, TA Instruments). After testing, sealed pans were 

pierced using a hypodermic needle and stored in a vacuum desiccator with the sample dry 

mass being weighed once every 24 hours until the mass stabilized. 

Thermal Stability Remains Largely Unchanged with Age in the Male Diabetic and Non-

Diabetic Donor Populations with Changes Related to Solution Type and Diabetic Status 

The preliminary study, performed in an effort to reinforce previous findings in 

sartorius tendon collagen by Sparavalo et al237, revealed only an increase in 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (p = 

0.0196) of the sartorius tendon collagen with age (Figure A.1). Moreover, both of the 

average values of 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (p = 0.0033) and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (p = 0.0079) were found to be significantly 

higher in the older male donors (38-60 years of age) with diabetes (Figure A.2). Lastly, the 

use of phosphate buffer saline produced molecular destabilization exhibited by the 

significant decreases in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 when compared to values obtained using distilled 

water (Figure A.3), however,  the difference remained unchanged by age group. 
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Figure A.1 DSC Properties vs. Age when using PBS as the hydrating solution. Only (A) 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 was found to have an increasing significant relationship 
with increasing age in male non-diabetic individuals. Male diabetic and non-diabetic individuals were included in this segment of the study.
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Figure A.2 Evaluating the effect of diabetes in the older male population (38-60) on DSC parameters: 
(A) 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 and (B) 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 using PBS as the hydrating solution. 
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Figure A.3 Combining the Male ND and Male Diabetic data to improve sample sizes, an evaluation of 
the effects of salt solutions on (A) 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 and (B) 𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 of tendon collagen in the younger and older 
populations was performed. Significant molecular destabilization occurs within the younger and 
older donor population; however, the disparity does not significantly decrease with aging when 
evaluated using a Two-Way Ordinary ANOVA (p > 0.05). 
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Table A.1 Half-Time of Load Decay values of samples from female non-diabetic donors. Mean ± SD 
values of 𝒕𝒕𝟏𝟏/𝟐𝟐 for each donor population are found in parentheses below their respective names.  
Values are expressed as mean ± SD. 

Donor Population 
(Average 𝒕𝒕𝟏𝟏/𝟐𝟐 (hr))  

Age 
(years) 

N 
𝒕𝒕𝟏𝟏/𝟐𝟐 
(hrs) 

Female Non-Diabetic 
(482 ± 568) 

16 1 302 ± N/A 

17 1 100 ± N/A 

44 2 127 ± 73 

48 0 N/A 

49 2 1,473 ± 1,147 

58 4 409 ± 381 

 Age N 𝒕𝒕𝟏𝟏/𝟐𝟐 

Male Non-Diabetic 
(1,490 ± 2,370) 

24 2 36 ± 36 

25 3 508 ± 583 

31 2 6,260 ± 7,940 

38 5 212 ± 190 

39 3 440 ± 309 

48 1 123 ± N/A 

52 3 508 ± 539 

53 3 344 ± 335 

59 3 5,000 ± 7,710 

 Age N 𝒕𝒕𝟏𝟏/𝟐𝟐 (hr) 

Male Diabetic 
(757 ± 677) 

46 3 506 ± 189 

50 0 N/A 

54 3 1,310 ± 1,980 

56 1 1,625 ± N/A 

59 0 N/A 

60 1 53 ± N/A 

60 4 291 ± 329 

60 0 N/A 



170 

 

 

 
Figure A.4 Strain at UTS increased significantly with increasing height when pooling the entire 
sample population. Significant relationships were not found for any of the individual donor 
populations. 
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Appendix B: Licenses for Copyrighted Material 
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