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Abstract 

Valvular heart disease has a major impact on patient morbidity and mortality on a 

global scale. Current heart valve replacement options present with numerous 

limitations. These can be addressed by the implementation of a novel 

decellularised heart valve replacement option that can meet clinical needs. 

However, decellularised heart valves require sterilisation prior to clinical use.  

The aim of this study was to identify a novel sterilisation method that minimally 

impacts ECM structure and components, biochemical composition, 

biocompatibility, and biomechanical properties of decellularised porcine 

pulmonary heart valves (dPHVs).  

Sterilisation of dPHVs with 1 mg/L copper chloride (CuCl2) combined with 1 % 

hydrogen peroxide (H2O2) (pH 7) for 3 hours at 37 °C resulted in histoarchitectural 

alterations of the leaflets, a reduction in collagen thermal stability and a loss of 

tissue mechanical strength.  However, the intensity of collagen IV and fibronectin 

immunolabelling was comparable to untreated dPHV tissue.  

Supercritical carbon dioxide (ScCO2) sterilisation (supplemented with 13.5 - 18.5 

% [v/v] PAA and 4.5 - 6 % [v/v] H2O2) of dPHVs in Poly-Tyvek pouches resulted in 

the unanticipated compression of the whole dPHV macroscopic structure. ScCO2 

treatment of dPHVs in Poly-Tyvek pouches and dPHVs submerged in PBS resulted 

in a significant reduction in collagen IV immunolabelling and a reduction in 

collagen thermal stability in comparison to untreated dPHV controls. However, 

fibronectin immunolabelling was retained along with the ECM histoarchitecture, 

biochemical composition and tissue biomechanical properties.  

ScCO2 sterilisation of dPHVs submerged in PBS did not detrimentally impact valve 

competency, expansion characteristics and suture retention properties in 

comparison to untreated dPHV controls.  

In vitro contact and extract cytotoxicity assessments demonstrated that both 

sterilisation methods investigated did not induce a cytotoxic response.  

Overall, ScCO2  sterilisation under submerged conditions may be the optimal 

method for the terminal sterilisation of dPHVs.  

 



III 
 

Table of Contents  

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

1.1 Overview ............................................................................................................................... 1 

1.2 The Human Heart ............................................................................................................. 2 

1.3 Heart Valves ........................................................................................................................ 4 

1.3.1 Atrioventricular Valves ..................................................................................... 6 

1.3.2 Semilunar Valves ................................................................................................. 7 

1.4 Heart Valve Disease ...................................................................................................... 16 

1.5 Heart Valve Replacements ........................................................................................ 18 

1.5.1 Mechanical Heart Valves ............................................................................... 19 

1.5.2 Biological Heart Valves .................................................................................. 21 

1.5.3 Transcatheter Valve Implantation ........................................................... 26 

1.5.4 The Unmet Clinical Need for Paediatric Patients .............................. 28 

1.5.5 Tissue Engineered Heart Valves ................................................................ 29 

1.6 Decellularised Heart Valves ...................................................................................... 33 

1.7 The Importance of Sterilisation of Decellularised Heart Valves ............. 37 

1.7.1 Pathogenic Microorganisms Associated With Tissue Grafts ....... 38 

1.7.2 Sterilisation Techniques of Soft Tissue .................................................. 42 

1.8 Rationale, Aims and Objectives ............................................................................... 51 

1.8.1 Rationale ............................................................................................................... 51 

1.8.2 Aim ........................................................................................................................... 51 

1.8.3 Objectives ............................................................................................................. 52 

Chapter 2 : Materials and Methods .........................................................................53 

2.1 Materials ............................................................................................................................ 53 

2.1.1 Chemicals and Reagents ................................................................................ 53 

2.1.2 Equipment ............................................................................................................ 53 

2.1.3 Labware and Consumables .......................................................................... 53 

2.1.4 Glassware ............................................................................................................. 53 

2.1.5 Cell Lines ............................................................................................................... 53 

2.1.6 General Chemical Stock Solutions ............................................................ 54 

2.1.7 Decellularisation Solutions .......................................................................... 54 

2.2 Methods .............................................................................................................................. 57 

2.2.1 General Methods ............................................................................................... 57 

2.2.2 Acquisition of Porcine Pulmonary Heart Valves ............................... 59 

2.2.3 Decellularisation of Porcine Pulmonary Heart Valves.................... 60 



IV 
 

2.2.4 Basic Histological Techniques .................................................................... 63 

2.2.5 Histological Staining ....................................................................................... 64 

2.2.6 Immunohistochemistry ................................................................................. 67 

2.2.7 Differential scanning calorimetry ............................................................ 69 

2.2.8 Biochemical Analysis ...................................................................................... 70 

2.2.9 Cell Culture .......................................................................................................... 73 

2.2.10 Biocompatibility Assessments ................................................................... 75 

2.2.11 Sterility Testing ................................................................................................. 77 

2.2.12 Uniaxial Tensile Testing ................................................................................ 78 

2.2.13 Statistical Analysis ........................................................................................... 82 

Chapter 3 : Production and Characterisation of Decellularised Porcine 
Pulmonary Heart Valves ................................................................................. 83 

3.1 Introduction ..................................................................................................................... 83 

3.2 Aims and Objectives ..................................................................................................... 88 

3.2.1 Aim .......................................................................................................................... 88 

3.2.2 Objectives ............................................................................................................. 88 

3.3 Study Experimental Approach ................................................................................ 89 

3.4 Methods ............................................................................................................................. 90 

3.4.1 Production of Decellularised Porcine Pulmonary Heart Valves ...... 90 

3.4.2 Histological Analysis ............................................................................................. 90 

3.4.3 Immunohistochemical Labelling of Collagen IV ................................ 90 

3.4.4 DNA Purification and Quantification DNA of Native and 
Decellularised Porcine Pulmonary Heart Valves .............................. 90 

3.5 Results ................................................................................................................................ 93 

3.5.1 Histological Analysis ............................................................................................. 93 

3.5.2 Immunohistochemical Labelling of Collagen IV ...................................... 93 

3.5.3 DNA Content of Native and Decellularised Porcine Pulmonary 
Heart Valves ........................................................................................................ 96 

3.5.4 In Vitro Cytocompatibility Assessments ............................................... 97 

3.5.5 Uniaxial Tensile Testing ................................................................................ 98 

3.6 Discussion ....................................................................................................................... 101 

Chapter 4 : The Impact of Copper Chloride & Hydrogen Peroxide 

Sterilisation on the Biological and Biomechanical Properties of 
Decellularised Heart Valves ......................................................................... 106 

4.1 Introduction ................................................................................................................... 106 

4.2 Aims and Objectives ................................................................................................... 111 

4.2.1 Aim ........................................................................................................................ 111 



V 
 

4.2.2 Objectives .......................................................................................................... 111 

4.3 Study Experimental Approach ............................................................................. 113 

4.4 Methods ........................................................................................................................... 115 

4.4.1 Preliminary Experiments ........................................................................... 115 

4.4.2 Production of Decellularised Porcine Pulmonary Heart Valves
 119 

4.4.3 CuCl2 & H2O2 Sterilisation .......................................................................... 119 

4.4.4 Histological Analysis .................................................................................... 120 

4.4.5 Immunohistochemical Labelling of Collagen IV and Fibronectin
 120 

4.4.6 Visualisation of Tissue Surface Microscopic Structure ............... 120 

4.4.7 Quantification of Collagen Content ....................................................... 121 

4.4.8 Quantification of GAG Content ................................................................ 121 

4.4.9 DSC Analysis ..................................................................................................... 121 

4.4.10 In Vitro Cytocompatibility Assessments ............................................. 121 

4.4.11 Uniaxial Tensile Testing ............................................................................. 121 

4.5 Results .............................................................................................................................. 122 

4.5.1 Preliminary Experiments ........................................................................... 122 

4.5.2 Histological Analysis .................................................................................... 135 

4.5.3 Immunohistochemical Labelling of Collagen IV and Fibronectin
 139 

4.5.4 Visualisation of Tissue Surface Microscopic Structure ............... 141 

4.5.5 Quantification of Collagen Content ....................................................... 142 

4.5.6 Quantification of GAG Content ................................................................ 143 

4.5.7 DSC Analysis ..................................................................................................... 144 

4.5.8 In Vitro Cytocompatibility Assessments ............................................. 145 

4.5.9 Uniaxial Tensile Testing.................................................................................... 147 

4.6 Discussion ...................................................................................................................... 150 

Chapter 5 : The Impact of Supercritical Carbon Dioxide Sterilisation on the 
Biological and Biomechanical Properties of Decellularised Heart 
Valves .................................................................................................................. 157 

5.1 Introduction .................................................................................................................. 157 

5.2 Aims and Objectives .................................................................................................. 161 

5.2.1 Aim ........................................................................................................................ 161 

5.2.2 Objectives .......................................................................................................... 161 

5.3 Study Experimental Approach ............................................................................. 163 

5.4 Methods ........................................................................................................................... 164 



VI 
 

5.4.1 Production of Decellularised Porcine Pulmonary Heart Valves
 164 

5.4.2 ScCO2 Sterilisation ......................................................................................... 164 

5.4.3 Histological Analysis ..................................................................................... 165 

5.4.4 Immunohistochemical Labelling of Collagen IV and Fibronectin
 165 

5.4.5 Visualisation of Tissue Surface Microscopic Structure ................ 166 

5.4.6 Quantification of Collagen Content ........................................................ 166 

5.4.7 Quantification of GAG Content ................................................................. 166 

5.4.8 DSC Analysis ..................................................................................................... 166 

5.4.9 In Vitro Cytocompatibility Assessments ............................................. 166 

5.4.10 Uniaxial Tensile Testing .............................................................................. 167 

5.5 Results .............................................................................................................................. 168 

5.5.1 Macroscopic Observations of ScCO2 dPHVs ....................................... 168 

5.5.2 Histological Analysis ..................................................................................... 168 

5.5.3 Immunohistochemical Labelling of Collagen IV and Fibronectin
 173 

5.5.4 Visualisation of Tissue Surface Microscopic Structure ................ 175 

5.5.5 Quantification of Collagen Content ........................................................ 177 

5.5.6 Quantification of GAG Content ................................................................. 178 

5.5.7 DSC Analysis ..................................................................................................... 179 

5.5.8 In Vitro Cytocompatibility Assessments ............................................. 180 

5.5.9 Uniaxial Tensile Testing .............................................................................. 182 

5.6 Discussion ....................................................................................................................... 187 

Chapter 6 : Further Biomechanical Properties of ScCO2 Sterilised 
Decellularised Heart Valves ......................................................................... 194 

6.1 Introduction ................................................................................................................... 194 

6.2 Aims and Objectives ................................................................................................... 196 

6.2.1 Aim ........................................................................................................................ 196 

6.2.2 Objectives ........................................................................................................... 196 

6.3 Study Experimental Approach .............................................................................. 197 

6.4 Methods ........................................................................................................................... 198 

6.4.1 Production of Decellularised Porcine Pulmonary Heart Valves
 198 

6.4.2 ScCO2 Sterilisation ......................................................................................... 198 

6.4.3 Functional Biomechanical Performance I: Competency 
Assessment ........................................................................................................ 198 



VII 
 

6.4.4 Biomechanical Performance II: Expansion Characteristics ...... 201 

6.4.5 Biomechanical Performance: Suture-Retention Assessment ... 204 

6.4.6 Statistical Analysis ........................................................................................ 206 

6.5 Results .............................................................................................................................. 207 

6.5.1 Hydrodynamic Performance I: Competency Assessment .......... 207 

6.5.2 Biomechanical Performance II: Expansion Characteristics ...... 208 

6.5.3 Biomechanical Performance: Suture Retention Testing ............. 210 

6.6 Discussion ...................................................................................................................... 212 

Chapter 7 : Discussion .............................................................................................. 216 

7.1 General Discussion ..................................................................................................... 216 

7.2 Future Work .................................................................................................................. 229 

7.3 Conclusion ...................................................................................................................... 233 

Appendix A: Equipment and Materials .............................................................. 266 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VIII 
 

List of Figures 

Figure 1.1 Anterior Surface of the Human Heart. ................................................ 3 

Figure 1.2 Heart Valve Locations. .............................................................................. 5 

Figure 1.3 Systemic Circulation of Blood. ............................................................... 6 

Figure 1.4 Schematic of AV Valves During Systole and Diastole. .................... 9 

Figure 1.5 Layers (A) and Architectural Configuration of SL Leaflets During 
Ventricular Systole and Ventricular Diastole (B). ................................... 11 

Figure 1.6 Stress-Strain Behaviour of Heart Valve Tissue. ............................ 14 

Figure 1.7 Evolution of Mechanical Heart Valve Replacements. Image 
adapted from Mahmood et al. (2018) and Blot et al. (2005). .............. 19 

Figure 1.8 Order of microorganisms resistance to sterilisation. ................. 38 

Figure 2.1 Porcine PHV Root Dissection. ............................................................. 60 

Figure 2.2 Cutting Tissue Samples for Uniaxial Tensile Testing. ................. 79 

Figure 2.3 Thickness Gauge and Custom Made Grips for Uniaxial Tensile 
Testing. .................................................................................................................. 80 

Figure 2.4 Uniaxial Tensile Loading Until Failure. ........................................... 81 

Figure 2.5 Representative Stress-Strain Curve. ................................................. 82 

Figure 3.1 Schematic of the Experimental Approach Adopted to 
Characterise Decellularisation Efficacy and the Impact of 
Decellularisation on the Biological and Biomechanical Properties of 
Porcine Pulmonary Heart Valves. ................................................................ 89 

Figure 3.2 Representative Images of H & E Stained Native and 
Decellularised PHVs. ......................................................................................... 94 

Figure 3.3 Representative Images of Native and Decellularised PHVs 
Labelled with Monoclonal Antibodies Against Collagen IV. ................. 95 

Figure 3.4 DNA Content of Native and Decellularised Porcine Pulmonary 
Heart Valves......................................................................................................... 96 

Figure 3.5 Giemsa Stained Cell Cultures From Contact Cytotoxicity of dPHV 
Wall and Leaflet Specimens, and Cell Viability of L929 Cells Following 
Incubation with dPHV Wall and Leaflet Tissue Extracts. ...................... 97 

Figure 3.6 Stress-Strain Graphs of Native and Decellularised PHV Wall and 
Leaflet Specimens. ............................................................................................. 99 

Figure 3.7 Tensile Parameters of Decellularised PHV Artery Wall and 
Leaflet Specimens in Comparison to Native PHVs. ............................... 100 

Figure 4.1 Schematic of the Preliminary Experiments Used to Select an 
Optimised CuCl2 & H2O2 Formulation and Sterilisation Time 
Conditions. ......................................................................................................... 113 



IX 
 

Figure 4.2 Schematic of the Experimental Approach Adopted to 
Characterise the Impact of CuCl2 & H2O2 Sterilisation on the Biological 
and Biomechanical Properties of Decellularised Porcine Pulmonary 
Heart Valves. ..................................................................................................... 114 

Figure 4.3 Schematic of dPHV Inoculation with Spores. ............................... 119 

Figure 4.4 CuCl2 Concentration (A) and pH (B) of 1 mg/L CuCl2 Solutions 
When Combined with 0.5 % and 1 % H2O2 Over 24 Hours. ............... 122 

Figure 4.5 H2O2 Concentration and pH of 0.5 % (A, C) and 1 % (B, D) H2O2 

Solutions When Combined with 0.1 and 1 mg/L CuCl2 Over 24 Hours.
 ............................................................................................................................... 124 

Figure 4.6 Growth of B.subtilis Spores Exposed to 0.1 mg/L CuCl2 & 0.5 % 
H2O2, 0.1 mg/L CuCl2 & 1 % H2O2, 1 mg/L CuCl2 & 0.5 % H2O2, and 1 
mg/L CuCl2 & 1 % H2O2 Over 5 hours. ....................................................... 126 

Figure 4.7 Growth of B.subtilis Spores on Inoculated dPHV Segments 
Exposed to 0.1 mg/L CuCl2 & 1 % H2O2, 1 mg/L CuCl2 & 1 % H2O2 and 
Sterile dH2O Over 3 and 4 hours. Representative images from n=3 
shown. ................................................................................................................. 127 

Figure 4.8 Representative Images of H & E Stained dPHV Control, dPHVs 
Incubated with 0.1 mg/L CuCl2 & 1 % H2O2 for 3 hours, and dPHVs 
Incubated with 0.1 mg/L CuCl2 & 1 % H2O2 for 4 hours. ..................... 129 

Figure 4.9 Representative Images of H & E Stained dPHV Control, dPHVs 
Incubated with 1 mg/L CuCl2 & 1 % H2O2 for 3 hours, and dPHVs 
Incubated with 1 mg/L CuCl2 & 1 % H2O2 for 4 hours. ........................ 130 

Figure 4.10 Representative Bright Field Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 4 hours. ...................................................................... 131 

Figure 4.11 Representative Bright Field Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 1 mg/L 
CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated with 1 mg/L CuCl2 
& 1 % H2O2 for 4 hours. ................................................................................. 132 

Figure 4.12 Representative Polarised Light Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 4 hours. ...................................................................... 133 

Figure 4.13 Representative Polarised Light Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L 
CuCl2 & 1 % H2O2 for 4 hours. ...................................................................... 134 

Figure 4.14 Representative H & E Stained Control and 1 mg/L CuCl2 & 1 % 
H2O2 Sterilised dPHVs .................................................................................. 136 

Figure 4.15 Representative Images of Picrosirius Red & Miller’s Elastin 
Stained Control and 1mg/L CuCl2 & 1 % H2O2 Sterilised dPHV Artery 
Wall Intima, Adventitia, Leaflet, and Myocardium Sections. ............. 137 



X 
 

Figure 4.16 Representative Images of Movat’s Pentachrome Stained 
Control and 1 mg/L CuCl2 & 1 % H2O2 Sterilised dPHVs. .................... 138 

Figure 4.17 Representative Images of Control and 1 mg/L CuCl2 & 1 % H2O2 
Sterilised dPHV Sections Labelled with Monoclonal Antibodies 
Against Collagen IV. ......................................................................................... 139 

Figure 4.18 Representative Images of Control and 1 mg/L CuCl2 & 1 % H2O2 
Sterilised dPHV Sections Labelled with Monoclonal Antibodies 
Against Fibronectin. ........................................................................................ 140 

Figure 4.19 Microscopic Structure of Control and 1 mg/L CuCl2 & 1 % H2O2 
dPHV Artery Wall Intima, Adventitia, Leaflet Ventricularis, and 
Leaflet Arterialis Surfaces. ............................................................................ 141 

Figure 4.20 Collagen Content of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall 
and Leaflet Specimens in Comparison to dPHV Controls. .................. 142 

Figure 4.21 GAG Content of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall and 
Leaflet Specimens in Comparison to dPHV Controls. ........................... 143 

Figure 4.22 Collagen Thermal Stability of 1 mg/L CuCl2 & 1 % H2O2 dPHV 
Artery Wall and Leaflet Specimens in Comparison to dPHV Controls.
................................................................................................................................ 144 

Figure 4.23 Images of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall (W) and 
Leaflet (L) Specimen Sterility Tests 48 hours Post Inoculation. ...... 145 

Figure 4.24 Giemsa Stained Cell Cultures From Contact Cytotoxicity of 1 
mg/L CuCl2 & 1 % H2O2 dPHV Wall and Leaflet Specimens. ............... 146 

Figure 4.25 Cell Viability of L929 Cells Cultured With 1 mg/L CuCl2 & 1 % 
H2O2 Wall and Leaflet Tissue Extracts. ...................................................... 146 

Figure 4.26 Stress-Strain Graphs of Control and 1 mg/L CuCl2 & 1 % H2O2 

dPHV Wall and Leaflet Specimens. ............................................................. 148 

Figure 4.27 Tensile Parameters of 1 mg/L CuCl2 & 1 % H2O2  dPHV Artery 
Wall and Leaflet Specimens in Comparison to dPHV Controls. ........ 149 

Figure 5.1. Carbon Dioxide Phase Diagram. ...................................................... 158 

Figure 5.2 Schematic of the Experimental Approach Adopted to 
Characterise the Impact of ScCO2 Sterilisation on the Biological and 
Biomechanical Properties of Decellularised Porcine Pulmonary Heart 
Valves ................................................................................................................... 163 

Figure 5.3 ScCO2 Equipment Workflow Schematic. ........................................ 164 

Figure 5.4 Macroscopic Structure of dPHV Sterilised with ScCO2 (A) Whilst 
Packaged in a NovaPouch and (B) Whilst Submerged in PBS. .......... 168 

Figure 5.5 Representative Images of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet, and Myocardium Sections Stained With H & E. ....................... 170 

Figure 5.6 Representative Images of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet, and Myocardium Sections Stained with Picrosirius Red & 
Miller’s Elastin. ................................................................................................. 171 



XI 
 

Figure 5.7 Representative Images of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet, and Myocardium Sections Stained With Movat’s Pentachrome.
 ............................................................................................................................... 172 

Figure 5.8 Representative Images of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet, and Myocardium Sections Labelled with Monoclonal 
Antibodies Against Collagen IV. .................................................................. 174 

Figure 5.9 Representative Images of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet, and Myocardium Sections Labelled with Monoclonal 
Antibodies Against Fibronectin. ................................................................. 175 

Figure 5.10 Microscopic Structure of Control, ScCO2 (NovaPouch), and 
ScCO2 (Submerged in PBS) dPHV Artery Wall Intima, Adventitia, 
Leaflet Ventricularis, and Leaflet Arterialis Surfaces. ......................... 176 

Figure 5.11 Collagen Content of (A) ScCO2 (NovaPouch) and (B) ScCO2 

(Submerged in PBS) dPHV Artery Wall and Leaflet Specimens in 
Comparison to dPHV Controls. .................................................................... 177 

Figure 5.12 GAG Content of (A) ScCO2 (NovaPouch) and (B) ScCO2 

(Submerged in PBS) dPHV Artery Wall and Leaflet Specimens in 
Comparison to dPHV Controls. .................................................................... 178 

Figure 5.13 Thermal Stability of (A) ScCO2 (NovaPouch) and (B) ScCO2 

(Submerged in PBS) dPHV Artery Wall and Leaflet Specimens in 
Comparison to dPHV Controls. .................................................................... 179 

Figure 5.14 Images of ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 
dPHV Artery Wall (W) and Leaflet (L) Specimen Sterility Tests 48 
hours Post Inoculation. .................................................................................. 180 

Figure 5.15 Giemsa Stained Cell Cultures From Contact Cytotoxicity of 
ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHV Wall and 
Leaflet Specimens. ........................................................................................... 181 

Figure 5.16 Cell Viability of L929 Cells Cultured With (A) ScCO2 
(NovaPouch) and (B) ScCO2 (Submerged in PBS) Wall and Leaflet 
Tissue Extracts. ................................................................................................ 182 

Figure 5.17 Stress-Strain Graphs of DPHV Control with ScCO2 (NovaPouch) 
and ScCO2 (Submerged in PBS) dPHV Wall and Leaflet Specimens. 183 

Figure 5.18 Tensile Parameters of ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV Artery Wall Specimens in Comparison to 
dPHV Controls................................................................................................... 185 

Figure 5.19 Tensile Parameters of ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV Leaflet Specimens in Comparison to dPHV 
Controls............................................................................................................... 186 

Figure 6.1 Schematic of the Experimental Approach Adopted to 
Characterise the Impact of ScCO2 Sterilisation on the Functional 
Biomechanical Properties of Decellularised Porcine Pulmonary Heart 
Valves .................................................................................................................. 197 



XII 
 

Figure 6.2 Static Leakage Test Rig Schematic. .................................................. 199 

Figure 6.3 Static Leakage Test Rig Validation .................................................. 200 

Figure 6.4 Static Leakage Test Set-Up ................................................................. 201 

Figure 6.5 Dilation Testing Equipment Set-Up Schematic. .......................... 202 

Figure 6.6 dPHV Dilation Testing Set-Up and Initial Pressure Measurement
................................................................................................................................ 203 

Figure 6.7 Representative ImageJ Montage of dPHV Dilation Testing. .... 204 

Figure 6.8 Schematic of Sample Preparation For Suture-Retention Testing
................................................................................................................................ 205 

Figure 6.9 Representative Images of dPHV Pulmonary Artery (A) and 
Myocardium (B) Specimens Mounted Tissue Specimen Clamping 
Apparatus for Suture-Retention Testing .................................................. 206 

Figure 6.10 Images of Control and ScCO2 (Submerged in PBS) sterilised 
dPHVs During Competency Testing ........................................................... 207 

Figure 6.11 Percentage Dilations of Control (A) and ScCO2 (Submerged in 
PBS) (B) Individual dPHV Samples ............................................................ 209 

Figure 6.12 Percentage Dilation Comparison of Control and ScCO2 
(Submerged in PBS) dPHVs .......................................................................... 210 

Figure 6.13 Representative Images of Pulmonary Artery Wall and 
Myocardium During Suture Pull-Out Testing . ....................................... 210 

Figure 6.14 Maximum Suture Pull-Out Force (A) and Resistance to Tearing 
(B) of Control and ScCO2 (Submerged in PBS) Sterilised dPHV Artery 
and Myocardium Specimens ........................................................................ 211 

 

 

 

 

 

 

 

 

 

 

 



XIII 
 

List of Tables 

Table 1.1 Methods of Decellularisation. ...............................................................35 

Table 2.1 Cell Lines Used Throughout This Study. ............................................53 

Table 2.2 Tissue Fixation Protocol. ........................................................................58 

Table 2.3 Decellularisation protocol for porcine pulmonary heart valves61 

Table 2.4 Automated Tissue Processing Programme Protocol. ....................63 

Table 2.5. Primary Antibodies and Isotype Controls Used for Collagen IV 
and Fibronectin Labelling ................................................................................67 

Table 6.1 Arterial Diameters, Leakage Flow Times, Leakage Flow Rates 
and Competency of Control and ScCO2 (Submerged in PBS) Sterilised 
dPHVs .................................................................................................................. 208 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XIV 
 

List of Abbreviations 

 

AV Atrioventricular 

BSA Bovine Serum Albumin 

C.l Confidence limits 

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1- 

propanesulfonate 

DMB 1,9-dimethylene blue 

DMSO Dimethyl sulfoxide 

dPHV Decellularised porcine pulmonary heart valve 

DSC Differential scanning calorimetry 

ECM Extracellular matrix 

EPS Exopolysaccharide 

EtO Ethylene oxide 

FBS Foetal bovine serum 

FDA Food and Drug Aministration 

GAGs Glycosaminoglycans 

H2O2 Hydrogen peroxide 

HA Hyaluronic acid 

H & E Haematoxylin and eosin 

HCl Hydrochloric acid 

HLA Human lymphocyte antigens 

HRP Horseradish Peroxidase 

MgCl2  Magnesium chloride 

MHC Major histocompatibility complex 

mm Millimetre 

MPa Mega pascals 



XV 
 

N Newton 

NaCl Sodium Chloride 

NaOH Sodium hydroxide 

NBF Neutral buffered formalin 

NYHA New York Heart Association 

PAA Peracetic acid 

PBS Phosphate buffered saline 

PERV Porcine endogenous retrovirus 

PGA Polyglycolic acid 

PHV Pulmonary heart valve 

PLA Polylactic acid 

psi Pounds per square inch 

ROS Reactive oxygen species 

RVOT Right ventricular outflow tract 

SAL Sterility assurance level 

SAVR Surgical aortic valve replacement 

ScCO2 Supercritical carbon dioxide 

SDC Sodium deoxycholate 

SDS Sodium dodecyl sulphate 

SEM Scanning electron microscopy 

SJM St. Jude Medical 

SL Semilunar 

SMC Smooth muscle cells 

TAVR Transcatheter aortic valve replacement 

TBS Tris-Buffered Saline 

ToF Tetralogy of Fallot 



XVI 
 

TPB Tryptone phosphate broth 

TSB Tryptone soya broth 

VECs Valvular endothelial cells 

VICs Valvular interstitial cells 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter 1 : Introduction  

1.1 Overview  

Valvular heart disease has a major impact on patient morbidity and mortality on a 

global scale. The prevalence of heart valve disease is increasing internationally, 

and consequentially, the number of heart valve interventions is expected to 

increase to more than 850,000 procedures worldwide by 2050 (Yacoub and 

Takkenberg, 2005). Although surgical correction of the valvular aberrations is the 

preferred method of intervention (Yacoub and Cohn, 2004), heart valve 

replacement is commonly a requirement and the most beneficial option for severe 

valvular dysfunction. Current valve replacement options are either mechanical or 

biological, both of which present advantages and disadvantages. Mechanical heart 

valves are very durable. However, they provide a surface that encourages 

thrombosis, resulting in the patient requiring life-long anticoagulation therapy. 

The use of biological or bioprosthetic heart valves of an allogeneic or xenogeneic 

origin would not require anticoagulant supplementation. However, multiple 

reoperations may be essential throughout the patient’s lifetime due to poor 

durability of the replacement valve (Harris et al., 2015). In consideration of these 

limitations, a superior novel therapeutic strategy is urgently required to improve 

the long-term clinical outcome of the patients.   

Tissue engineering is a pioneering avenue that is being extensively explored to 

produce a clinically relevant heart valve that evades the limitations presented by 

current valve replacement options. The exposure of heart valve allografts to an 

effective decellularisation process removes the immunogenic components of the 

valve allografts. This ultimately results in decellularised valve allografts that retain 

inherent properties of native heart valves, with the absence of components that 

would otherwise induce an adverse immune response or calcification of the valve. 

In a study conducted by da Costa, F.D.A. et al. (2010), decellularised heart valve 

allografts were implanted in patients, and demonstrated stable structural integrity, 

low rate of calcification, and adequate haemodynamics. This demonstrates the 

feasibility of this approach.  
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In order to enhance patient safety, facilitate the translation of decellularised heart 

valves to commercial production, and to promote the clinical adoption of 

decellularised heart valves, a robust novel sterilisation method will need to be 

formulated and applied to the heart valve following the decellularisation process. 

This will provide a superior sterility assurance level and improve production 

efficiency. It is essential that the formulated sterilisation method does not invoke a 

detrimental effect on the decellularised heart valve composition, biomechanical 

function, biocompatibility and recellularisation potential. The sterilisation method 

must also hold the capacity to inactivate microbial bioburden. 

 

1.2 The Human Heart  

The heart works as a synchronous unit to perform its vital function of propelling 

blood to tissues and organs in the body. This is essential for supplying oxygen and 

nutrients in exchange for carbon dioxide and other waste products. Roughly the 

same size as a closed fist, the heart is located in the mediastinum which is an 

anatomical region arising from the sternum to the vertebral column. 

Approximately two-thirds of the mass of the heart is positioned to the left of the 

chest’s midline.  

The heart is surrounded by a protective membrane called the pericardium which is 

composed of two elements; the fibrous pericardium, and the serous pericardium. 

Composed of tough connective tissue, the superficial fibrous pericardium functions 

to protect the heart and to prevent overstretching. The deeper serous layer is 

composed of delicate tissue, and functions to prevent friction as the heart contracts 

(Tortora and Derrikson, 2011). 

The heart is formed of four chambers, which are the left and right superior atria, 

and the left and right inferior ventricles (Figure 1.1). The superior atria receive 

blood that is being returned to the heart, whilst the inferior ventricles eject the 

blood from the heart. The left and right atria are partitioned by the interatrial 

septum, and the left and right ventricles are partitioned by the intraventricular 

septum. The right atrium receives blood from the superior vena cava and inferior 

vena cava. The received blood is passed from the right atrium to the right ventricle 

through the tricuspid valve. The blood is then ejected from the right ventricle 
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through the pulmonary valve into the pulmonary trunk, which is divided into the 

right and left pulmonary arteries. The blood is then transported to the lungs. The 

left atrium receives blood from the lungs through pulmonary veins. The received 

blood is passed from the left atrium to the left ventricle through the mitral valve. 

The blood is then ejected from the left ventricle through the aortic valve into the 

aorta for systemic circulation (Tortora and Derrikson, 2011). 

 

 

 

 

 

 

 

Figure 1.1 Anterior Surface of the Human Heart. Figure derived from Mahmoud 
(2018). 

 

The thickness of the myocardium of the heart chambers is in accordance to their 

specific function.  The atria deliver blood to the corresponding ventricles under 

less pressure. Therefore, the myocardium of both the left and right atria is 

considered thin, where the average thickness is roughly 2-3 mm. The ventricular 

walls are thicker than the atria walls because the ventricles eject blood over 

greater distances and under a higher pressure than the atria. Despite both 

ventricles ejecting an equal amount of blood, the right ventricle has a smaller 

workload than the left ventricle. The right ventricle pumps blood to the lungs 

under a lower pressure with less resistance to blood flow and a shorter distance. 

The left ventricle provides systemic circulation of blood flow to all parts of the 

body under a high pressure because there is a larger resistance to blood flow. 

Therefore, the left ventricle needs to match the cardiac output of the right ventricle 

by working much harder. This functional difference is demonstrated by the 

anatomical difference observed between the two ventricles, where the 

myocardium of the left ventricle is thicker than the right. The thickness of the left 



4 
 

ventricle is on average 10-15 mm, in comparison to 4-5 mm which is the average 

thickness of the right ventricle (Tortora and Derrikson, 2011). 

The cardiac cycle regulates the pumping of blood into the pulmonary circulation 

and systemic circulation, which are two closed circuits. The cardiac cycle refers to 

a series of changes in pressure within the heart, driven by electrochemical changes 

that induce cardiac muscle contraction. This results in movement of blood through 

the chambers and into the circuits. The cardiac cycle can be divided into diastole 

and systole. Ventricular diastole represents the filling of the ventricles, where the 

ventricles relax and expand as blood is received. Toward the end of this phase, the 

left and right atria contract (atrial systole), pumping blood into the inferior 

corresponding ventricles. During ventricular systole, the ventricles contract 

vigorously while the two superior corresponding atria are relaxed (atrial diastole). 

The contraction of the right ventricle provides deoxygenated blood to pulmonary 

circulation, and the contraction of the left ventricle provides oxygenated blood to 

systemic circulation (Pollock and Makaryus, 2018). The outcome of one circuit 

becomes the input of the other. 

 

1.3 Heart Valves 

The contraction and relaxation of the chambers of the heart and changes in 

pressure cause valves to open and close in response. This is vital to ensure the 

unidirectional blood flow by allowing blood through, but closing to prevent the 

backflow. Valves are composed of extracellular matrix (ECM) that conforms to a 

specific anisotropic arrangement, which is populated with valvular interstitial cells 

(VICs) and are surrounded by a layer of valvular endothelial cells (VECs). The ECM 

of the valves is composed of layers rich in elastin, proteoglycan and collagen, 

facilitating the exertion of the intricate biomechanical properties of the valve 

leaflets and supporting structures (Hinton, Robert B. and Yutzey, 2011).  

There are four valves that are part of the anatomy of the human heart; the 

tricuspid, mitral, aortic, and pulmonary valves (Figure 1.2). The tricuspid and 

mitral valves are termed atrioventricular (AV) valves because they are located 

between an atrium and a ventricle. The aortic and pulmonary valves are termed 

semilunar (SL) valves because they are made of distinct crescent shaped cusps. 
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The SL valves serve as a junction between the ventricles and the great arteries 

(Anderson, R. H. et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Heart Valve Locations. Figure derived from Schiros (2012). 

 

Following systemic circulation, deoxygenated blood enters the right atrium, where 

it is pushed into the right ventricle through the tricuspid valve. During right 

ventricular systole, the blood is ejected from the right ventricle through the 

pulmonary valve into pulmonary circulation, where the blood becomes 

oxygenated. The oxygenated blood returns to the left atrium, where it is pushed 

into the left ventricle through the mitral valve. During left ventricular systole, the 

blood is ejected from the left ventricle through the aortic valve, where it enters 

systemic circulation. This essentially highlights the importance of all the heart 

valves in controlling unidirectional blood flow from the chambers of the heart to 

pulmonary and systemic circulation (de Vlaming et al., 2012).  
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Figure 1.3 Systemic Circulation of Blood. Figure derived from Lawrence (2016). 

 

1.3.1 Atrioventricular Valves  

The AV valves function to prevent the backflow of blood from the ventricles to 

atria, and have a specialised support apparatus (Hinton, Robert B. and Yutzey, 

2011). The AV valve complex is defined by a ring shaped annuli formed by the 

fibrous skeleton of the heart, and an intricate apparatus composed of chordae 

tendinae and papillary muscles that tether the valve to the ventricle. The annuluses 

adapt in shape and size in response to diastole and systole during the cardiac cycle 

(Bateman et al., 2013). When an AV valve opens to allow the passage of blood from 

the atrium into the ventricle, the rounded ends of the valve cusps propel into the 

ventricle. During ventricular diastole, the papillary muscles are relaxed and the 

chordae tendinae are limp opening the AV valves, allowing the flow of blood from 

the high pressure in the atria to the lower pressure in the ventricles. During 

ventricular systole, the increase in pressure causes the coaptation of the valve 

leaflets by driving the cusps upward (Figure 1.4). The regurgitation of blood back 

into the atria following ventricular contraction is prevented by the pulling and 

tightening of the chordae tendinae in response to papillary muscle contraction.  

The mitral valve possesses two apposing leaflets, which are the anterior and 

posterior leaflets. The posterior leaflet guards around two-thirds of the valvar 

orifice, and the anterior leaflet guards around one-third of the valvar orifice 

(Anderson, Robert H. et al., 2004). The sub-valvar apparatus consist of two 

papillary muscles that have arising chordae tendinae which insert onto ventricular 
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surface of each valvar leaflet (Silver et al., 1971).  The tricuspid valve possess three 

leaflets, which are the anterior, posterior and septal leaflets. The sub-valvar 

complex of tricuspid valves consists of three papillary muscles which also provide 

support to the septal leaflet. The mitral valve guards the left AV junction, and the 

tricuspid valve guards the right AV junction (Bateman et al., 2013). 

Both of the AV valves share similarities within their histology. The atrial side of the 

leaflets consist of spongey tissue called lamina spongiosa, which is composed of 

collagen fibres, fibrocytes and histiocytes (Misfeld and Sievers, 2007). The 

mechanical strength required by the AV valves to endure the intense pressure 

adjustments during the cardiac cycle is mostly supplied by the collagen fibres. 

Primary sensory and autonomic innervations are innervated typically within the 

lamina spongiosa portion of the leaflets. The ventricular side of the leaflets consist 

of fibrous tissue called lamina fibrosa. The exposed surfaces of the lamina 

spongiosa and lamina fibrosa are enclosed by endothelial cells. Fibroblasts, smooth 

muscle cells and myocardial cells are also located within the leaflet tissue, which 

have been demonstrated to elicit contractile activities (Fenoglio et al., 1972; Filip 

et al., 1986; Icardo and Colvee, 1995). 

 

1.3.2  Semilunar Valves 

The SL valves function to allow the ejection of blood from the ventricles into their 

corresponding greater arteries and to prevent the backflow of blood into the 

ventricles during ventricular diastole. The SL valve complex is defined by three 

crescent shaped cusps, hence their naming of ‘half-moon’. The cusps of the SL vales 

are attached to the arterial wall by their convex lateral lining. During ventricular 

systole, the pressure in the ventricles exceeds the pressure in the arteries causing 

the leaflets to float in the direction of blood flow from the ventricles to the greater 

arteries. Soon after ventricular systole but before the complete relaxation of the 

heart, the pressure in the ventricles drops in comparison to the pressure within 

the arteries. The ejected blood starts to flow back down the greater arteries 

toward the ventricles. However, the back-flowing of the blood fills the valve cusps, 

causing the free edges of the cusps to compactly coapt. This closes the junction 

between the arteries and the ventricles, preventing the regurgitation of blood 

(Figure 1.4).  



8 
 

The aortic valve is situated between the left ventricle and the aorta. Through the 

aortic valve, oxygenated blood is ejected from the left ventricle into the aorta to 

supply oxygenated blood for systemic circulation. It is considered to be the 

‘centrepiece of the heart’ due to its location within the cardiac base between the 

tricuspid valve and mitral valve. It is thought to be the most important heart valve 

to facilitate the normal functioning of the heart (Piazza et al., 2008). The 

pulmonary valve is situated between the right ventricle and the pulmonary artery. 

Through the pulmonary valve, deoxygenated blood is ejected from the right 

ventricle into the pulmonary artery for pulmonary circulation. In a fully 

functioning adult heart, these valves prevent the regurgitation of blood from the 

greater arteries to the ventricles following ventricular systole.  

The aortic valve consists of three crescent shaped leaflets, and three dilations 

called the sinuses of the Valsalva. It is positioned within the aortic root, which is a 

portion of the left ventricular outflow tract that provides support to the aortic 

valve leaflets (Anderson, R. H., 2007; Underwood et al., 2000). The valve base lies 

on the basal attachment, which is a virtual ring located below the 

ventriculoarterial junction (Piazza et al., 2008). The sinuses interpolate with the 

ascending aorta at the sinotubular junction. The sinuses have a crown-like border 

that runs from the basal attachment to the sinotubular junction. The crescent side 

of the leaflets adhere to this, creating a hinge arrangement allowing the leaflets to 

flex. Coronary ostia are situated within the right and left sinuses, which gives rise 

to the right and left coronary arteries (Rozeik et al., 2014). The naming of the cusps 

are in relation to the location of the coronary arteries; right coronary, left 

coronary, and non-coronary. A critical function of the aortic valve is to supply 

blood for coronary perfusion. Up to 3-5 % of the circulating blood is directed to the 

right and left coronary arteries whilst the aortic valve is closed in order to achieve 

this critical function (Bateman et al., 2013). The phases of the cardiac cycle and the 

associated changes in pressure within the aortic root continuously change the 

geometric parameters of the valvar complex (Swanson and Clark, 1974). In a study 

conducted by Hamdan et al. (2012), the in vivo deformation dynamics and 

mechanical properties of the aortic annulus during the cardiac cycle was assessed. 

It was found that the minimum diameter of a normal adult aortic valve increased 

by approximately 12 % during systole.  
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The pulmonary valve is considered to be an anatomically simpler valvar structure 

in comparison to the aortic valve due to its location within the distal portion of the 

right ventricular outflow tract, called the infundibular musculature (Bateman et al., 

2013). Nonetheless, it has been reported that pulmonary valve autografts may be 

clinically effective for replacement of diseased aortic valves due to minimal 

differences between the structural and architectural elements and mechanical 

properties (Stradins et al., 2004). The pulmonary valve consists of three crescent 

shaped leaflets, united by three commissures (Jonas et al., 2016).  The 

commissures are formed by the SL hinges ascending to attach at the sinotubular 

junction adjacent to each other (Dong et al., 2018). The leaflets are called the 

anterior cusp, the right cusp, and the left cusp relative to their location to the aortic 

cusps. The right pulmonary cusp is apposed to the right aortic cusp, and the left 

pulmonary cusp is apposed to the left aortic cusp (Gross and Kugel, 1931). The 

supraventricular crest of the right ventricle supports the commissure of the right 

and left cusps (Bateman et al., 2013). The hemodynamic ventriculoarterial junction 

is formed by the SL attachment of the valve leaflets (Saremi et al., 2014).  The 

pulmonary root is part of the right ventricular outflow tract (RVOT) that supports 

the pulmonary valve leaflets (Stamm et al., 1998). The structures of the pulmonary 

root are more delicate than the structures found in the aorta due to a reduced 

exposure to haemodynamic forces. 

 

 

 

 

 

 

 

 

 

Figure 1.4 Schematic of AV Valves During Systole and Diastole. Figure adapted 
from (Athanasiou et al., 2017). 
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1.3.2.1 Layers of the Semilunar Valve leaflets  

There are three distinct layers of connective tissue between the artery and 

ventricle surfaces of the SL valve leaflets; lamina radialis, lamina spongiosa and 

lamina fibrosa, respectively (Figure 1.5 A). Although, lamina ventricularis and 

lamina arterialis can also be included into this nomenclature (Gross and Kugel, 

1931). The layer located under the ventricular endothelium is the lamina 

ventricularis. This layer is formed of compact network of reticular fibres featuring 

a sparse amount of collagenous and elastic fibres. Reticular fibres are located 

between the collagenous and elastic fibres, forming a layer with a thickness 

between 58 and 108µm (Misfeld and Sievers, 2007). The load bearing elastic and 

collagen fibres within the connective tissue display a preferred anisotropic 

orientation that resembles a honeycomb structure. This preferred arrangement is 

believed to aid in the maintenance of the collagen fibre geometry upon the 

application of external forces (Vesely, 1998). Radiating from the radialis and 

fibrosa layers, a looser structure of collagenous fibres, reticular fibres and elastic 

fibres called the lamina spongiosa is formed, with an approximate thickness 

between 40 and 300 µm (Misfeld and Sievers, 2007). The leaflets of the SL valves 

have a fibrous core termed the lamina fibrosa. Delicate sheets of elastin line the 

lamina fibrosa, with distinguished features on the ventricular and aortic surfaces. 

Circumferential collagen fibres are found in the arterial layer which transfer the 

load of the leaflets to the wall of the root that forms the outflow apparatus of the 

specific SL valves (Broom, 1978). The lamina fibrosa has a thickness of 80 to 170 

µm. The layer located under the arterial endothelium is termed the lamina 

arterialis. A distinct network of neuronal innervation has also been found in SL 

leaflets. The neuronal innervation is believed to arise from the ventricular 

endocardial plexus (Marron et al., 1996). 

The architectural configuration of the SL leaflets undergoes micro and macroscale 

changes during the cardiac cycle (Korossis, S., 2018). The folds in the collagen fibre 

layer of the fibrosa gives the corrugated appearance when the valves are fully open 

during ventricular systole which disappear during ventricular diastole as the 

leaflets fully extend (Figure 1.5 B). As the SL valves close, the radially aligned 

fibrosa corrugations and elastic fibres of the ventricularis layers radially expand to 

increase the leaflet dimensions without major stress impact. Circumferentially 
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aligned collagen fibres are then uncrimped as the leaflet stretches further. The 

collagen fibre corrugations in the fibrosa are smoothed in both the radial and 

circumferential directions, producing stiffened leaflets that ensure optimal leaflet 

coaptation when the valve is fully closed (Schoen, Frederick J. and Levy, 1999).  

Therefore, the multi-layered leaflet structure supports sufficient valve closure and 

coaptation by aiding collagen fibre extension to generate stiffened leaflet 

structures (Korossis, S., 2018; Schoen, Frederick J. and Levy, 1999). 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Layers (A) and Architectural Configuration of SL Leaflets During 
Ventricular Systole and Ventricular Diastole (B). Figure taken from Schoen, 
Frederick J. and Levy (1999) and Korossis, S. (2018). 

 

1.3.2.2 Cellular Characteristics of Semilunar Valves  

Resident cells of the heart valves play an important role in maintaining 

homeostasis in response to changes within the microenvironment induced by the 

cardiac cycle, via orchestrating complex signalling networks that include secretion 

of biochemical signals, matrix remodelling proteins and matrix proteins (Wang et 

al., 2014). Heart valves have VECs and VICs. CD31+ VECs line the peripheral 

boundaries of the leaflets, whereas VICs are dispersed throughout the layers of the 

leaflets. VICs often exhibit a smooth muscle cell, cardiac muscle cell, or fibroblast 

phenotype (Brand et al., 2006). VICs and VECs are activated in response to valve 

A 

B 
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injury or disease to mediate a mechanism to repair the valve. An example of this is 

VECs being able to facilitate tissue regeneration in response to injury by 

undergoing endothelial to mesenchymal transition. This leads to a fibroblast or 

myofibroblast phenotypic change that causes adjustments in micro-environmental 

signals (Bischoff and Aikawa, 2011). However, persistent activation of valvular 

cells can induce valvular disease progression by causing inappropriate remodelling 

of the ECM (Rajamannan et al., 2011). An example of this is aortic VICs being able 

to deposit fibrotic collagen and calcified matrix (Rajamannan et al., 2005). 

Although, Wang, H. et al. (2013) conducted a study which demonstrated that VICs 

maintain an inactivated fibroblast phenotype when cultured on hydrogels that 

resemble native ECM in comparison to being cultured on plastic plates. 

In a study conducted by Simmons et al. (2005), it was demonstrated that VECs 

found on the arterial and ventricular surfaces of the valves exhibited different 

transcriptional profiles to each other, suggesting that the spatial heterogeneity of 

valvular endothelial phenotypes may have an influence in susceptibility of the 

valve to pathological developments.  

ECM components such as collagen, proteoglycans, glycosaminoglycans (GAGs) and 

elastin play an important role in the regulation of VICs. VICs are the most prevalent 

cells of the heart valves and are located in all of the layers of the valve (Liu et al., 

2007). Collagen may help inhibit pathogenic differentiation of VICs by inhibiting 

myofibroblast activation and calcific nodule formation (Gu and Masters, 2010). 

Collagen has been demonstrated to promote VIC adhesion, proliferation and 

matrix synthesis (Butcher and Nerem, 2004). Hyaluronic acid (HA) is a type of 

GAG. HA is a major component of heart valve ECM and serves as an important 

factor for the culturing and proliferation of viable VICs (Masters et al., 2005; 

Murata, 1981). Masters et al. (2005) demonstrated that VICs encapsulated within 

HA hydrogels resulted in significant elastin production, suggesting that HA and 

VICs have a synergistic relationship where HA is able to regulate VICs secretory 

properties. Elastin is a major ECM component on the flow side of the valves. It has 

been indicated that elastin plays an important role in regulating gene expression of 

VICs (Hinton, R. B. et al., 2010). 

VECs and VICs are in contact with each other near the boundaries of the heart 

valves and communicate with each other via paracrine signals (Hinton, Robert B. 
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and Yutzey, 2011). Butcher and Nerem (2006) demonstrated that VECs decreased 

VIC proliferation, stimulated VICs to adopt a quiescent phenotype, and increased 

protein synthesis with shear stress. This study indicated that VECs regulate VIC 

phenotype and matrix synthesis. 

 

1.3.2.3 Biomechanical Properties of Semilunar Valves  

The heart valves are exposed to mechanical stresses whilst carrying out their 

primary function of enforcing and controlling unidirectional blood flow during the 

cardiac cycle (Hasan et al., 2014). Heart valves have a cyclic loading of up to 30 

million times a year, during which 3-5 litres of blood is pumped through the valves 

per minute (Butcher et al., 2011). Thus, it is imperative to understand the 

biomechanical properties of natural heart valves.  

Uniaxial testing is a common means of assessing the mechanical properties of 

heart valves. The data generated from uniaxial testing is usually expressed as 

stress-strain behaviour, where the tensile stress is the force applied per specimen 

unit area and the strain is the change in length of the specimen per unit original 

length when the force is applied. Using this data generated, the Young’s modulus, 

otherwise known as the elastic modulus can also be calculated as the ratio of stress 

and strain. The regions of a tensile-stress strain curve might be linked to the valve 

structures (Figure 1.6). The regions of a tensile-stress strain curve can be divided 

into; (i) low stress–low strain pre-transition linear elastic phase, (ii) non-linear 

transition phase, (iii) post-transition linear collagen phase, (iv) non-linear phase. 

The low stress-low strain pre-transition linear phase can be associated with the 

elongation of elastin fibres and straightening of collagen fibres. The non-linear 

transition phase can be associated with the force transfer between elastin and 

collagen fibres. The post-transition linear collagen phase can be associated with 

elastin and collagen fibre elongation. Finally, the non-linear phase can be 

associated with rupture of collagen and elastin fibres and complete fracture of the 

specimen (Hasan et al., 2014). 
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Figure 1.6 Stress-Strain Behaviour of Heart Valve Tissue.   

 

Stradins et al. (2004) used uniaxial tensile investigations to compare pathologically 

unchanged human aortic and pulmonary valve properties. The experimental 

results showed that the ultimate stress in circumferential direction was higher for 

pulmonary valve cusps than for aortic valve, with ultimate tensile stress values of 

around 2.78 and 1.74 mega pascals (MPa), respectively. However, the elastic 

modulus of circumferentially aligned pulmonary and aortic valve cusps were 

similar at 16.05 ± 2.02 MPa and 15.34 ± 3.84 MPa, respectively. This data implied 

that human aortic and pulmonary heart valves have similar mechanical 

characteristics.  

In a study conducted by Mavrilas and Missirlis (1991), the human aortic heart 

valve leaflets was demonstrated to have an elastic modulus of approximately 15 

MPa in the circumferential direction, and approximately 2 MPa in the radial 

direction. In comparison to these values, Armeniades et al. (1973) stated that the 

elastic modulus of the human aortic heart valve leaflets was 8.3 MPa and 2.4 MPa 

in the circumferential and radial direction, respectively. The variation in this data 

is evident.  Although variability in the biological properties of the specimens used 

within these studies may account for the variability, experimental variations may 

also be responsible. Experimental variations can arise from a number of factors 

and parameters, such as inconsistencies in specimen preparation, and size and 

dimensions of the specimen (Karimi et al., 2008). These data also show that the 

elastic modulus is higher in the circumferential direction than the radial direction. 

This corresponds to the anisotropic arrangement of the tissue of the heart valves 
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and demonstrates that the heart valves are inherently highly anisotropic (Hasan et 

al., 2014). 

The circumferential expansion characteristics of the artery component of the heart 

valve root impacts leaflet coaptation following systole, and plays a role in 

transmitting stress from the leaflets to the pulmonary artery wall during systole. 

The artery wall therefore aids in the prevention of fatigue and structural failure of 

the valve leaflets (Desai et al., 2018; Hopkins, R.A., 2003; Sutton et al., 1995). 

Korossis, S.A. et al. (2005) therefore used dilation assessments of the aorta 

component of intact native and decellularised porcine aortic roots to determine 

the functionality of decellularised heart valves.  

 

1.3.2.4 Hydrodynamic Properties of Semilunar Heart Valves 

The haemodynamic environment surrounding heart valves plays an important role 

in controlling the normal function of the heart valves; to ensure unidirectional 

blood flow with maximal flow rate and minimal flow resistance. Accordingly, the 

interaction between heart valves and the local haemodynamic environment is 

critical in our understanding of the normal function of the heart valves, in addition 

to valve disease progression (Sacks and Yoganathan, 2007). Hydrodynamic 

functional studies are also essential in assessing transvalvular pressure gradients 

and leakage through fully coapt leaflets of replacement heart valves (Desai et al., 

2018).  

The aortic valve opens during ventricular systole and closes during ventricular 

diastole. The flow of blood through the aortic valve during ventricular systole 

accelerates to a rate of 1.35 ± 0.35 m s−1 (Otto, C. M., 2001). Toward the end of the 

deceleration phase of ventricular systole, the aortic valve closes with little 

regurgitated flow through the valve. The movement of aortic valve leaflets away 

from the sinus wall and into a closed position is facilitated by the axial pressure 

differences which result in vortices behind the sinuses of the aortic valve leaflets 

(Reul and Talukder, 1989). Although Reul and Talukder (1989) reported that axial 

pressure differences alone are sufficient to close the aortic valve, the vortices allow 

an efficient and fast closure. It should also be noted that during the cardiac cycle, 

the aortic valve annulus expands and contracts which also influences the aortic 
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valve leaflet function and facilitates the opening and closing of the leaflets (Sacks 

and Yoganathan, 2007). 

The pulmonary valve flow profile is similar to that of the aortic valve with the 

exception of a lower velocity magnitude (Sacks and Yoganathan, 2007). The peak 

velocity at the valve outlet is measured to be 0.75 ± 0.15  m s−1 (Oh et al., 1997). 

During acceleration phase of the blood flow, the peak velocity is observed 

inferiorly which is shifted counter-clockwise through the remaining ejection phase. 

The decrease in velocity in the inferior right region of the vessel evolves into 

retrograde flow in the deceleration phase (Sloth et al., 1994). 

In vitro assessments into the leakage flow rate of the closed heart valve under 

static back-pressure can give indication of the valve competency. Jennings (2001) 

used static leakage flow assessment to evaluate valvular regurgitation of closed 

native and glutaraldehyde fixed porcine aortic and pulmonary heart valve roots to 

determine valvular insufficiency.  

 

1.4 Heart Valve Disease  

Heart valve disease is defined as a structural or functional anomaly of the heart 

valves. The disruptions to the valvular anatomical integrity commonly seen in 

heart valve disease usually leads to valvular stenosis, valvular regurgitation, or a 

combination of both. The consequential surface disruptions of heart valves 

associated with the disruption of valvular integrity can often lead to the induction 

of pathologic events such as platelet aggregation and microorganism accumulation, 

which leads to the predisposition of thromboembolism and infective endocarditis. 

Valvular stenosis refers to the narrowing of the valvular orifice due to the 

thickening, stiffening, and/or fusion of the valve leaflets. This can obstruct the flow 

of blood through the valve. This essentially creates a pressure gradient between 

the pre and post valvular areas. The heart tries to compensate for this pressure 

gradient by developing a pressure hypertrophy whereby the myocardium wall 

thickness increases, known as concentric hypertrophy, or the chamber volume 

enlarges due to dilation, known as eccentric hypertrophy (Rossi and Carillo, 1991). 

However, this mechanism is not sufficient for the long term compensation of the 

reduction in the valvular orifice, and the contractile function of the specific 
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chambers of the heart declines. Valvular regurgitation refers to the valves 

becoming ‘leaky’ due to insufficient coaptation. This leads to the backflow of blood 

into the atrium or the ventricle. Valvular atresia can also occur, where the heart 

valve does not open sufficiently to allow the ejection of blood (Boudoulas, K.D. et 

al., 2013). 

There are a number of pathophysiological entities that are associated with valvular 

heart disease. This includes heritable disorders, inflammatory triggers, myocardial 

diseases, degenerative processes, and iatrogenic causes of valvular heart disease. 

Many valvular abnormalities are associated with heritable disorders of connective 

tissue, such as the well-known Marfan and Ehlers-Danlos syndrome. These 

valvular abnormalities include multivalvular prolapse, specific types of aortic 

regurgitation and pulmonary artery dilation (Boudoulas, H. and Wooley, 2001; 

Bowen et al., 1987). The surgical repair of the congenital cardiac malformation, 

tetralogy of Fallot (ToF), often results in pulmonary regurgitation (Redington, 

2006). Congenital pulmonary stenosis that may or may not be associated with 

other congenital abnormalities can be seen when the mother is exposed to an 

infection, particularly rubella, during foetal development of the affected infant 

(Emmanouilides et al., 1964). 

Despite being less common in industrialised countries, rheumatic fever is still 

prevalent in developing countries (Carapetis et al., 2005). Mitral and aortic 

valvulitis are common clinical manifestations of rheumatic fever. Mitral 

regurgitation is the most common initial clinical presentation following rheumatic 

fever infection, with aortic regurgitation being less frequent (Vasan et al., 1996).  

Patients with ischemic and non-ischemic cardiomyopathy commonly present with 

mitral and tricuspid regurgitation. This is due to consequential papillary muscle 

displacement as a result of left-ventricular dilation, fibrosis, and dysynchrony of 

left ventricular contraction (Boudoulas, K.D. et al., 2013).  

Calcification of the aortic valve cusps usually occurs after the 7th decade of life and 

progresses to create aortic stenosis. It was believed that this occurrence was 

related to processes associated with ageing. However, recent evidence suggests 

that aortic stenosis and atherosclerosis share a relation to the same 

pathophysiological mechanisms that involve a genetic predisposition to metabolic 

processes (Boudoulas, K.D. et al., 2013; Otto, Catherine M. et al., 1999). 
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Valvular heart disease may persist following interventional valve therapy, such as 

balloon valvuloplasty, and valvular reconstructive surgery involving valve repair 

or replacement. Prosthetic valve replacements are more prone to post-surgery 

complications, such as mechanical dysfunction, thrombosis, and endocarditis 

which further compromises valvular function (Huang, G. and Rahimtoola, 2011). 

 

1.5 Heart Valve Replacements 

Prior to the development of the first valve prosthesis in 1952, Theodor Tuffier 

made the first attempt to treat aortic valve stenosis in 1912, where a ‘closed heart’ 

approach was adopted to open the valve through the aortic wall. In the late 1940’s, 

Charles Hufnagel designed a methacrylate chamber that contained a methacrylate 

ball (Figure 1.7). The high pressure of the forward flow of blood would push the 

ball downstream, opening the orifice. The passive movement of the ball occludes 

the valve orifice, preventing the backflow of blood during relaxation. After 1953, 

more than 200 patients with aortic regurgitation received this implantation into 

their descending thoracic aorta as opposed to receiving the implant in place of the 

diseased aortic valve (Dasi et al., 2009). Some of these implanted Hufnagel valves 

functioned for up to 30 years following implantation without displaying significant 

deterioration (Gott et al., 2003). It was soon after this that Albert Starr and Miles 

Edwards collaborated to invent a valve based on the concept of a wine bottle 

stopper. A methacrylate cage containing a silicone elastomer rubber ball was 

fabricated and implanted into a patient with calcific mitral stenosis in 1960. The 

10-year follow up of the patient did not reveal any adverse effects consequential of 

the implant (Starr et al., 1969). Nonetheless, the first decades of heart valve 

surgery uncovered a number of aspects that needed to be addressed to enhance 

the safety and efficacy of replacement heart valves. Continuous research has been 

and is still being conducted into materials, techniques, and technologies to replace 

the natural valve whilst addressing challenges presented. 
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Figure 1.7 Evolution of Mechanical Heart Valve Replacements. Image adapted 
from Mahmood et al. (2018) and Blot et al. (2005). 

 

1.5.1 Mechanical Heart Valves  

The heart valve prosthesis should possess a haemodynamic performance that 

closely simulates the haemodynamic performance of the native valve, i.e. low 

resistance to the forward haemodynamic flow and only allowing negate 

regurgitation upon the closure of the occluder of the prosthesis (Gallegos et al., 

2011).  The detection of paravalvular leakage, most often due to a lack of sufficient 

sealing of the prosthesis to the cardiac tissue, was an indication for reoperation on 

two patients that each received a cage ball valve prosthesis. Paravalvular leakage 

results in the regurgitation of blood flow through an exposed channel between the 

implanted device and the cardiac tissue (Sampaio et al., 2009). Additionally, the 

methacrylate ball employed in the Hufnagel prosthesis was associated with valve 

noises, which was addressed by replacing the use of a methacrylate ball with 

silicone coated nylon ball. The risk of coagulation associated with the use of 

mechanical valves was highlighted in preclinical studies, and it was shown that 

anticoagulation therapy was required in conjunction with the mechanical valve 

prosthesis to avoid thromboembolic events and valve occlusion (Russo et al., 

2017). 

The central ball occluder prostheses, as employed by Hufnagel and Starr-Edwards, 

caused lateralisation of the blood flow and consequential high turbulence and 

enhanced thrombogenic potential. Moreover, the opening of the ball valve required 
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a substantial amount of energy in the form of a greater ventricular systolic 

pressure to drive cardiac output, which was accompanied by an increase in 

myocardial oxygen consumption (Chaikof, 2007). These poor haemodynamic 

properties of the caged ball valves inspired the fabrication of a second generation 

of mechanical prostheses.  

The development of the tilting disk prostheses in the late 1960’s provided a central 

flow, simulating the physiological pattern of blood flow through the valves (Russo 

et al., 2017). The Björk-Shiley valve was introduced to minimise the resistance to 

the forward flow of blood, decrease the turbulence that was observed with caged 

ball valves, limit stagnation regions, and to reduce shear stress. It was designed 

with a central disk, held in place by two metal struts; an inflow and an outflow 

strut (Lindblom et al., 1989). These struts essentially permitted the disk to pivot 

into open and closed position of the valve orifice. Aforementioned, the use of 

mechanical valves was associated with thromboembolic events. The adoption of 

the Björk-Shiley valve led to a high incidence of embolization due to leverage 

loading of the outflow strut. Although this issue was not eliminated, the 

requirements for anticoagulation therapy was reduced.  

Mr Robert Kaster and Dr C. Walton Lillehei collaborated to design a tilting disk 

valve with a novel disk containment configuration. The Lillehei-Kaster pivoting 

disk valve was implanted in the aortic position of 313 patients. The results from 

this study demonstrated the excellent mechanical durability and resistance to 

thromboembolic events in patients that were receiving appropriate 

anticoagulation therapy. However, the Lillehei-Kaster valve was not appropriate 

for patients with a smaller effective orifice area due to an unfavourable effective 

orifice area to tissue diameter ratio (Stewart et al., 1988). 

In 1977, the St. Jude Medical (SJM) bileaflet prosthesis was introduced. The design 

of the SJM bileaflet valve provides three areas of blood flow through the valve 

orifice with a more uniform and streamline flow. The enhanced haemodynamics 

was related to less stagnation of blood. Being the most widely used prosthetic 

valve globally, it is remarkable that the original design has virtually remained 

unchanged over the past 26 years since its introduction. However, there have been 

some changes introduced, such as modifications of the sewing ring, and the 
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incorporation of a housing design to accommodate the smaller orifice size of 

smaller valve prostheses (Emery et al., 2002). 

Mechanical heart valve prostheses have been evolving for more than 50 years to 

provide an optimal treatment for diseased valves (Figure 1.7), with studies 

demonstrating the desired mechanical durability of the prostheses and a 

progressive decrease in mortality of patients receiving mechanical valve implants. 

However, the thrombogenic potential of the mechanical valves still poses an issue 

with the use of these devices. The formation of a thrombus can occlude the orifice 

of the valve and obscure the essential streamlined haemodynamics, or the 

thrombus can dislodge and emoblise to a distant organ such as the brain. Although, 

it could be possible for innovative anticoagulation strategies to prevent thrombus 

formation. Animal studies showed that dabigatran was effective in preventing 

valve thrombosis following mitral valve surgery (Russo et al., 2017). These 

findings regrettably were not verified in human studies. Eikelboom et al. (2013) 

designed and executed the Randomized, Phase II Study to Evaluate the Safety and 

Pharmacokinetics of Oral Dabigatran Etexilate in Patients after Heart Valve 

Replacement (RE-ALIGN). Patients that had undergone aortic or mitral valve 

replacement were randomly assigned to receive either dabigatran or warfarin. 

This study concluded that the use of dabigatran was associated with excess 

thromboembolic events in comparison to warfarin. In consideration of these issues 

presented by the use of mechanical heart valves, it is not uncommon for patients to 

receive biological tissue valves to avoid the use of anticoagulation therapy. This is 

particularly relevant to fertile female patients as lifelong anticoagulation therapy 

has significant foetal toxic effects, which is unsuitable for women planning 

pregnancy (Barbarash et al., 2016).  

 

1.5.2 Biological Heart Valves 

As opposed to being composed of non-biologic materials such as polymer, metal or 

carbon, biological heart valves are composed of biological material derived from a 

human or animal source. Biological heart valves hold advantages over mechanical 

heart valves, in the sense that tissue valve substitutes possess inherent 

biocompatibility and physiological haemodynamic properties. In addition to this, 

biological heart valves do not require the use of life-long anticoagulation therapy 
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(Levy et al., 1983). The number of patients undergoing a biological heart 

replacement instead of a mechanical heart replacement has increased from 59 % 

in 1999 to 86 % in 2013 (Hickey et al., 2017). 

There are three types of biological heart valve substitutes; allogeneic, autologous, 

and bioprosthetic. 

 

1.5.2.1 Allogeneic and Autologous Valves 

The use of human valves present several advantages over the aforementioned 

replacement valve options. They have been demonstrated to possess enhanced 

haemodynamic properties and resistance to infection (Ciubotaru et al., 2013). The 

human valves could be allograft or autograft.  

Allograft human heart valves are harvested from cadavers, or from live donors that 

are undergoing heart lung transplantation. There are a number of factors that can 

have an impact on the durability of the valve allograft following implantation. 

These factors include the method adopted to carry out the harvesting procedure, 

the preservation protocol that the allograft is exposed to, as well as the selection of 

the patient based on compatibility.  

In 1962, Donald Ross performed the first successful allograft aortic valve 

replacement. Similarly, Barratt Boyes corroborated the results of Ross’s study in 

1965 by accepting allograft valve replacement as the optimal method for surgical 

treatment of aortic incompetence and calcific aortic stenosis in that era, based on 

the results of his clinical study. The work of Ross and Boyes led to the 

implementation of allograft valves in clinical practice (Delmo Walter et al., 2012). 

At the emergence of the use of allografts in clinical practice, the valves were 

initially sterilised with a cocktail of antibiotics and wet-stored. This approach 

resulted in enhanced viability of donor cells which can induce and exacerbate an 

adverse immunological response of the recipient. Neves et al. (1997) provided 

evidence to suggest that the induction of an immunological reaction is responsible 

for the degradation of cryopreserved allografts. Cells found in allograft human 

tissue have been shown to express major histocompatibility complex (MHC) I and 

II which can elicit a cellular and a humoral immunological response. Smith, J.D. et 

al. (1995) found that patients receiving allograft replacement of the aortic valve 
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demonstrated a strong humoral response specific to the donor. The antibodies 

formed by the recipient were against the donor human lymphocyte antigens (HLA) 

class I. Consequently, this can have a detrimental effect on the allograft, and thus a 

limited durability of the valve. This method was replaced with cryopreservation of 

the allograft heart valve, which has the advantage of enabling longer storage 

period of the tissue in addition to providing enhance durability of the valve. 

Allografts are usually frozen in dimethyl sulfoxide and subsequently stored at -196 

°C. However, it is essential that the graft is homogenously defrosted to avoid the 

formation of interstitial ice as this can induce degeneration of the valve (Delmo 

Walter et al., 2012). Another disadvantage of allograft valves is the lack of growth 

and remodelling capacity to accommodate the growth of the recipient, potentially 

requiring multiple re-operations to replace the outgrown valve (Ciubotaru et al., 

2013).  

In 1967, Ross used an autologous pulmonary valve to reconstruct a dysfunctional 

aortic or mitral valve. During the Ross procedure, the diseased valve is removed 

and replaced with the patient’s own pulmonary valve. The patient’s pulmonary 

valve is then replaced with a cryopreserved allograft or a glutaraldehyde fixed-

xenogeneic heart valve. Ideally, valve repair should be considered instead of 

replacement. However, this may not always be anatomically possible (Bowdish et 

al., 2016).  

The approach taken in the Ross procedure emanates from the idea that the use of 

the patients own valve to replace the diseased valves in the left side of the heart 

that are physiologically exposed to high haemodynamic pressures would have 

freedom from thromboembolism, sufficient haemodynamic function, and growth 

with time, evading the limitations presented by valves composed of prosthetic and 

xenogeneic materials (Gonzalez-Lavin et al., 1970). The implantation of these 

materials into the position of the patient’s pulmonary position would result in a 

slower degeneration due to a lower shear-stress environment. The dysfunction of 

these materials is tolerated better and for a longer duration of time when situated 

in the right side of the heart as opposed to the left side of the heart. Andreas et al. 

(2014) performed a non-matched analysis to compare the 15-year survival rate of 

young adults that underwent the Ross procedure against young adults receiving a 

mechanical aortic valve replacement. This study reported that the 15-year survival 
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of the Ross patients was 93 %, in comparison to 75 % of the patients receiving a 

mechanical aortic valve replacement. This suggests the potential benefits of the 

Ross procedure being conducted in young adult patients with aortic valve disease. 

However, there are limitations associated with the Ross procedure. Two valves are 

addressed to resolve the issue posed by a single diseased valve, and this can 

potentially lead to two failing valves if the autograft was to fail, in addition to the 

deterioration of the cryopreserved allograft or glutaraldehyde fixed xenograft used 

to replace the pulmonary valve.  

In order to avoid the use of allografts or xenografts to replace the pulmonary root 

during the Ross procedure and to address the potential issue of introducing 

valvular dysfunction in two valves, Ionescu and Ross (1969) fabricated an artificial 

valve using autologous fascia lata mounted on a Dacron covered titanium frame 

welded into a tri-leaflet valve shape. This was clinically implanted into the left side 

of the heart. However, long term exposure of this implantation to the high pressure 

environment of the left side of the heart resulted in a decline in the function of the 

replacement valve, and was subsequently abandoned as a clinical procedure. 

Nonetheless, autologous pericardium is routinely used in valve reconstruction or 

partial cusp replacement (Acar et al., 2004). 

 

1.5.2.2 Bioprosthetic Heart Valves 

Bioprosthetic heart valves tend to be composed of tissue sourced from an animal 

origin, most often porcine or bovine. The sourced tissue is either the animal heart 

valves, or animal pericardial tissue (Ciubotaru et al., 2013). Bioprosthetic heart 

valve tissues are fixed with glutaraldehyde prior to being available for clinical use. 

The very first successful aortic valve replacement using a xenogeneic heart valve in 

a human was performed by Carpentier and his colleagues in 1965 (Binet et al., 

1965). Finding that the anatomy of the porcine valves resembled that of the native 

human valve, Carpentier’s group had proceeded to implant 61 porcine valves in 53 

patients, albeit with a high failure rate. The porcine valves implanted were aortic 

or mitral valves that were sterilised with a mercurial solution or freeze dried prior 

to being directly sutured into the patient, as well as frame mounted grafts 

sterilised with mercurial solution or formalin. At 6 months following the implant of 



25 
 

the porcine valves, only around 60 % were functioning sufficiently. By 1 year 

following the procedure, the functionality of the heart valves further decreased to 

approximately 45 % (Carpentier et al., 1969). This was indicated to be due to an 

adverse host immune response to the animal tissue, initiating investigation studies 

into decreasing the adverse immune response to the xenogeneic heart valves 

(Manji et al., 2015).  

A protocol was produced to;  

1. Eliminate soluble proteins via washing or electrolysis 

2. Denaturise mucopolysaccharides and structural glycoproteins via oxidation 

using sodium periodate 

3. Neutralise with ethylene glycol  

4. Place the valves in a glutaraldehyde-buffered solution which crosslinked with 

amino acids 

These processes significantly reduced the antigenicity of the xenogeneic heart 

valves, improved the stability of the material, and preserved the resistance to 

thromboembolic events. By 5 years following the implantation of the xenogeneic 

valves that had been exposed to this procedure, the percentage of functional valves 

in patients was 77 %, 89 % and 96 % in the mitral, aortic and pulmonary positions, 

respectively (Carpentier et al., 1974).  

Ionescu developed glutaraldehyde-stabilised pericardial xenografts designed using 

bovine pericardium mounted on a Dacron covered titanium frame, which is a 

synthetic material. In 1971, Ionescu implanted these xenogeneic valves in human 

patients after the demonstration of exceptional hydrodynamic performance and 

durability in in vivo studies (Ionescu et al., 1977). The encouraging results 

generated by Ionescu’s xenogenic valves led to the production and global 

distribution of the valves in 1976 in collaboration with the Shiley laboratory in 

California. Years from the introduction and implementation of the Ionescu-Shiley 

pericardial xenograft, the desired haemodynamic performance and reduced 

susceptibility to thrombotic events inspired other companies to adopt a similar 

approach in manufacturing and distributing pericardial valves (Ciubotaru et al., 

2013; Liao et al., 1992). 
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However, a major disadvantage of xenogenic heart valves is the imminent 

deterioration and limited durability, regardless of whether the valve is porcine or 

bovine derived. There are numerous factors that are directly responsible for this 

structural deterioration, including the chemical fixation process, the method of 

preservation, the medical history and the age of the patient, immunological 

interactions between the donor and recipient tissue, and an increase in 

haemodynamic shear stress following implantation (Schoen, F. J., 2008). Although 

fixation in glutaraldehyde is believed to reduce immunogenicity by cross-linking 

collagen to mask tissue antigens, it can also lead to basement membrane damage. 

This can cause a calcium influx as calcium combines with membrane 

phospholipids. When in vivo, the exposure of tissue to mechanical stress can 

initiate calcium phosphate crystal nucleation, the growth of crystals which then 

cause tears and stenosis leading to valve failure (Cunanan et al., 2001). 

Some studies have attempted anti-calcification treatments of glutaraldehyde fixed 

bioprosthetic heart valves by masking free aldehyde groups. Flameng et al. (2015) 

investigated the impact of stable functional group capping and gylcerolisation of 

bovine pericardium bioprosthetic heart valves on function and durability using an 

in vivo sheep model. Following 8 months of implantation into the mitral position of 

juvenile sheep, the haemodynamic (cardiac output, mean transvalvular pressure 

gradient and flow turbulence) and anti-calcification properties of the treated 

bioprosthetic heart valves were significantly improved in comparison to the 

standard glutaraldehyde fixed bioprosthetic heart valve. Capping was used to 

reduce functional groups such as aldehydes which was believed to prevent tissue 

oxidation and diminish tissue calcification. The valves were also treated with a 

glycerol and ethanol mix which resulted in the glycerolisation of the bovine 

pericardium tissue (water present in the pericardium was replaced with glycerol). 

This technology allows the packaging and storage of the valves in a dry state 

without the requirement for liquid-based storage solutions such as glutaraldehyde.  

 

1.5.3 Transcatheter Valve Implantation  

The replacement of heart valves can be an invasive procedure, with the death rate 

following operative replacement of the aortic valve being as high as 10 % in 

patients with an impaired left ventricular function. The emergence of transcatheter 
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valve implantation provides a minimally invasive option that is deemed the most 

suitable option for patients considered to be poor candidates for surgery. The 

evolution and adaptation of transcatheter valve implantation arises from the 

desire of cardiologists to treat stenotic valves percutaneously, reducing the risks 

associated with open-heart valve surgery (Inoue et al., 1984; Sharony et al., 2003). 

There are two types of transcatheter valves that are currently approved by the U.S 

Food and Drug Administration (FDA); (i) the CoreValve® Revalving system 

(Medtronic, Inc.; Minneapolis, Minn), (ii) the Edwards Sapien system (Edwards 

Lifesciences Corporation; Irvine, Calif).  

The CoreValve® Revalving system is composed of a nitinol frame that is self-

expanding, encasing a porcine pericardial tissue prosthesis. The delivery of this 

system is via a catheter that is retrogradely guided through the femoral, axillary, or 

subclavian artery to the intended destination; the aortic annulus. The CoreValve US 

Pivotal trial provided evidence for the clinical effectiveness of these valves. This 

trial compared the use of transcatheter aortic valve replacement (TAVR) using the 

CoreValve® Revalving system against surgical aortic valve replacement (SAVR). 

The inclusion criteria of participants was New York Heart Association (NYHA) 

functional class II and above, with severe aortic stenosis. The primary endpoint 

was all-cause death at 1-year following the procedure. The all-cause mortality rate 

at 1-year from the TAVR group was approximately 14 % in comparison to the 

SAVR group, which had an all-cause mortality rate of approximately 19 %. The 

haemodynamic performance was also superior in the TAVR group in comparison 

to the SAVR group (Arora et al., 2017). 

The Edwards Sapien aortic valve is composed of a stainless-steel frame encasing a 

trileaflet equine pericardial valve. This system is balloon-expandable as opposed to 

self-expandable. The clinical feasibility of this valve was demonstrated via the 

PARTNER trial, which was a randomised prospective trial. The design of this trial 

involved dividing patients into two cohorts; PARTNER A and PARTNER B. Within 

the PARTNER A cohort, TAVR was compared against SAVR in patients that are 

poor candidates for surgery. This was defined as the patient having a predicted 

risk of operative death of ≥ 15 % (Smith, C.R. et al., 2011). Within the PARTNER B 

cohort, TAVR was compared against conventional medical therapy. Patients were 

allocated into the PARTNER B cohort based on their death risk and risk of 
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irreversible comorbidities of more than 50 %. From the PARTNER A cohort, the 1-

year mortality rate was 24 % and 26 % for the TAVR and the SAVR groups, 

respectively (Mack et al., 2015).  The results from the PARTNER B cohort 

significantly favoured TAVR in comparison to the group receiving conventional 

medical therapy, with a 1-year mortality rate of 30 % and 50 %, respectively 

(Kapadia et al., 2015).  

 

1.5.4 The Unmet Clinical Need for Paediatric Patients  

The current gold standard for heart valve replacement in paediatric patients is the 

cryopreserved allograft (Schlein et al., 2021). However, it is widely recognised that 

cryopreserved allograft valves demonstrate rapid degeneration particularly in 

young paediatric patients. In a study conducted by Hawkins, J.A. et al. (1992), it 

was found that paediatric patients greater than 1 years of age (mean age was 4.5 

years) had a 94 % freedom from death or valve explantation following 3 years of 

aortic or pulmonary cryopreserved allograft valve implantation in comparison to 

50 % in children younger than 1 years of age. There are a number of non-

immunologic and immunologic factors that can contribute to the accelerated 

degradation of the allografts. Mechanical factors, anatomical distortion, and 

allograft size mismatch play a significant role in allograft dysfunction and 

degradation (Tweddell et al., 2000). Cryopreservation of the valves may also result 

in the persistence of donor derived viable cells which can produce an 

immunostimulatory response in the host (Cochran and Kunzelman, 1989). This can 

lead to immune injury as a mechanism of valve dysfunction and degeneration. Vogt 

et al. (1999) reported that cryopreserved pulmonary heart valve allografts were 

explanted from eleven paediatric patients aged 2 – 16 years due to regurgitation, 

aneurysm and calcifying allograft stenosis at the distal anastomosis. 

Immunohistochemical analysis of the explanted allografts showed an active T 

lymphocyte mediated cellular rejection, limiting the durability of the tissue. In 

addition to this, current options lack the ability to encourage and support somatic 

growth following implantation. These factors necessitate multiple reoperations in 

children due technical and clinical implications, despite multiple reoperations 

further increasing morbidity and worsening the clinical outcome. Therefore, there 
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is a substantial requirement to address the clinical need for a successful heart 

valve replacement option, particularly for paediatric patients. 

 

1.5.5 Tissue Engineered Heart Valves  

Tissue engineering is a pioneering avenue being explored for tissue regeneration 

and restoration, with great therapeutic potential. The approach taken to fabricate 

tissue emerges from the idea that the use of three dimensional scaffolds, composed 

of biologic or synthetic material, provides a hospitable environment that 

resembles our native extracellular matrix (ECM) for cells to adhere to and 

proliferate. This ultimately forms viable tissue with the ability to remodel 

(Haraguchi et al., 2012). 

There are requirements that need to be met when designing a feasible tissue 

engineered heart valve. The size of the heart valve must be tailored to a size that is 

compatible with the patient, with the leaflets offering minimal resistance to the 

flow of blood whilst coapting appropriately and efficiently. Additionally, the most 

appropriate materials selected for engineering a heart valve should not introduce 

the potential of thromboembolic events when in vivo. Furthermore, the 

components of the valve should be able to endure stress introduced by the cardiac 

cycle with minimal changes in the geometric features (Ghanbari et al., 2009; 

Mercer et al., 1973). The material that the scaffold is composed of and the 

methodology adopted in producing the scaffold can have a significant influence in 

the success of the fabricated heart valve in meeting these requirements.  

 

1.5.5.1 Synthetic Scaffolds 

Synthetic biodegradable polymers such as polyglycolic acid (PGA) and polylactic 

acid (PLA) have attracted attention for the application of heart valve engineering. 

The manipulatable properties of polymeric materials can synthetically enhance 

their mechanical properties (Chetta and Lloyd, 1980).  

An advantage of using biodegradable synthetic materials is the controlled 

degradation rate. It is important for the material to degrade at a rate that is 

equivalent to the formation of ECM. This factor is particularly important for leaving 
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behind newly formed tissue that is fully integrated with the patient’s anatomical 

configuration. If the biodegradation rate of the synthetic material is faster than the 

rate of ECM production, this may result incompetent tissue that may not possess 

the essential structural and functional integrity. It has been attempted to create 

heart valve leaflets using synthetic biodegradable materials such as PGA. 

Hoerstrup et al. (2000) fabricated trileaflet valve scaffolds using PGA mesh coated 

with bioabsorbable poly-4-hydroxybutyrate prior to seeding with myofibroblasts 

and endothelial cells, harvested from lambs, for up to 28 days.  The seeded 

trileaflet heart valve constructs were then implanted into the same lambs from 

which the cells were harvested. Functional leaflets without stenosis, thrombosis or 

aneurysm was demonstrated up to 20 weeks post-implantation. The collagen, 

elastin and GAG ECM components and mechanical properties such as Young’s 

modulus and suture retention strength were comparable to native pulmonary 

artery leaflet tissue. Polymers such as PGA and PLA are able to degrade via 

cleavage of the polymer chains followed by hydrolysis of the ester bonds. A 

downside to the in vivo degradation of biodegradable synthetic materials is that an 

adverse immune reaction may be induced by the breakdown products. However, in 

the case of PGA and PLA, the resultant monomer is usually excreted within urine or 

enters the tricarboxylic acid (TCA) cycle.  

Jana, Soumen et al. (2019) developed electrospun microfibrous scaffolds using 

polycaprolactone (PCL) in concentrations of 14 %, 16 % and 18 % (w/v) which all 

had pore sizes that supported the in vitro viability, proliferation and infiltration of 

porcine VICs for 14 days. Although mechanical strength was found to be lowest in 

the 14 % PCL scaffolds, the tensile strength may be more suitable for heart valve 

tissue engineering applications as opposed to higher mechanical properties. This is 

because higher than necessary mechanical properties can negatively influence 

developing heart valve tissue functionality by causing cells to produce fibrous 

collagen which can harden the tissue structure (Jana, S. and Lerman, 2019). 

Following implantation of the 14 %, 16 % and 18 % PCL scaffold materials into the 

dorsal region of rats for 2 months, the 14 % PCL scaffold was shown to support 

higher numbers of cell infiltration with macrophages expressing the anti-

inflammatory M2 phenotype. This study highlights the low immunogenicity and 

mechanical compliance of some biodegradable synthetic scaffolds that may be 

suitable for heart valve tissue engineering.  
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Coyan et al. (2019) examined the microstructural integrity, haemodynamic 

function and biocompatibility of a degradable polymeric scaffold implanted into 

the pulmonary position of 5 porcine models for 12 hours. The polymeric scaffold 

was generated as a functional tri-leaflet heart valve using electrospun 

polycarbonate urethane urea mounted onto magnesium stents. All animals showed 

normal leaflet function and no regurgitation following the cardiopulmonary 

bypass. The microstructural architecture was also retained with no thrombosis. 

However, a fibrin sheath formed on 2 out of 5 of the magnesium stents. The acute 

nature of the work done by Coyan et al. (2019) did not allow investigations into 

cellularisation potential and long-term durability of the synthetic valves. The 

translation of in situ heart valves engineered from synthetic biodegradable 

materials into a clinical setting represents a challenge. Tissue development is 

required to replace the synthetic graft material with self-generated ECM whilst 

stimulating and maintaining cellular populations. Biological cues should be 

incorporated into the grafts to promote cellular adhesion as well as orchestration 

of tissue development (Stassen et al., 2017).  

Prodan et al. (2022) investigated the in vivo function of bioabsorbable Xeltis 

pulmonary valve conduits (composed of poly-caprolactone-based and poly-

carbonate-based supramolecular 2-ureido-4[1H]-pyrimidone) in the right 

ventricular outflow tract of twelve children over a 24 month period. Although 

there were no deaths, no evidence of aneurysm or degeneration, and clinical 

improvement of all of the patients, six patients had developed severe pulmonary 

insufficiency, one patient had developed moderate pulmonary insufficiency and six 

had developed mild pulmonary insufficiency. The development of pulmonary 

insufficiency was related to anatomical factors such as significant residual 

gradients distal to the conduit, kinking of the conduit and most prolapse of one of 

the valve leaflets.  

As discussed in section 1.3.2.1, the layers of the valve leaflets are instrumental for 

the mechanisms involved in the opening and closing of the leaflets. The mechanical 

compliance of the intricate and complex multiscale fibrous structures as well as the 

shock-absorbing properties of the spongiosa layers can be difficult to recapitulate 

using synthetic materials collectively with the ideal morphological, mechanical, 

and physical properties of the construct (Xue et al., 2017).  
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1.5.5.2 Hydrogel Scaffolds  

Hydrogels are materials composed of hydrophilic polymers that are able to 

conform to three-dimensional (3D) macromolecular network structures. 

Hydrogels possess physiochemical properties similar to the microenvironment of 

ECM in addition to allowing the permeability of nutrients and gasses. This is 

essential to enhance cell viability as cells are normally found within a range of 100-

200 µm from a source of oxygen and nutrients in vivo (Carmeliet and Jain, 2000). 

Valvular cells can be entrapped within hydrogels or cultured on the surface of a 3D 

structure composed of hydrogels, making this model ideal for investigating the 

interaction between cellular behaviour and the ECM environment provided by the 

hydrogel.  

Hydrogels can be divided into natural and synthetic hydrogels. Natural hydrogels 

are composed of materials that are found in native ECM, such as collagen, fibrin, 

and hyaluronan. This is advantageous because these materials would possess an 

inherent biocompatibility and bioactivity. Duan et al. (2013) fabricated living 

heterogenous aortic valve conduits composed of natural alginate/gelatin hydrogel 

formulations with human aortic smooth muscle cells and porcine VICs 

encapsulated. The ultimate tensile strength of resultant the hydrogels 

encapsulated with cells was significantly less than the ultimate tensile strength of 

cell-free hydrogels.  The tensile properties of the fabricated conduits in 

comparison to native or decellularised tissue was not assessed. However, there 

was good cell viability and phenotypic retention after 7 days of culture. 

Synthetic hydrogels are composed of synthetic material such as polyethylene 

glycol (PEG). Synthetic hydrogels hold advantages over natural hydrogels, in that 

the properties are manipulatable to allow the adjustment of the biomechanical 

properties of the polymers as well as the fidelity of the polymer structures. 

Additionally, synthetic hydrogels can be modified by the addition of biological 

composites to enhance the biological functions of the polymer structures 

(Nicodemus and Bryant, 2008). Guo et al. (2021) developed a polyhedral 

oligomeric silsesquioxane-PEG hybrid hydrogel and assessed platelet adhesion in 

comparison to porcine aortic valve leaflets. Using a platelet adhesion assay, 

platelet adhesion was shown to be significantly less on the hybrid hydrogel 

scaffolds in comparison to the decellularised heart valve leaflet control. However, 
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the biomechanical properties such as tensile strength of the hydrogels in 

comparison to the decellularised tissue was not assessed.  

Hydrogels are in general mechanically weaker than native heart valve ECM which 

is not ideal for the fabrication of heart valve constructs that must have mechanical 

integrity that mimics native conduit performance until remodelling of the conduit 

is complete in vivo (Ciolacu et al., 2022).   

 

1.6 Decellularised Heart Valves  

Natural scaffolds are comprised of pure ECM components, such as collagen and 

fibrin. In the context of a natural heart valve, this refers to decellularised intact 

allografts or xenograft tissue. The removal of cellular components found within the 

allograft or xenograft tissue would remove the antigenic components of the graft, 

and thus would eradicate the possibility of an adverse immune reaction being 

induced within the recipient in addition to reducing the risk of calcification. 

Additionally, the removal of the donor cells may encourage the proliferation of 

endogenous cells that are capable of repair and remodelling in vivo. This addresses 

the limitations presented by current options by overcoming the issue of valve 

structural and functional deterioration overtime, as well as potentially removing 

the requirement of multiple reoperations by the graft being able to grow with the 

recipient.  

The SynerGraft™ process was developed by CryoLife Inc as a process aimed to 

reduce antigens within donated human heart valves. This process induces lysis of 

resident cells by incubation within water and nuclease digestion, followed by 

isotonic wash out phase (O'Brien et al., 1999). Applying this SynerGraft™ process 

to pulmonary allografts, subsequent in vitro analysis demonstrated the almost 

complete removal of cellular components, which was confirmed by using 

histological and immunocytochemical analysis (Elkins et al., 2001). Additionally, 

there was no significant changes to the biomechanical properties in vitro . Simon et 

al. (2003) implanted SynerGraft porcine pulmonary heart valves into the right 

ventricular outflow tract of four children aged 2.5 – 9 years.  This study was the 

first to report the rapid failure of the Synergraft processed grafts. Three of the four 

children died, two with severely degenerated SynerGraft valves at 6 weeks and 1 
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year following implantation, and the third after 7 days post-implantation due to 

spontaneous rupture of the SynerGraft valve commissures. The fourth graft was 

explanted from the patient 2 days following implantation, as a precaution. 

Macroscopic evaluation of the SynerGraft valves used in this study demonstrated 

severe inflammation of the valve following implantation, leading to the fatal 

structural failure of the grafts. Calcific deposits were detected in the SynerGraft 

valves, most likely due to incomplete decellularisation (Simon et al., 2003). The 

severe inflammatory response in the recipients of these implants may have been 

due to residual  immunogenicity of the ECM, or the incomplete removal of 

xenoantigens. Consequentially, the implantation of the SynerGraft (porcine) valves 

were aborted.   

The rapid failure of the SynerGraft valve highlighted the requirement for a more 

robust decellularisation process that can effectively deceullularise valve grafts 

without compromise of the structural and functional properties of the grafts. 

Within the literature, various methods of tissue decellularisation have been 

explored. This includes physical, chemical, and enzymatic methods (Table 1.1). 
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Table 1.1 Methods of Decellularisation.  

 

Method Mode of Action Effect on ECM References 

Physical 

Snap Freezing 
Ice crystals disrupt the 

cellular membrane 

Fracture or disruption of 
ECM during rapid 

freezing 

(Keane et al., 
2015) 

High hydrostatic 
pressure 

Induces necrosis 
Reduces biomechanical 

properties  
(Watanabe, N. 

et al., 2019) 

Supercritical 
Fluid 

Facilitate chemical agent 
infiltration to achieve 

enhanced cell lysis 
Can dehydrate ECM 

(Sawada et al., 
2008; White, 

A. et al., 2006) 

Chemical 

Acid; Alkaline 
Disrupt nucleic acids, 
solubilise cytoplasmic 

components of cells 
Removes GAGs 

(Keane et al., 
2015) 

Non-Ionic Detergents 

Triton X-100 

Disrupts the interactions 
between lipids and 

lipids/proteins, whilst 
leaving protein-protein 

interactions undisturbed 

Removes GAGs 
(Mendoza-

Novelo et al., 
2011) 

Ionic Detergents 

Sodium Dodecyl 
Sulphate (SDS) 

Solubilise cytoplasmic and 
nuclear cellular membranes 

Disrupts native tissue 
structure, damages 

collagen, removes GAGs 

(Uygun et al., 
2010) 

Sodium 
Deoxycholate 

Less disruptive to tissue 
structure than SDS 

(Faulk et al., 
2014b) 

Triton X-200 Greater cell removal 
when used in 

conjunction with each 
other 

(Gilbert et al., 
2006) Zwitterionic 

Detergents 

Hypotonic and 
Hypertonic 
Solutions 

Induces cell lysis by osmotic 
shock 

Does not effectively 
remove cellular debris 

(Moffat et al., 
2022) 

Enzymatic 

Trypsin 
Cleaves peptide bonds on the 

C-side of Arg and Lys 

ECM structure can be 
disrupted when exposed 

for too long, removes 
laminin, fibronectin, 

elastin, and GAGs 

(Zou and 
Zhang, 2012) 

Nucleases 

Catalyse the hydrolysis of the 
interior bonds of 

ribonucleotide and 
deoxyribonucleotide chains 

Could invoke immune 
response 

(Moffat et al., 
2022) 
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There have been some clinical studies that reported on the success of 

decellularised heart valves that were exposed to different decellularisation 

protocols. Bechtel et al. (2008) reported on the fifty-two months’ mean follow up 

of decellularised human pulmonary allografts (CryoValve SG; CryoLife inc). The 

decellularised allografts investigated within the clinical study were prepared using 

a cellular lysis step with hypotonic sterile water followed by treatment with a 

combined solution of ribonuclease and deoxyribonuclease. Tissue was then 

exposed to a washout period with isotonic neutral buffer solution. The time and 

temperature conditions used for the tissue decellularisation were unspecified 

(O'Brien et al., 1999). No reoperations were required after a mean follow up of 52 

months post-implantation into the right ventricular outflow tract of  23 adult 

patients. However, the mean transvalvular pressure gradient increased at 52 

months in comparison to conventional allografts. Boethig et al. (2019) also 

reported on the clinical success of decellularised human pulmonary valve 

allografts (Corlife oHG). The decellularised allografts were prepared using 0.5% 

sodium deoxycholate and 0.5% sodium-dodecylsulphate for 36 hours at room 

temperature with agitation. The allografts were then washed with NaCl 0.9% 

solution and stored at 4°C for up to 3 weeks until implantation.  Following 2.2 ± 0.6 

years post-implantation into 121 patients aged 21.3 ± 14.4 years, the 

decellularised heart valves functioned with excellent short-term haemodynamics.  

da Costa, F. et al. (2007) evaluated the medium-term performance of decellularised 

human pulmonary allografts implanted into the right ventricular outflow tract of 

68 patients aged 9 to 56 years during Ross procedure. The allografts were first 

cryopreserved with 10% dimethyl sulphoxide and 10% fetal bovine serum which 

protects the tissue from damage induced by ice crystal formation (Park et al., 

2018). The grafts were then thawed 15 to 30 days before undergoing the 

decellularisation process that included 24 h of agitation with 1% sodium 

deoxycholic acid and 80% ethanol or 0.1% sodium dodecylsulphate. Although 

decellularisation of allografts using deoxycholic acid previously demonstrated a 

reduced immune response and better haemodynamic performance in comparison 

to cryopreserved allografts up to 18 months post-implantation into patients, the 

medium term study demonstrated that some allografts decellularised using 

deoxycholic acid had some pressure gradient rises which was most likely due to 

incomplete decellularisation (da Costa, F. et al., 2007; da Costa, F.D. et al., 2005). 
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The decellularisation method was then changed to use SDS instead of deoxycholic 

acid due to evidenced complete and reliable graft decellularisation (Korossis, S.A. 

et al., 2005). Subsequently, medium term (up to 6-years) follow-up on the SDS-

decellularised grafts has demonstrated an equivalent or superior rate of 

reoperation compared to standard cryopreserved pulmonary valve allografts (da 

Costa, F.D. et al., 2014; da Costa, F.D.A. et al., 2018).  Clinical studies performed by 

the same group to assess decellularised aortic valves demonstrated the low rate of 

calcification and sufficient haemodynamic performance (da Costa, F.D. et al., 2010).  

 

1.7 The Importance of Sterilisation of Decellularised Heart Valves  

Despite there being an extensive amount of research into replacement heart 

valves, a terminal sterilisation process is not yet included within the 

decellularisation procedure. Decellularised allograft heart valves currently in 

clinical use rely on aseptic conditions during procurement and production and 

antibiotic or chemical disinfection to assume sterility (da Costa, F.D. et al., 2006; 

Waqanivavalagi et al., 2020). However, an effective and robust sterilisation process 

is essential to eliminate pathogenic microorganisms from xenogeneic heart valves 

without adversely affecting the inherent biomechanical and biocompatible 

properties of the valve. Sterilisation can essentially enhance the safety and clinical 

efficacy of these heart valve replacements by providing a superior sterility 

assurance level (SAL) and supplement the production efficiency of these valves. 

Sterility of an object is defined as the absence of living microorganisms that could 

otherwise introduce adverse effects when administered. This includes spore 

forming bacteria, non-spore forming bacteria, fungi, protozoa and viruses. A SAL of 

at least 10-6 is the requirement for a sterilisation method to obtain when applied to 

healthcare products, in accordance to international standard ISO 14937 (ISO, 

2009). This refers to the probability that no more than one viable microorganism 

will be detected out of a million sterilised healthcare products (von Woedtke and 

Kramer, 2008). 
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1.7.1 Pathogenic Microorganisms Associated With Tissue Grafts 

Various pathogenic microorganisms such as bacteria and viruses may contaminate 

tissue grafts making them unfit for clinical use. The pathogenic microorganisms 

may be resident within the tissue graft or may be acquired from the environment 

during processing and production of the implant. The resident microorganisms 

may cause  failure of the tissue graft when implanted into the recipient, as well as 

potentially inducing life threatening consequences. Therefore, a suitable 

sterilisation method needs to exert biocidal effects against a wide range of 

pathogens (Figure 1.8).  

 

 

 

 

 

 

 

Figure 1.8 Order of microorganisms resistance to sterilisation. Adapted from 
Mohapatra (2017).  

1.7.1.1 Bacteria  

Bacteria are unicellular prokaryotic organisms which can be separated into two 

classes; Gram-negative bacteria and Gram-positive bacteria, based on the 

composition of the distinctive peptidoglycan cell wall. Gram-positive bacteria 

possess a thick peptidoglycan cell wall along with teichoic acid, whereas Gram-

negative bacteria possess a thin peptidoglycan cell wall with no teichoic acid, but 

with porins and hydrophilic channels present in the outer membrane.  

The use of antibiotic treatment for allograft aortic valves was introduced in 1977, 

and has since been used for banking valve allografts in combination with 

cryopreservation (Farrington et al., 2002). Antibiotics are effective in terminating 

bacteria by interfering with essential cellular processes such as cell wall synthesis 

and protein synthesis (Dai et al., 2016). However, there are a number of limitations 

associated with the application of antibiotics as a decontaminant procedure for 
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healthcare products. The activity of antibiotics does not consistently 

decontaminate tissue as they may be specific to cellular processes specific to one 

type of bacteria. A cocktail of antibiotics may resolve this issue by including 

antibiotics that target different cellular processes that are specific to the bacteria. 

However, antibiotic resistance is an alarming issue on a global scale. The use of 

antibiotics to eradicate bacteria may become ineffective, or may even contribute 

toward the antibiotic resistance crisis. Furthermore, bacteria adopt evasion 

strategies for immunity against bactericidal exposures.  

 

1.7.1.2 Biofilms  

Bacteria exist in two different forms; the planktonic state refers to bacteria that are 

free floating, and the sessile state refers to bacteria that are adhered to a surface. 

The attachment of bacteria to a surface results in the alteration of gene expressions 

that are responsible for the production and maturation of exopolysaccharide 

(EPS). This produces a protective barrier of EPS matrix surrounding a community 

of bacteria adhered to a surface. The biofilm provides protection against the 

organism’s endogenous defence system as well as external agents such as 

antibiotics. 

Gram-positive and gram-negative bacteria both have the ability to form biofilms on 

medical devices. The most common forms are Enterococcus faecalis, Staphylococcus 

aureus, Staphylococcus epidermidis, Streptococcus viridans, E. coli, Klebsiella 

pneumoniae, Proteus mirabilis and Pseudomonas aeruginosa, with S. aureus and S. 

epidermidis estimated to cause about 40–50 % of prosthetic heart valve infections 

(Khatoon et al., 2018). 

1.7.1.3 Bacterial Endospores 

Some bacteria, such as such as Bacillus subtilis, Bacillus anthracis and Clostridioides 

difficile can form endospores which are dormant structures produced in response 

to harsh environmental conditions, such as lack of nutrients. Sporulation facilitates 

the survival of the population, as spores can germinate and outgrow into 

vegetative bacteria capable of reproduction under suitable environmental 

conditions. The endospores possess novel architectural and molecular properties 

endowing them with the tools required to resist extreme environmental stresses. 
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This includes the structure of the spore, the presence of protective components, 

and the ability of the spore to retain water. 

A protective multi-layered coat composed of proteins, lipids and polysaccharides, 

and a cortex layer surrounds the membrane bound core which contains the genetic 

material and the spore enzymes. These external layers provide a protective barrier 

to the spore by preventing the penetration of chemical agents that can induce 

reactive oxidative species formation. The core itself possesses unique survival 

features, such as a low water content which decreases hydroxyl radical formation, 

and spore-specific proteins aiding DNA stabilisation. The core is able to immobilise 

water, affecting the movement of peroxide and radical species, enabling resistance 

against a number of sterilisation methods that depend on free radical formation as 

the assault (Laue et al., 2018).  Therefore, the ability of bacterial endospores to 

survive extreme conditions needs to be considered when choosing a suitable 

sterilisation method and appropriate dosage.  

 

1.7.1.4 Viruses  

Viruses are non-cellular microorganisms that are composed of a central 

nucleoplasmid made from single or double stranded RNA or DNA, which is 

contained by a protein capsid. Viruses lack the molecular components to 

orchestrate and execute viral replication. Because of this, viruses are dependent on 

host cells to replicate nucleic acids, synthesise viral proteins to replicate itself, and 

ensure the release of viral particles.  

Antibiotic ineffectiveness against viruses is problematic, especially when applying 

xenogenic sources of tissue for in vivo use as there is a chance of zoonotic 

transmission of diseases from the animal tissue into the human host. Pigs have 

significantly attributed towards zoonotic infections in humans, such as the ‘swine 

flu’ epidemic that also resulted in fatal cases (Wells et al., 1991).  Additionally, the 

encephalitis epidemic in Singapore and Malaysia caused by the porcine derived 

Nipah virus demonstrates the catastrophic consequences of porcine derived 

zoonotic infections. Porcine endogenous retrovirus (PERV) is another threat as it is 

able to infect human cells in vitro (Boneva et al., 2001). In 2022, a human patient 

that received a genetically modified porcine heart transplant died two months 
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following implantation, with no obvious cause initially identified. It was later 

learned that the porcine heart was affected by porcine cytomegalovirus, which 

potentially contributed towards the patient’s death (Mueller, 2022). Therefore, the 

development of an effective terminal sterilisation procedure following 

decellularisation of porcine heart valves is essential to enhance safety when 

clinically translated. 

 

1.7.1.5 Fungi  

Fungi are eukaryotic microorganisms that are composed of complex structures, 

such as hyphae adapted to allow growth on solid surfaces and tissues. There has 

been increasing evidence to suggest that fungal species, such as Cryptococcus, 

Trichosporon, Saccharomyces, and in particular Candida, contribute largely to 

medical device infections. Fungi are responsible for 2-10 % of all prosthetic valve 

endocarditis, with Candida accounting for 90 % of these fungal infections.  

Fungal species are also able to form fungal biofilms on medical devices, either by 

themselves or in conjunction with bacteria, complicating the extermination of 

these pathogens. Fungal cells arrive at the medical device surface and adhere, 

initiating IC communication triggering a phenotypic switch that results in the 

production of ECM and biofilm. The growth and maturation of the fungal biofilm 

leads to the release of planktonic cells that are able to disperse into systemic 

circulation. Consequentially, the fungal infection can interfere with the healing 

phase post-implant of a medical device, as well as cause a potentially lethal 

bloodstream infection (Giles et al., 2018). 

Fungi are susceptible to elimination via free radical damage to DNA molecules. A 

potent sterilisation method that utilises this mode of biocidal action and suitable 

dose must be selected in order to achieve a SAL of 10-6.  

 

1.7.1.6 Prions 

A prion is referred to as a mysterious proteinaceous infectious agent that was 

found to be responsible for several neurodegenerative diseases in humans, such as 

Creutzfeldt-Jakob disease. In contrast to bacteria, virus, and fungi, prions have no 
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nucleic acids. Prions form aggregates of proteins called amyloids which accumulate 

in infected tissue, leading to tissue damage and death.  

Investigators have found that a combination of sodium hydroxide with steam 

sterilisation at 121 °C for 1 h results in complete inactivation of infectivity of 

prions. However, these conditions will be deleterious to tissue grafts. Based on the 

literature, the complete removal of animal-derived serum from the implant would 

be a suitable precaution to take to minimise potential of risk of contamination 

(CDC, 2018). 

 

1.7.2 Sterilisation Techniques of Soft Tissue  

Sterilisation techniques can be divided into chemical and physical sterilisation 

methods. These methods have different modes of action in deactivating 

microorganisms. Chemical sterilisation methods includes the use of nitrogen 

dioxide, ozone, peracetic acid, hydrogen peroxide, and most commonly ethylene 

oxide.  Physical sterilisation methods includes the use of heat in the form of steam, 

dry heat and tyndallisation. Non-thermal options of physical sterilisation methods 

are also available, such as gamma or e-beam irradiation, and plasma sterilisation. 

Supercritical carbon dioxide (ScCO2) is a sterilisation technique that combines 

both chemical and physical methods. The selection of the sterilisation method is 

determined by the intended application. For the purpose of sterilising 

decellularised heart valves, it is important to devise a sterilisation method that 

does not have negative implications when applied to soft tissues, whilst executing 

its purpose; inactivation and removal of microorganisms. 

 

1.7.2.1 Chemical Sterilisation Methods  

Ethylene Oxide  

Ethylene oxide (EtO) is most commonly used to sterilise rubber and plastic 

products in a healthcare setting. It is effective at low temperatures and active 

against a wide spectrum of microorganisms, including gram-positive bacteria, 

fungal, spores and viruses. EtO exerts its sterilisation effects by permanently 

suppressing cellular metabolism and division due to the irreversible alkylation of 
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cellular molecules. The effectiveness of EtO as a successful sterilant is dependent 

on parameters such as temperature, pressure, concentration and contact time 

(Hsiao et al., 2012). 

It has been observed that the use of EtO is associated with a lower rate of collagen 

degradation within ECM structures in comparison to other sterilisation methods 

(Delgado et al., 2014). Although tissue banks would commonly use EtO treatment 

as a sterilisation process of tissue, the cytotoxic effect of residual EtO has been 

reported widely. Butterworth and Chapman (2007) demonstrated the genotoxic 

risk of residual biologically active EtO in driving donor cell leukaemia. The in vivo 

cytotoxicity of a bone material that was treated with EtO was also investigated by 

Hastings et al. (1990), with degassing being unable to remove the cytotoxic 

residual EtO.  

 

Peracetic Acid  

Peracetic acid (PAA) is a sterilising technique that is effective at low temperatures 

and has a high penetration potential. PAA is active against a wide spectrum of 

microorganisms, including bacteria, spores, viruses and fungi. The mechanistic 

actions of PAA involves the production of hydroxyl radicals (Clapp et al., 1994) and 

activity as an oxidising agent, inactivating enzymes essential for microorganism 

survival. The antimicrobial activity of PAA is dependent upon parameters such as 

concentration, temperature, pH and humidity, with a higher concentration and 

temperature of PAA demonstrating greater antimicrobial activity. It has also been 

reported that when PAA is used in conjunction with hydrogen peroxide, a 

synergistic effect is exerted with an enhanced sterilisation ability. The by-products 

generated by PAA, such as carbon dioxide, water and oxygen have a low toxicity 

(Huang, Q. et al., 2004). Chemical modifications of the collagenous tissue surface by 

PAA has also been show to enhance cell adhesion (Matuska and McFetridge, 2015). 

The acidity and strong oxidation capacity of PAA can impact the biological and 

biomechanical properties of some materials. Fidalgo et al. (2018) reported on the 

effects of 0.05 % and 1 % PAA sterilisation treatment decellularised porcine 

pericardium. The structural integrity and biocompatibility of the tissue scaffolds 

was retained following PAA sterilisation. However, the distinct cobblestone-like 

morphology of the pericardium surface structures appeared uncharacteristically 
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smooth and unwrinkled following PAA sterilisation. There was evidence to suggest 

that PAA sterilisation under both concentrations also impaired cell adhesion as the 

adhesion of  human bone marrow mesenchymal stem cells appeared distorted 

after 7 days of culture with PAA treated decellularised porcine pericardium 

(Fidalgo et al., 2018). Rosario et al. (2008) found that the Young’s modulus of 

decellularised porcine bladder significantly decreased following sterilisation with 

0.1 % PAA for 3 hours. The use of PAA on collagenous tissue can be detrimental, 

particularly to type IV collagen, as found within the basement membrane of blood 

vessels in decellularised human dermis (Hogg et al., 2015), and surface of 

decellularised porcine pericardium (Fidalgo et al., 2018) . Despite this, immersion 

of porcine aortic roots in PAA is included within the decellularisation protocol 

devised by Paniagua Gutierrez et al. (2015). The inclusion of this step did not 

negatively impact the biomechanical function of the valves used within the study, 

and excellent biocompatibility was demonstrated in vivo in a sheep model. 

 

Hydrogen Peroxide  

Hydrogen peroxide (H2O2) exerts bactericidal, virucidal, sporicidal and fungicidal 

effects by producing hydroxyl free radicals that are detrimental to membrane 

lipids, DNA, and proteins essential for cellular metabolism. Wardle and Renninger 

(1975) demonstrated that a 10 % concentration of H2O2 resulted in a complete 

elimination of 10 6 Bacillus spores with a 60-minute exposure time. A 1:16 dilution 

of 7 % H2O2 was also proven to exert bactericidal, virucidal, sporicidal, and 

fungicidal effects at different lengths of exposure for each type of microorganism 

(Sattar et al., 1998). H2O2 is commonly applied as a wound antiseptic, dental 

disinfectant, contact lens treatment and food disinfection post-harvesting (Linley 

et al., 2012).  

Gardner et al. (2013) reported that 5 mins of treatment with 3 % (v/v) H2O2  does 

not alter the ultimate tensile strength of human allograft tendons. The selected 

treatment time and concentration conditions were selected to reduce tendon 

allograft bacterial contamination. However, the sterilisation potential of the 

treatment (i.e. the effect on microbial load) was not investigated during the study. 

Leow-Dyke et al. (2016) tested a range of concentrations and pH values of H2O2 to 

determine the impact of this sterilisation technique on decellularised human 
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dermis, alone and in conjunction with copper chloride (CuCl2) at varying pH. The 

use of CuCl2 alongside H2O2 was inspired by the sterilisation potential of copper-

based formulations. Copper impregnated surfaces have been shown to significantly 

reduce the bacterial bioburden and hospital-acquired infections. Leow-Dyke et al. 

(2016) demonstrated that CuCl2 in a concentration range within 0.1 mg/L-1 g/L 

and H2O2 within a concentration range of 0.01-7.5 % had no detrimental impact on 

the morphology, biocompatibility, and biomechanical properties of the 

decellularised human dermis. Additionally, the bactericidal and sporicidal activity 

of the investigated concentrations against Staphylococcus epidermidis 

(S.epidermidis), Escherichia coli (E.coli) and Bacillus subtilis (B.subtilis) spores was 

demonstrated (Leow-Dyke et al., 2017). CuCl2 and H2O2 as a potential tissue 

sterilising agent has not yet been applied to decellularised porcine pulmonary 

heart valves as this treatment is relatively unexplored within the literature.  

 

Ethanol  

Ethanol is a low cost treatment and a potent bactericidal agent at different 

concentrations and exposure times that can operate at ambient temperatures. 

Ethanol inactivates microorganisms by causing the denaturation of proteins, 

dehydration of cells, and disruption of lipids present within cell membranes. Ten 

seconds of ethanol exposure at concentrations ranging from 30-40 % was effective 

for eliminating Pseudomonas aeruginosa, Serratia marcescens, E. coli and 

Salmonella typhosa (Coulthard and Sykes, 1936). At concentrations of 60-80 % 

ethanol is also a potent virucidal agent (Mbithi et al., 1990).  

Although the immersion of collagen scaffolds within ethanol has been used in 

laboratories as a disinfection step (Ma et al., 2003), the use of ethanol for the 

sterilisation of medical and surgical materials is not recommended. This is due to 

ethanol lacking sporicidal activity, and the penetration of protein-rich material is 

poor. There is evidence to suggest that the immersion of a medical device into 

ethanol may alter the structural properties of the material, which can subsequently 

impact the biomechanical properties (Shearer et al., 2006). 
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Electrolysed Water  

Electrolysed water is an emerging novel technology that is used in a wide range of 

fields, such as agriculture, food sanitisation and medical sterilisation. Electrolysed 

water is active against a wide range of microorganisms, including bacteria, viruses, 

fungi and spores, in a relatively short time frame of 5 to 20 seconds (Quan et al., 

2010; Rahman et al., 2016). The production of electrolysed water involves an 

electrolysis chamber that contains sodium chloride (NaCl2) solution with a 

diaphragm separating the cathode and anode. A current is passed through the 

electrolysis chamber, forming alkaline electrolysed water at the cathode, and 

acidic electrolysed water at the anode. The oxidation-reduction potential, chlorine 

concentration and pH of the electrolysed water influences the antimicrobial 

efficacy. Chlorine infiltrates the membrane of microorganisms and produces 

hydroxyl radicals which exert antimicrobial activity via oxidation disrupting 

essential metabolic components (Rahman et al., 2016). 

 

In a study conducted by Yanik et al. (2015) it was found that a 1:10 dilution of 100 

% electrolysed water was sufficient in reducing bacteria that are responsible for 

certain types of hospital acquired infections. Hussein et al. (2013) reported the 

sterilisation efficacy of electrolysed water on decellularised porcine liver without 

adverse impact on collagen and GAG content, cytocompatibility and cell 

attachment.  However, the efficacy of electrolysed water as a sterilisation 

technique for porcine decellularised aortic heart valves was investigated by 

Hennessy et al. (2017). This research group found that electrolysed water did not 

have a significant impact on the sterility of the decellularised heart valves.   

 

1.7.2.2 Physical Sterilisation Methods 

Gamma Irradiation  

Gamma irradiation is a common sterilisation method used by tissue banks to 

terminally sterilise skin or bone allografts and medical equipment. The ionising 

gamma irradiation is sourced from radionuclide elements such as cobalt-60 which  

emit gamma rays that are able to readily pass through the materials and lyse DNA 

and RNA strands (Brinston and Wilson, 1993; Eagle et al., 2005; Rooney et al., 
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2008). Gamma rays generate reactive oxygen species (ROS) which have a 

deleterious effect on DNA molecules, and cause the dysfunction of enzymes 

(Rendic and Guengerich, 2012).  Gamma irradiation has been proven to inactivate 

bacteria, moulds, yeasts, viruses, and spores, making it a potent option for 

reducing bioburden of medical devices (Dai et al., 2016).  

Despite being effective at terminating a broad range of microorganisms, there is a 

growing amount of evidence to suggest that the application of gamma irradiation 

for the sterilisation of tissue allografts results in detrimental morphological and 

functional alterations. In a study conducted by Helder et al. (2016), decellularised 

porcine aortic heart valves were exposed to gamma irradiation in doses of 1,000 

Gy, 3,000 Gy, or 10,000 Gy to assess both sterility and ECM integrity. In vitro 

mechanical testing showed a decrease in the stiffness and ultimate tensile strength 

of cusps of the gamma irradiated tissue in comparison to control valves that 

received no gamma irradiation. Despite this in vitro finding, decellularised porcine 

aortic heart valves gamma irradiated with 1,500 Gy and 3,000 Gy were implanted 

into 3 sheep models. Valve malfunction was apparent at 1 week post-implantation 

with signs of stenosis. The proposed mechanism for these findings is that 

irradiation of collagen fibres may fraction the α-polypeptide chains or induce 

cross-linking via the presence of free radicals altering biomechanical 

behaviour(Cheung et al., 1990). 

Somers et al. (2009) also demonstrated that the exposure of decellularised porcine 

heart valve matrices to 1, 10, 50 and 100 Gy gamma irradiation exerted 

detrimental effects on the microenvironment of the scaffolds which negatively 

impacted the elasticity and tensile strength properties. Gamma irradiation of wet 

tissues causes radiolysis of water molecules that releases free radicals that can 

cross-link collagen molecules. As well as detrimentally impacting the mechanical 

properties in a dose dependent manner, cross-linking of collagen fibres can also 

make the tissue more susceptible to calcification which can also impact the 

biomechanical function and long-term durability of the valves (Nguyen et al., 2007; 

Somers et al., 2009). 
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E-beam Radiation 

E-beam radiation is considered to be an alternative to gamma irradiation, with a 

similar mode of action. The highly charged e-beam is generated by the acceleration 

of electrons, with energy levels within the beam controlled by altering the 

concentration and acceleration rate. The exposure time to e-beam radiation is 

relatively short and causes less deleterious effects of materials than gamma 

irradiation (Silindir Gunay and Ozer, 2009). Although, the penetration potential of 

e-beam is determined by the kinetic energy of electrons and the density of the 

biomaterial intended for sterilisation, e-beam radiation is typically characterised 

by a low permeability potential (Dai et al., 2016).  

Elenes and Hunter (2014) compared the biomechanical properties of tendon 

allograft to aseptic, non-sterilised controls and gamma-irradiated grafts. Allografts 

were exposed to either a high (17.1 to 21.0 KGy), or a low dose of e-beam (9.2 to 

12.2 KGy). Exposure of the tendon allografts to a high dose of e-beam radiation did 

not significantly alter the biomechanical properties in comparison to the controls, 

suggesting that e-beam radiation is less damaging to the architectural composure 

of collagenous tissue in comparison to gamma radiation. However, the 

effectiveness of e-beam radiation in reducing bioburden was not explored within 

the study.  

 

Electroporation  

Electroporation, or pulsed electric field, refers to the application of an electric field 

to cells resulting in the increase in the permeability of the cellular outer 

membrane. This causes the loss of the membrane barrier function, disrupting the 

intracellular homeostasis and subsequently resulting in the termination of the 

targeted microorganism. Effectiveness of electroporation is determined by the 

strength of the electric field, and the length of time that the field is applied 

(Yarmush et al., 2014).  Electroporation is an innovative tool because it does not 

depend on the use of thermal energy or chemical reactions to exert its effects. The 

use of electroporation in the food and liquid decontamination industries is 

extensively explored because it provides a low energy alternative to current 

decontamination methods such as pasteurisation, which causes a reduction in the 

nutritional value of foods in addition to altering taste (Kishore et al., 2007). The 
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potential of electroporation as a terminal sterilisation method for tissue grafts is, 

however, relatively unexplored within the literature.  

 

Supercritical Carbon Dioxide  

Supercritical carbon dioxide (ScCO2) is a novel sterilisation technique that has 

gathered attention due to possessing properties that are ideal for the sterilisation 

of tissues and biomaterials.  

ScCO2 is recognised as an environmentally benign solvent that has a diverse range 

of applications across food, biomaterials and pharmaceutical industries (Zhang, X. 

et al., 2014). ScCO2 has been investigated and used for the extraction of valuable 

compounds for the past three decades (Ali Mansoori et al., 1988). The critical point 

of carbon dioxide is achieved at temperatures of 31 °C and pressures of 1099 psi. 

At conditions above the critical point, carbon dioxide becomes a supercritical fluid 

with properties of both gaseous and liquid states (Cooper, 2000). As the critical 

point of ScCO2 is achieved at mild temperature and pressure conditions, ScCO2 

treatment ideal for the application of tissues and materials that are sensitive to 

heat degradation. In the food industry, ScCO2 technology has been used for fruit 

and vegetable preservation without adversely impacting food quality (Damar and 

Balaban, 2006). ScCO2 is non-toxic and does not leave toxic residuals following its 

application. The structural and functional properties of biological tissue scaffolds 

exposed to ScCO2 would not be compromised as CO2 is non-reactive (Nichols et al., 

2009).  Furthermore, ScCO2 has a low viscosity and surface tension, making it an 

ideal choice for the penetration of tissues and materials.  

The penetration potential of ScCO2 allows ScCO2 accumulation within cells which 

results in acidic intracellular pH levels, disrupting the metabolic processes and 

ultimately resulting in microbial death (White, A. et al., 2006). ScCO2 is effective 

against bacterial, viral, and fungal bioburden (Spilimbergo and Bertucco, 2003). 

When combined with additives such as hydrogen peroxide and PAA, the biocidal 

activity of ScCO2 is enhanced which is likely due to the acidic or oxidative 

properties of these reagents. The acidification of the cytoplasm and extracellular 

medium by the formation of carbonic acid from CO2 causes damage to the cell 

membrane, increasing the penetration of CO2 by increasing membrane 

permeability. Using ScCO2 and 0.1 % H2O2 at moderate temperature and pressure 
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conditions of 50 °C and 1176 psi, within 30 minutes Checinska et al. (2011) were 

able to obtain a 6-log reduction of Bacillus pumilus SAFR-032 endospores that have 

been shown to be resistant to UV irradiation and 5 % H2O2 when compared to 

other Bacillus species. Other mechanisms of ScCO2 treatment can also contribute 

towards sterilisation efficacy, such as extraction. CO2 is lipophilic and therefore has 

the ability to extract phospholipids from the cell membrane and intracellular 

structures (Lin et al., 1992; Ribeiro, N. et al., 2020).  

The sterility and mechanical properties of ScCO2 treated decellularised porcine 

aortic valves were investigated by Hennessy et al. (2017). The decellularised 

valves were sterilised in Tyvek pouches using the NovaProcess™, which is a 

patented ScCO2 sterilisation protocol commercially available by NovaSterilis 

(NovaSterilis, NY). The sterilisation protocol relies on the Nova2200™ supercritical 

vessel and a reagent containing PAA and H2O2 to supplement the ScCO2 treatment. 

The findings from this study demonstrated that the use of ScCO2 with the 

enhancing reagents did not adversely affect the tensile mechanical properties in 

comparison to controls, but functional studies were not carried out. However, 

ScCO2 sterilisation of decellularised porcine pulmonary heart valves has not yet 

been investigated within the literature. Additionally, there is no published work 

investigating ScCO2 processing of decellularised tissue grafts whilst submerged in 

PBS during processing. The impact of ScCO2 sterilisation on decellularised 

peripheral nerve grafts whilst submerged in PBS was investigated at University of 

Leeds Institute of Medical and Biological Engineering (Holland, 2019). There was 

found to be a superior retention and distribution of collagen IV, laminin and 

fibronectin in comparison to ScCO2 sterilisation treatment of the decellularised 

peripheral nerve grafts processed in Tyvek pouches (Holland, 2019). It was 

proposed that PBS solution during processing had a protective effect by diluting 

the local concentration of oxidising agents (Holland, 2019). Thus, it is also relevant 

to investigate if these protective effects are also translated to ScCO2 sterilisation of 

decellularised porcine pulmonary heart valves.  
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1.8 Rationale, Aims and Objectives  

1.8.1 Rationale  

The rationale for this research is that decellularised pulmonary heart valves pose a 

promising alternative to current heart valve replacement options for the 

reconstruction of the right ventricular outflow tract during the Ross procedure. 

With an increasing awareness and requirement for sterility assurance of medical 

devices, the inclusion of a robust sterilisation method is essential to make this 

option fit for clinical use. Although many sterilisation methods may be detrimental 

when applied to decellularised heart valves, there are still a number of unexplored 

avenues for sterilisation.  Exploration of such novel methods would provide an 

initial appraisal of the most suitable sterilisation method for decellularised heart 

valves. This would ultimately facilitate the translation of decellularised heart 

valves to commercial production whilst assuring patient safety to promote the 

clinical utilisation of decellularised heart valves.  

CuCl2 and H2O2 is a novel sterilisation method that is relatively unexplored within 

the literature for tissue sterilisation applications. Preliminary studies 

(unpublished) conducted within University of Leeds Institute of Medical and 

Biological Engineering demonstrated the potential of CuCl2 and H2O2 treatment for 

decellularised porcine pulmonary heart valve sterilisation. However, optimisation 

of CuCl2 and H2O2 treatment conditions prior to investigation of the impact on 

decellularised porcine pulmonary heart valves would be beneficial.  

ScCO2 is a novel sterilisation method that has been demonstrated to be ideal for 

tissue sterilisation.  However, the impact of ScCO2 on the biological and 

biomechanical properties of decellularised porcine pulmonary heart valves that 

have been decellularised using a specifically designed method that incorporates 

0.1 % SDS, nuclease and protease inhibitors has not yet been reported (Luo et al., 

2014). 

1.8.2 Aim 

The aim of this research was to assess the impact of the novel sterilisation 

methods (CuCl2 and H2O2 and ScCO2) on the biological and biomechanical 

properties of decellularised porcine pulmonary heart valves.  
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1.8.3 Objectives 

i. To validate a decellularisation protocol modified from Luo et al. (2014) 

(with the absence of peracetic acid decontamination step) for porcine 

pulmonary heart valves. 

 

ii. To identify and optimise CuCl2 & H2O2 formulations for decellularised 

porcine PHV (dPHV) sterilisation; 

 

iii. To characterise the effects of CuCl2 & H2O2 sterilisation on the biological and 

biomechanical properties of dPHVs. 

 

iv. To characterise the effects of a commercially available ScCO2 sterilisation 

protocol, The NovaProcess™, on the biological and biomechanical 

properties of dPHVs; 

 

v. To further characterise the effects of a commercially available ScCO2 

sterilisation protocol, The NovaProcess™, on the functional biomechanical 

performance of dPHVs. 

 

 

 

 

 

 

 

 

 

 

 



53 
 

Chapter 2 : Materials and Methods 

This chapter details the general materials and methods used throughout this study. 

Specific methods are described in the pertinent chapters. 

2.1 Materials 

2.1.1 Chemicals and Reagents  

The chemicals and reagents and the suppliers used are listed in Appendix A, 

supplementary table 1.  

2.1.2 Equipment  

The equipment and the suppliers used are listed in Appendix A, supplementary 

table 2. 

2.1.3 Labware and Consumables  

The labware and consumables and the suppliers used are listed in Appendix A, 

supplementary table 3.  

2.1.4 Glassware  

All glassware (duran bottles, beakers and measuring cylinders at 100 mL, 1,000 

mL and 2,000mL volumes) were cleaned using 1 % (v/v) Neutracon ® detergent 

solution (Decon Laboratories Ltd., UK).  Glassware were rinsed in tap water, 

followed by distilled water to remove residual detergent.  Items were then dried in 

a drying oven and sterilised as described in Section 2.2.1.3.  

2.1.5 Cell Lines  

The cell lines and suppliers used in this study are listed in Table 2.1. 

Table 2.1 Cell Lines Used Throughout This Study. 

 

 

 

Cells Type Species Supplier 

L929 Immortalised 
Fibroblast 

Murine Health Protection Agency 
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2.1.6 General Chemical Stock Solutions 

2.1.6.1 Phosphate Buffered Saline  

Ten phosphate buffered saline (PBS) tablets were dissolved in 1 L of distilled 

water. The pH was then adjusted to 7.2-7.4, as described in Section 2.2.1.1 . The 

solution was autoclaved, as described in Section 2.2.1.3, and stored at room 

temperature for up to one month. 

2.1.6.2 Sodium Hydroxide Solution, 6 M 

Sodium hydroxide (NaOH) pellets (120 g) were dissolved into 500 mL distilled 

water and stored at room temperature for up to six months. 

2.1.6.3 Ethanol (70 %; v/v) 

Distilled water (300 mL) was added to 100 % (v/v) ethanol (700 mL), making 1 L 

of 70 % (v/v) ethanol. 

 

2.1.7 Decellularisation Solutions  

2.1.7.1 Antibiotic Disinfection Solution (100 U.mL-1 penicillin, 100 μg.mL-1 

streptomycin, 100 μg.mL-1 gentamicin) 

Prior to use, 2 mL of sterile penicillin – streptomycin solution (5,000 U.ml-1 

penicillin, 5 mg.ml-1 streptomycin) and 1 mL of sterile gentamicin solution (10 

mg.ml-1) was added to 97 mL of autoclaved PBS (Section 2.1.7.1), and mixed by 

gentle agitation. This was carried out inside a class II biological safety cabinet. For 

every PHV root, 100 mL of antibiotic disinfection solution was prepared.  

2.1.7.2 Agarose Solution (1 %; w/v) 

Low temperature melting point agarose (1 g) was dissolved in distilled water (100 

mL). The solution was then autoclaved, as described in Section 2.2.1.3. Prior to use, 

the agarose was melted in a water bath held at 70 °C, and was then left to 

equilibrate to 40 °C. 

2.1.7.3 Trypsin Solution (2.25 x 104 U.mL-1 in PBS) 

The quantity of trypsin powder required was calculated in accordance to the 

volume of trypsin solution required (1 mL per PHV root), and the units of activity 
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specific to the batch of trypsin. The calculated amount was dissolved into the 

appropriate volume of PBS (prepared as described in Section 2.1.7.1). The solution 

was filter sterilised, as described in section 2.2.1.3. The solution was prepared 

immediately before use.  

2.1.7.4 Trypsin Treatment Paste (1.125 x 104 U.mL-1 trypsin, 0.5 % (w/v) 

agarose) 

The molten agarose solution (Section 2.1.8.2) and the trypsin solution (Section 

2.1.8.3) was mixed in a 1:1 ratio to achieve a volume of 2 mL per PHV root. This 

was carried out inside a class II biological safety cabinet.  The mixture was placed 

into the fridge (4 °C) until solidified.  

2.1.7.5 PBS Wash Buffer-A (PBS-A; contains 10 KIU.mL-1 aprotinin) 

Prior to use, 1 mL aprotinin (10000 KIU.mL-1) to 999 mL of PBS (Section 2.1.7.1) 

using a sterile syringe. This was carried out inside a class II biological safety 

cabinet.  

2.1.7.6 PBS Wash Buffer-E (PBS-E; contains 2.7 mM EDTA) 

Ten PBS tablets and 1.005 g of EDTA was dissolved in 800 mL of distilled water. 

The pH was adjusted to 7.2-7.4 (Section 2.2.1.1) and the volume was made up to 1 

L using distilled water. The solution was autoclaved as described in Section 2.2.1.3. 

The solution was stored up to one month at room temperature.  

2.1.7.7 Trypsin Inhibitor Solution (2.7 mM EDTA, 10 KIU.mL-1 aprotinin, and 

67.5 mg trypsin inhibitor) 

In accordance to the certificate of analysis (CoA)  of trypsin inhibitor stating that 

one mg of trypsin inhibitor (TI) will inhibit a minimum of 1.0 mg or a minimum of 

1.5 mg Trypsin (T) of activity, 67.5 mg of trypsin was added to 50 mL of PBS-E 

(Section 2.1.8.6) that was aseptically transferred into a 60 mL sterile pot. The 50 

mL volume was filter sterilised into the remaining PBS-E. Into to 999 mL of the 

sterile trypsin inhibitor solution, 1 mL aprotinin (10000 KIU.mL-1) was added 

using a sterile syringe. 
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2.1.7.8 Hypertonic Solution (50 mM Tris, 1.5 M sodium chloride) 

Sodium Chloride (87.66 g) and trizma base (6.06 g) were dissolved into 900 mL of 

distilled water. The pH of the solution was adjusted as described in Section 2.2.1.1, 

and the volume was made up to 1 L using distilled water. The solution was 

autoclaved as described in Section 2.2.1.3, and stored at room temperature for up 

to a month.  

2.1.7.9 Hypotonic Buffer (10 mM Tris, 2.7 mM EDTA, 10 KIU.mL-1 aprotinin) 

Trizma base (1.21 g) and EDTA (1.005 g) were dissolved in 900 mL of distilled 

water. The pH of the solution was adjusted to 8.0-8.2 (Section 2.2.1.1). The solution 

was made up to 1 L and autoclaved, as described in Section 2.2.1.3 . The solution 

was stored for up to one month at room temperature. Prior to use, 1 mL of 

aprotinin solution (10,000 KIU/mL stock) was aseptically added to 999 mL 

hypotonic buffer.  

2.1.7.10 Sodium dodecyl sulphate Solution (10% w/v) 

Sodium dodecyl sulphate (SDS) powder (10 g) was dissolved in distilled water 

(100 mL). The SDS solution was filter sterilised, as described in section 2.2.1.3. The 

solution was aliquoted into 10 mL volumes and stored aseptically for up to six 

months at room temperature.  

2.1.7.11 SDS Hypotonic Buffer (0.1 % [w/v] SDS, 10 mM Tris, 2.7 mM 

EDTA, 10 KIU.mL-1 aprotinin) 

To 989 mL of hypotonic buffer (Section 2.1.8.9), 10 mL of 10% (w/v) SDS solution 

(section 2.1.8.10) was added aseptically in a class II biological safety cabinet prior 

to use. Following this, 1 mL of aprotinin (10,000 KIU.mL-1) also aseptically added 

in a class II biological safety cabinet.  

2.1.7.12 Nuclease Solution (50 mM Tris, 1 mM MgCl2, 10 U.mL-1 

Benzonase) 

Trizma base (6.1 g) and magnesium chloride (MgCl2; 0.203 g) was dissolved in 

distilled water (900 mL). The pH was adjusted to 7.5-7.7 (Section 2.2.1.1). The 

volume of the solution was made up to 1 L with distilled water and autoclaved as 

described in Section 2.2.1.3. The autoclaved solution was stored for up to one 

month at room temperature. In a class II biological safety cabinet, an appropriate 
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volume of bezonase was aseptically added to achieve a stock concentration of 250 

U.mL-1  prior to use. The solution was used within ten minutes of preparation.  

2.1.7.13 Peracetic Acid Solution (0.1 %; v/v) 

Peracetic acid (PAA) was diluted in accordance to the starting concentration and 

required volume, to achieve 0.1 % PAA, 200 mL per PHV root. The pH of the PAA 

solution was adjusted to 7.2-7.5 (Section 2.2.1.1), and used within one hour of 

production. 

 

2.2  Methods  

2.2.1 General Methods 

2.2.1.1 pH Measurement and Adjustment 

The pH of solutions was measured using a Jenway 3020 pH meter. The pH meter 

was calibrated using pH standard solutions at pH 4, pH 7, and pH 10 prior to use. 

To account for the temperature dependency of pH readings, a temperature probe 

was used for each measurement.  To adjust the pH of solutions, 1-6 M hydrochloric 

acid (HCl) or 1-6 M NaOH was used. 

 

2.2.1.2 Microscopy  

Bright Field Microscopy 

Bright field (Köhler) microscopy was performed using an upright microscope for 

imaging histology slides (AXIO Imager.M2, Zeiss). Prior to use, the microscope was 

calibrated and optimised to enhance the quality and clarity of images. Images were 

captured using the digital camera associated with the microscope, as well as Zen 

Pro software (Zeiss blue edition version 2.3) . 

Fluorescent Microscopy 

Fluorescent microscopy was carried out using the upright microscope (AXIO 

Imager.M2, Zeiss), but with a fluorescent illuminator in conjunction with the 

appropriate filters. 
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Polarised Light Microscopy 

Polarised light microscopy was performed using the upright microscope (AXIO 

Imager.M2, Zeiss) in conjunction with the associated polarised filters. This 

displayed birefringence of the histological structures. 

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was performed using Carl Zeiss EVO MA15 

(Leeds Electron Microscopy and Spectroscopy Centre). Prior to imaging, samples 

were fixed using the schedule described in Table 2.2 and critical point dried using 

Polaron E3000 critical point drying apparatus with CO2 as the transition fluid. 

Samples were then mounted onto 13 mm pin stubs using carbon tape tabs and 

then coated in iridium to a thickness of 22 nm using an Agar high resolution 

sputter coater. A voltage of 20 KV and a working distance of 13 mm was used to 

capture images. The following five magnifications were used to capture images: 50 

X, 200 X, 400 X, 600 X, 1000 X. The fields of view captured were kept as consistent 

as possible amongst the different samples from different groups. 

Table 2.2 Tissue Fixation Protocol.  

 

2.2.1.3 Sterilisation  

Equipment and solutions were sterilised using dry heat, moist heat, or filter 

sterilisation.  

Items that were free from moisture, such as equipment, were placed into a hot air 

oven for four hours at 180 °C. 

Step Solution Duration  

1 2.5 % (v/v) 
glutaraldehyde in 0.1 M 

phosphate buffer 

2 h 

2 0.1 M (w/v) phosphate 
buffer 

30 mins x 2 

3 1.0% (v/v) osmium 
tetroxide in 0.1 M 
phosphate buffer 

16 – 18 h 

4 20 %, 40 %, 60 %, 80 %, 
2 x 100 % acetone 

30 mins for each 
ascending concentration 
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Solutions were sterilised by autoclaving for 20 minutes at 121 °C, with a pressure 

of 15 pounds per square inch (psi).  

Solutions that were unsuitable for heat sterilisation were filtered using 0.2 µm 

pore sized filters with disposable syringes. The solutions were filtered into sterile 

containers in a Class II biological safety cabinet. 

 

2.2.2 Acquisition of Porcine Pulmonary Heart Valves  

2.2.2.1 Porcine Heart and Lung Procurement  

Fresh porcine hearts with the lungs attached from Large White Yorkshire pigs (26 

to 28 weeks of age) were obtained from two local abattoirs (J. Penny, Leeds, United 

Kingdom; M&C Meats, Leeds, United Kingdom). The hearts and attached lungs 

were delivered within four hours of slaughter. 

 

2.2.2.2 Porcine Pulmonary Heart Valve Dissection  

The pulmonary artery and aorta were located and used as a guide for removal of 

the lungs. The apex of the heart was then removed via transverse incision to create 

a stable flat surface for further dissection of the pulmonary heart valve root which 

consists of the pulmonary artery, pulmonary heart valve, and inferior myocardium 

skirt. The pericardium was removed to expose the pulmonary artery and aorta. 

The aorta and pulmonary artery were carefully separated using a scalpel blade, 

dissecting scissors and forceps. Using a scalpel blade, the pulmonary artery, 

pulmonary valve and the inferior myocardium skirt was separated from the heart 

(Figure 2.1). The pulmonary artery was trimmed to an appropriate length of ≥ 6 

cm. The dissected pulmonary heart valve roots were washed with PBS to wash 

away blood and to prevent drying of the tissue. The pulmonary roots were sealed 

inside 60 mL pots that contained PBS soaked filter paper. These were then stored 

at -20 °C for later use. 
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Figure 2.1 Porcine PHV Root Dissection.  Location of the pulmonary artery and 
aorta (A). Removal of lungs leaving the heart (B). The removal of the apex from the 
heart (C). PHV root (D).  

 

2.2.2.3 Fine Dissection of Porcine Pulmonary Heart Valve Roots 

Before commencing porcine pulmonary heart valve root decellularisation, the PHV 

roots were thawed at 37 °C for 30 minutes prior to further fine dissection. Excess 

fat and connective tissue was carefully removed from the pulmonary heart valve 

root. The myocardium skirt was trimmed to 5 mm length below the pulmonary 

valve leaflets and 3 mm width. The pulmonary heart valve roots were scraped, 

whereby a scalpel blade was ran along the length of the adventitial layer of the 

pulmonary artery. 

2.2.3 Decellularisation of Porcine Pulmonary Heart Valves  

Native porcine PHV roots were exposed to a decellularisation protocol modified 

from Luo et al. (2014) (Table 2.3). Dissected porcine PHV roots were thawed for 

approximately 30 minutes at 37 °C. All steps following thawing of the PHVs were 

carried out using aseptic technique inside a class II safety cabinet, using sterile 

equipment. All washes were carried out using 200 mL of solution, except for 

~ 6.5 cm 
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antibiotic disinfection (100 mL). All washes were carried out horizontally with 

agitation at 110 RPM, except for the nuclease wash step which was carried out at 

80 RPM. Following decellularisation, the decellularised PHVs were immersed in 

100 mL of fresh sterile PBS in fresh sterile 150 mL containers and stored upright at 

4 °C in the dark until use. 

Table 2.3 Decellularisation protocol for porcine pulmonary heart valves 

Step Solution/Action Temperature (°C) Incubation 

Period 

1 Thaw pulmonary valve 

roots 

37 Until thawed (~30 

minutes) 

2 Disinfection solution 

(100U.ml-1 penicillin, 

100µg.ml-1 

streptomycin,100 µg.ml-1  

gentamicin) 

4 Overnight (16-17 

hours) 

3 Melt agarose 70 Until melted (~4 

hours) 

4 Equilibrate agarose 40 Overnight (16-17 

hours) 

5 Insert cotton wool soaked 

with 50% (v/v) FBS in PBS 

into leaflets and artery 

lumen. Prepare trypsin 

agarose paste and allow to 

set 

Room temp 1-2 hours 

6 Apply trypsin agarose 

paste to adventitial layer 

of pulmonary wall and 

myocardium skirt 

37 2 hours 
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7 Trypsin inhibitor (PBS 

EDTA, trypsin inhibitor, 

aprotinin) 

42 30 Minutes x 3 

8 Hypotonic buffer with 

aprotinin 

42 24 hours 

9 Hypotonic buffer with 

aprotinin and SDS 

42 24 hours 

10 PBS with aprotinin added 42 30 minutes x 3 

11 PBS with aprotinin added 42 Weekend (~66 

hours) 

12 Nuclease solution with 

benzonase 

37 3 hours x 2 

13 PBS 42 30 minutes x 3 

14 Hypertonic solution 42 24 hours 

15 PBS 42 30 minutes x 2 

16 PBS #3 42 24 hours 

17 PBS #4 42 24 hours 

18 PBS #5 42 Overnight (16-17 

hours) 

19 PBS 42 30 minutes x 3 

20 PBS 4 Weekend (~66 

hours) 

21 Transfer decell PHVs into 

fresh PBS for storage 

4  
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2.2.4 Basic Histological Techniques  

2.2.4.1 Fixation, Processing, and Paraffin Wax Embedding of Tissue 

A segment of the valve consisting of the right pulmonary leaflet was dissected from 

the remainder of the pulmonary root. This was then vertically cut in half, leaving 

two PHV tissue samples consisting of the pulmonary artery, the right leaflet, and 

myocardium skirt (15 mm length, 5 mm width). The tissue samples were placed 

into labelled plastic histology cassettes. One portion of the tissue sample was fixed 

in neutral buffered formalin (NBF), and the other was fixed in zinc fixative for 24 

hours at room temperature (22-24 °C). The tissue containing plastic cassettes were 

then transferred to the automated tissue processor (Leica TP1020), where they 

were exposed to a predetermined programme (Table 2.3). 

Table 2.4 Automated Tissue Processing Programme Protocol. 

 

Upon completion of the tissue processor programme, the cassettes were 

transferred into fresh molten wax inside a wax oven at 60 °C. The tissue samples 

were then removed from the cassettes and orientated into metal wax block moulds 

using hot forceps, covered in molten paraffin wax, and were left to set at room 

temperature (22-24 °C) overnight (16-18 hours). 

 

 

 

Step Solution Duration  

1 70% (v/v) ethanol 1 h 

2 90% (v/v) ethanol 1 h 

3 100% (v/v) ethanol 2 h 20 mins 

4 100% (v/v) ethanol 3 h 20 mins 

5 100% (v/v) ethanol 4 h 20 mins 

6 100% (v/v) ethanol 1 h 

7 Xylene 1 h 30 mins 

8 Xylene 2 h 

9 Xylene 1 h 30 mins 

10 Molten wax 2 h  

11 Molten wax 2 h 
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2.2.4.2 Sectioning of Paraffin Wax Embedded Tissue Blocks 

The wax embedded tissue samples were sectioned at a thickness of 7 µm using a 

microtome (Leica RM2255). The tissue sections were delicately transferred from 

the microtome to a water bath set at 50 °C using forceps. These floating sections 

were collected from the water bath onto Superfrost Plus slides. The slides were 

then placed onto hotplate rails set at 60 °C for up to 1 hour before being placed 

into a 37 °C incubator overnight (16-18 hours). 

2.2.4.3 Dewaxing and rehydration 

The paraffin wax embedded tissue sections were dewaxed and rehydrated by 

submerging the paraffin wax embedded tissue samples on glass slides into xylene 

for 10 minutes, twice, followed by immersion into fresh jars of absolute ethanol for 

3, 2, and 2 minutes.  The slides were then placed into 70 % ethanol for 2 minutes 

followed by immersion into running tap water for 3 minutes. 

 

2.2.4.4 Dehydration and Mounting 

Stained sections were dehydrated by immersion into 70 % ethanol for 5 seconds, 

followed by immersion for 1, 2 and 3 minutes into fresh jars of absolute ethanol. 

The slides were then placed into xylene twice, 10 minutes at each time. Each 

section was mounted using DPX mountant and a glass coverslip. Slides were left to 

air-dry in the fume cupboard for a minimum of 4 hours prior to imaging. 

 

2.2.5 Histological Staining 

2.2.5.1 Haematoxylin and Eosin  

Haematoxylin and eosin (H&E) staining was used for visualisation of cellular 

morphology and histoarchitecture. Tissue sections were first dewaxed and 

rehydrated (Section 2.2.4.3). Following dewaxing and rehydration, the tissue 

sections were immersed into Mayer’s haematoxylin for 1 minute, rinsed in running 

tap water until clear, and immersed into Scott’s tap water substitute for 3 minutes. 

Sections were rinsed again in running tap water for 3 minutes and then immersed 

into eosin for 3 minutes.  Sections were then dehydrated and mounted (Section 

2.2.4.4). Stained slides were visualised using Köhler illumination (Section 2.2.1.2). 
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2.2.5.2 Picrosirius Red & Miller’s Elastin  

Reagents: 

• Potassium Permanganate (5 %; w/v) Potassium permanganate- 15 g 

Distilled water- 300 mL  

 

• Oxalic Acid (1 %; w/v) Oxalic Acid – 3 g 

Distilled water – 300 mL 

 

• Weigert’s Haematoxylin One part solution A 

One part solution B 

 

• Acid Alcohol (1 %; v/v) Concentrated hydrochloric acid- 
5 mL 

Ethanol (70 %) - 495 mL 

 

• Picrosirius Red (0.1 %; w/v) Picrosirius red - 0.3 g 

Aqueous saturated picric acid 
solution- 300 mL 

 

Method:  

Picrosirius red staining was used to visualise collagen fibres, and Miller’s elastin 

staining was used to visualise elastin fibres. Under polarised light, the 

birefringence of the collagen fibres is associated with the fibre diameter, with an 

increase in diameter being related to the transition in observed colour from green 

to yellow to orange to red (Junqueira et al., 1979). It is believed that the alignment 

of the fibres and the packing density also influences the observed colour.  

Tissue sections (Section 2.2.4.2) were first dewaxed and rehydrated, as described 

in section 2.2.4.3. Sections were then immersed into potassium permanganate (5 

%; w/v) for 5 minutes, and subsequently rinsed using distilled water. Sections 

were immersed into 1 % (w/v) oxalic acid for 2 minutes, followed by distilled 

water for 1 then 4 minutes. Sections were then immersed into 70 % (v/v) ethanol 

for 1 minute, followed by 95 % (v/v) ethanol for 1 minute. Sections were then 

stained using Miller’s stain for 1 hour. Following this, sections were rinsed using 

95 % (v/v) ethanol for 1 minute, 70 % (v/v) ethanol for 1 minute, and tap water 
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for 2 minutes. Sections were then stained using Weigert’s haematoxylin for 10 

minutes, followed by differentiation in 1 % acid alcohol for one minute. Sections 

were then rinsed using distilled water for 30 seconds and stained using Picrosirius 

red (0.1 %; w/v) for 1 hour. Sections were then rinsed in distilled water for 30 

seconds and blot dry prior to dehydration and mounting (Section 2.2.4.4). Slides 

were viewed and imaged under both Köhler illumination and polarised light 

(Section 2.2.1.2). 

 

2.2.5.3 Movat’s Pentachrome 

Movat Pentachrome Stain Kit (ab245884) proprietary reagents were used:  

• Working Elastic Stain Solution 
 

Haematoxylin Solution (5 %) – 
two parts 

 

Ferric Chloride Solution (10 %) – 
one part 

 

Lugol’s Iodine Solution – one part 

• Ferric Chloride Differentiating 
Solution (2 %) 
• Sodium Thiosulfate Solution (5 %) 
• Acetic Acid Solution (1 %) 
• Alcian Blue Solution, pH 2.5 
• Biebrich Scarlet – Acid Fuchsin 
Solution 
• Phosphotungstic Acid Solution (5 %) 
• Yellow Stain Solution 

As supplied 

 

Method:  

Movat’s pentachrome staining was used to visualise collagen, elastin, muscle, 

mucin, and fibrin in tissue sections. Tissue sections (Section 2.2.4.2) were first 

dewaxed and rehydrated, as described in Section 2.2.4.3. Sections were then 

immersed in Working Elastic Stain Solution for 20 minutes, rinsed in running tap 

water until no excess stain remained, then dipped into Ferric Chloride 

Differentiating Solution (2 %) 15 times. Sections were then rinsed in tap water 

followed by distilled water twice prior to immersion in Sodium Thiosulfate 
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Solution (5 %) for 1 minute. Sections were again rinsed in tap water followed by 

distilled water twice prior to immersion in Acetic Acid Solution (1 %) for 2 

minutes, and then Alcian Blue Solution, pH 2.5, for 25 minutes. Again, sections 

were rinsed in tap water followed by distilled water twice. Sections were 

immersed in Biebrish Scarlet – Acid Fuchsin Solution for 2 minutes, rinsed in 

distilled water twice, immersed in Acetic Acid Solution (1 %) for 10 seconds and 

then rinsed in distilled water. Sections were differentiated in 2 changes of 

Phosphotungstic Acid Solution (5 %) for 7 minutes each, rinsed in distilled water, 

and then incubated in Acetic Acid Solution (1 %) for 1 minute. Sections were then 

stained with Yellow Stain Solution for 25 minutes, rinsed in 100 % (v/v) ethanol 

for 1, 2 and 3 minutes, prior to mounting (Section 2.2.4.4). Sections were viewed 

and imaged under Köhler illumination (Section 2.2.1.2). 

 

2.2.6 Immunohistochemistry 

Immunohistochemistry was used to visualise the presence of specific ECM 

components in the pulmonary artery, leaflet and myocardium. The primary 

antibodies and isotype controls used for antibody labelling are listed in Table 2.4.  

Table 2.5. Primary Antibodies and Isotype Controls Used for Collagen IV and 
Fibronectin Labelling 

 

 

 

 

 

 

 

 

 

 

 

Antigen Primary Antibody Isotype Antibody 

Collagen IV Monoclonal Mouse Anti-
collagen IV, IgG1(50 mg.mL-

1)  

Dako M0785 

1:50 dilution 

Mouse IgG1 

Dako X0931 

Fibronectin Polyclonal Rabbit Anti-
Fibronectin, IgG (4.9 mg.mL-

1) 

Dako A0245 

1:200 dilution 

Rabbit Polyclonal IgG 

Dako X0936  
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Reagents:  

• Sodium Chloride (NaCl) Solution 
(3 M) 

NaCl – 175.32 g 

Distilled water – 1 L 

• Tris Solution (2M, pH 7.6) Trizma base – 242.26 g 

Made up to 1 L with distilled water 

• Tris-Buffered Saline (TBS) (20 
mM tris, 150 mM NaCl, pH 7.6) 

NaCl Solution (3 M) – 50 mL 

Tris Solution (2 M) – 25 mL 

Made up to 1 L with distilled water 

• Milk in TBS (2 %; w/v milk, 20 
mM tris, 150 mM NaCl, pH 7.6) 

Milk Powder – 200 mg  

TBS – 10 mL 

• Bovine serum albumin (BSA)  
Solution (5 %; w/v) 

BSA – 2.5 g 

PBS – 50 mL 

• Antibody Diluent (TBS, 0.1 % 
(w/v) BSA, 0.1 % (w/v) sodium azide, 
pH 6) 

BSA Solution – 300 µL 

Sodium Azide Solution (1 %; w/v) – 
6mL  

Made up to 60 mL with TBS 

• DAKO Dual Endogenous Enzyme 
Block (S2003) 

As supplied  

• DAKO Anti-Mouse HRP (K4001) As supplied 

• DAB+ Substrate Chromogen 
(K3468) 

Liquid DAB+ Chromogen – 20 µL 

Substrate Buffer – 1 mL 

 

 

Method: 

Tissue was first zinc fixed and processed, as described in Section 2.2.4.1. The tissue 

was then sectioned (Section 2.2.4.2), dewaxed and rehydrated (Section 2.2.4.3). All 

steps were carried out at room temperature. Each section was drawn around using 
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a hydrophobic marker pen (ImmEdge barrier pen) prior to being washed in TBS 

with gentle agitation. Sections were then incubated with DAKO Dual Endogenous 

Enzyme Block for 10 minutes, followed by milk in TBS for 30 minutes. Sections 

were washed in TBS for 5 minutes with gentle agitation, thrice. Primary antibodies 

and isotype control antibodies diluted to appropriate concentrations in antibody 

diluent were added to test and isotype control sections, respectively. Antibody 

diluent was also added to negative control sections. The sections were incubated in 

a humidified chamber for 45 minutes.  Sections were then washed in TBS for 5 

minutes with gentle agitation, thrice. DAKO Anti-Mouse Horseradish Peroxidase 

(HRP) was added to the sections and incubated for 30 minutes prior to three 5 

minute washes in TBS with gentle agitation. DAB+ Substrate Chromogen was 

added to the sections and incubated for 5 minutes, followed by four washes in 

distilled water, immersion in haematoxylin for 5 seconds, and then running tap 

water for 3 minutes. Sections were immersed in Scott’s Tap Water Substitute for 1 

minute and running tap water for 1 minute, before dehydration and mounting 

(Section 2.2.4.4). Sections were viewed and imaged under Köhler illumination 

(Section 2.2.1.2). 

 

2.2.7 Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is a thermo-analytical technique used to 

assess the denaturation temperature of materials, which is related to the three-

dimensional structure of the material. Therefore, this technique was used to assess 

structural changes introduced to PHV root tissue in response to different 

sterilisation treatment. Thermal stability of the PHV pulmonary artery wall and 

leaflet tissue was assessed using DSC. Approximately 20 mg PHV pulmonary artery 

wall samples and 5 mg PHV leaflet samples (wet weight) were analysed on a 

Q2000 DSC Instrument (TA Instruments). Samples were heated from 15 to 130 °C 

at a rate of 4 °C.min-1 in hermetically sealed aluminium pans. Heat flow through the 

samples was measured and normalised against the mass of the sample, giving a 

value of Watts per gram (W/g).The denaturation temperature was taken as the 

peak heat flow through the sample. 
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2.2.8 Biochemical Analysis 

2.2.8.1 Lyophilisation  

PHV root pulmonary wall and leaflet samples (approximately 50 mg wet weight) 

were finely macerated. The tissue samples were then placed into sterile bijous, 

with the weight of each tissue sample recorded.  Samples were placed in a freeze 

dryer (Thermo, Savant ModulyoD) at -50 °C, 0.15 – 0.2 mbar. The sample weights 

were measured every 48 hours until constant (48 – 96 hours). 

 

2.2.8.2 Acid Hydrolysis of Tissue Samples   

Tissue samples were lyophilised, as described in section 2.2.8.1. The lyophilised 

tissue was then placed into a polypropylene universal, along with 5 mL of 6 M HCl. 

Samples were then placed into a block heater set at 120 °C and incubated 

overnight (≥ 8 hours). Following the overnight incubation, the samples were 

allowed to cool at room temperature and were then neutralised to pH 6.8-7.2 using 

NaOH (6M). The final volume of the sample was recorded. The samples were 

assayed immediately or stored at -20 °C for up to 3 months for later use. 

 

2.2.8.3 Quantification of Hydroxyproline Content 

Hydroxyproline is an amino acid that forms a major constituent of collagen. 

Therefore, quantification of hydroxyproline content can be used to estimate total 

collagen content. A colourimetric assay was used to quantify hydroxyproline 

conent. The oxidation of hydroxyproline results in the formation of pyrroles, which 

reacts with p-dimethylaminobenzaldehyde, forming a red chromophore. This 

allows quantification of hydroxyproline via spectrophotometric analysis. 

Reagents:  

• Hydroxyproline Buffer  Citric acid- 13.3 g 

Sodium acetate (trihydrate)- 32 g 

NaOH- 9.1 g 

Propan-1-ol (n-propanol)- 80 mL 

Glacial acetic acid- 3.2 mL 

pH adjusted to 6.0-6.5 (Section 2.2.1.1) 
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Made up to 400 mL using distilled water  

 

• Chloramine T Solution Chloramine T- 1.41 g 

Distilled water- 100 mL 

 

• Ehrlich’s Reagent  p-dimethylaminobenzaldehyde- 7.5 g 

Perchloric acid (62 %; v/v)- 13 mL 

Propan-1-ol (n-propanol)- 30 mL 

Made up to 50 mL using distilled water  

 

Method:  

Tissue samples were lyophilised and acid hydrolysed (section 2.2.8.1 and 2.2.8.2). 

A range of standards of known hydroxyproline concentrations were made by 

diluting trans-4-hydroxy-L-proline (0, 2, 4, 6, 8, 10, 15, 20, 25, and 30µg.mL-1). Test 

samples were diluted 1:20 using hydroxyproline buffer. Test samples and 

standards (50 µL) were added to a clear flat-bottomed 96 well plate in triplicate. 

Chloramine T solution (100 µL) was added to each well, and the plate was 

incubated at room temperature with gentle agitation. Ehrlich’s reagent (100 µL) 

was then added to each well, and the plate was incubated at 60 °C for 45 minutes. 

The optical density of each well was then measured using a microplate 

spectrophotometer at 570 nm. A hydroxyproline standard curve was created, 

showing absorbance vs concentration. The unknown test values were interpolated, 

and tissue sample hydroxyproline content (µg.mg-1) was normalised for dilution 

volume and dry tissue weight.    

 

2.2.8.4 Quantification of Glycosaminoglycan Content 

The sulphated glycosaminoglycan (GAG) content of tissue samples was determined 

using a colourimetric assay. Sulphated GAGs react with 1,9-dimethylene blue 

(DMB) dye solution under acidic conditions, allowing spectrophotometric 

quantification. 
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Reagents: 

• Papain Digestion Buffer L-cysteine hydrochloride - 0.788 g  

Disodium ethylenediaminetetraacetic acid 
- 1.8612 g  

PBS (Section 2.1.7.1) - 1 L 

pH adjusted to 7.9 - 6.1 (Section 2.2.1.1) 

 

• Papain digestion solution Papain - 4000 kUnits 

Papain digestion buffer- 5 mL 

Per sample, 5 mL was prepared  

 

• Sodium di-hydrogen 
orthophosphate monohydrate (0.1 
M) 

Sodium di-hydrogen orthophosphate 
monohydrate – 3.45 g  

Distilled water - 250 mL  

 

• Di-sodium hydrogen 
orthophosphate (0.1 M) 

Di-sodium hydrogen orthophosphate – 
3.55 g 

Distilled water – 250 mL 

 

• GAG Assay Buffer Di-sodium hydrogen orthophosphate (0.1 
M) - 137 mL 

Di-sodium hydrogen orthophosphate (0.1 
M) – 63 mL 

pH adjusted to 6.8 (Section 2.2.1.1) 

 

• DMB Dye Solution  1,9 dimethylene blue – 16 mg 

Absolute ethanol – 5 mL 

Formic acid – 2 mL 

Sodium Formate – 2 g  

Volume adjusted to 1 L using distilled 
water 

 

Method: 

Tissue samples were first lyophilised to a constant weight, as described in section 

2.2.8.1. Papain digestion solution (5 mL) was added to each sample, and were then 

incubated at 60 °C for 36 - 48 hours. A series of chondroitin sulphate B dilutions 
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were made to produce chondroitin sulphate B standard concentrations of 0, 3.125, 

6.25, 12.5, 25, 50, 100, 150 and 200 µg.mL-1. Test samples and standards (40 µL) 

were added into a clear flat-bottomed 96 well plate in triplicate. DMB dye solution 

(250 µL) was added into each well. The well plate was incubated at room 

temperature for two minutes with gentle agitation.  The optical densities of each 

well was then measured using a microplate spectrophotometer at 525 nm. A 

standard curve of chondroitin sulphate B concentration vs absorbance was plotted, 

and the unknown values were interpolated. The unknown test values were 

interpolated, and tissue sample GAG content (µg.mg-1) was normalised for dilution 

volume and dry tissue weight.    

 

2.2.9 Cell Culture 

All cell culture was performed aseptically in a class II biological safety cabinet. 

Cells were cultured in cell culture medium specific to the cell type (Section 2.2.9.1). 

Cells were incubated at 37 °C in 5 % CO2 (v/v) in air. All cell culture medium and 

appropriate reagents added were allowed to equilibrate to 37 °C before use. 

 

2.2.9.1 L929 Cell Culture Media  

Tryptone Phosphate Broth Stock Solution (29.5 g.L-1) 

Tryptone phosphate broth (TPB) stock (7.98 g) was added to distilled water (250 

mL). The solution was filter sterilised (Section 2.2.1.3), and stored at -25 °C for up 

to six months. 

L929 cell culture medium (10 % (v/v) FBS, 2 mM L-glutamine, penicillin/ streptomycin 

100 U / 100 µg.mL-1) 

L929 cell culture medium was made by adding 10 mL FBS, 1 mL L-glutamine (200 

mM) and 2 mL penicillin/ streptomycin (penicillin 5000 U.mL-1; streptomycin 5 

mg.mL-1) to 87 mL Dulbecco’s minimal essential medium (DMEM). The medium 

was stored at 4 °C for up to one week. 

2.2.9.2 Resurrection and Maintenance of Cells 

L929 cells were stored in appropriate culture medium containing dimethyl 

sulfoxide (DMSO; 10 %; v/v) in the vapour phase of liquid nitrogen. Following 
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removal from the liquid nitrogen, the cells were thawed rapidly in a water bath at 

37 °C. Appropriate cell culture medium (10 mL) was added to the cells dropwise. 

The cell suspension was then centrifuged at 150 g for ten minutes to remove the 

DMSO. The supernatant was aspirated, and the cells were re-suspended in 10 mL 

of fresh appropriate cell culture medium. The cell suspension was then transferred 

to a T75 tissue culture flask, and placed for incubation (Section 2.2.9). Cell culture 

medium was replaced every 48 hours until cells had reached approximately 80 % 

confluency, at which cells were passaged. 

 

2.2.9.3 Cell Passaging 

Cell culture medium was aspirated from the T75 flask, and the cell monolayer was 

briefly rinsed with 10 mL PBS (without Ca2+ or Mg2+), which was then aspirated. 

Trypsin/EDTA solution (2.5 mL) was added to the flask and incubated for five 

minutes to detach adherent cells from the flask surface. The appropriate cell 

culture medium (10 mL) was then added to the flask to inactivate the trypsin. The 

cell suspension was centrifuged at 150 g for ten minutes. The supernatant was 

then aspirated discarded, and the remaining cell pellet was resuspended in 1 mL of 

the appropriate cell culture medium. A cell count was then performed, as 

described in section 2.2.9.4. A suitable dilution of the cell suspension was achieved 

by inserting the appropriate volume into a T75 flask containing fresh appropriate 

cell culture medium (12 mL). The cell culture medium was changed every 48 hours 

until the cells reached approximately 80 % confluency, at which cells were 

passaged again. 

 

2.2.9.4 Cell Counting and Cell Viability Determination 

In order to determine cell viability, trypan blue was added to cell suspensions. 

Dead cells have a loss of membrane potential, allowing trypan blue to cross the cell 

membrane and enter the cell. Therefore, dead cells appear blue and live cells 

appear transparent. This is detected by the Invitrogen Countess II Automated Cell 

Counter (Thermo Fisher Scientific). To perform the cell count, 20 µL cell 

suspension was added to 20 µL trypan blue (0.4 %; w/v) and mixed well. This was 

then added to a disposable Countess TM Cell Counting Chamber Slide (Invitrogen, 
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Thermo Fisher Scientific), which was then inserted into the automated cell counter 

instrument. The total number of cells.mL-1 and cell viability percentage was 

generated.   

 

2.2.9.5 Cell cryopreservation 

Cells were harvested from flasks (Section 2.2.9.3) and counted (Section 2.2.9.4). 

Cells were resuspended to achieve a density of 1 x 106.mL-1 using cryopreservation 

medium (appropriate cell culture medium containing 10 % (v/v) DMSO). DMSO 

was used to prevent the formation of ice crystals during the cell cryopreservation 

process. Cell aliquots (1 mL) were transferred to cryovials which were placed into 

cryofreezing chambers containing isopropanol, and frozen at -80 °C overnight. Cell 

cryovials were then transferred to liquid nitrogen for long term storage. 

 

2.2.10 Biocompatibility Assessments 

Cytotoxicity assessments were used to assess the in vitro tissue biocompatibility in 

accordance to ISO standard 10993-5 (2009).  

2.2.10.1 Contact Cytotoxicity Testing  

 Tissue samples (5 mm2) were aseptically dissected and attached to the centre of 

three wells of a six well-plate using wound closure strips (SteriStrips). 

Cyanoacrylate contact adhesive and SteriStrips were used as positive and negative 

control wells respectively. Each well was washed three times with PBS (without 

Ca2+ or Mg2+) for ten minutes without agitation. L929 cells were adjusted to a 

concentration of 250,000 cells.mL-1 (Section 2.2.9.3),  and 2 mL of cell suspension 

was added to each well. The plates were then incubated at 37 °C in 5 % (v/v) in air 

until confluent (approximately 48 hours). Phase contrast microscopy was used to 

examine the cell-sample interface. Cell culture medium was then aspirated from 

each well, and the cell monolayer was gently washed with PBS (without Ca2+ or 

Mg2+) without agitation. Cells were then fixed by adding 2 mL NBF (10 %; v/v) to 

each well, and incubating for 10 minutes at room temperature. NBF was then 

aspirated from each well, and Giemsa stain was added to each well (enough to 

ensure coverage of the cell monolayer). The plates were incubated for five minutes 
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at room temperature. The Giemsa stain was then washed from each well with 

running tap water, until it ran clear. Plates were then left to air-dry before 

examining and capturing images of the cells using an inverted Olympus IX71 

microscope and Olympus XC50 digital colour camera, under normal Köhler 

illumination. Images were used to examine cell confluency and morphology. 

2.2.10.2 Extract Cytotoxicity Assay 

Reagents: 

Method: 

Tissue samples were aseptically dissected and macerated before being placed into 

a sterile bijou. The weight of each tissue sample was recorded, so that DMEM was 

added at a ratio of 100 mg of tissue per 1 mL of DMEM. The bijous containing the 

tissue samples and DMEM were then incubated at 37 °C with agitation (240 rpm) 

for 72 hours. The tissue was then aseptically removed from the bijous for sterility 

assessments (Section 2.2.11) . The remaining extract containing bijous were stored 

at -20 °C until sterility was assured. L929 cells were harvested to obtain a cell 

concentration of 25,000 cells/200 µL of cell culture medium. Cells were seeded 

into a 96-well plate in triplicates (200 µL of cell suspension per well), and 

incubated for 24 hours at 37 °C with 5 % (v/v) CO2 in air. The extract was thawed 

and warmed to 37 °C on the day of the assay. The cell culture was aspirated from 

 

 

• Double Strength L929
Cell Culture Medium

DMEM - 14.8 mL 

FBS - 4 mL 

L-glutamine - 0.4 mL

Penicillin/streptomycin solution - 0.8 mL 

• Positive Control

• Negative Control

DMEM  – 12 mL 

DMSO – 8 mL 

Solution was filter sterilised (Section 2.2.1.3) 

Single strength fully supplemented DMEM 
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the wells of the 96-well plate, and replaced with 100 µL of the appropriate double 

strength cell culture medium. Test extract and controls were added to the 

appropriate wells in triplicate. Positive controls consisted of DMEM containing 

40% DMSO. The negative controls consisted of appropriate cell culture medium 

alone. The 96-well plates were then incubated at 37 °C with 5 % CO2 in air for 48 

hours. The cell viability was then determined using the ATPLite-M® assay. 

ATPLite-M® Assay for Cell Viability Assessment 

Reagents: 

• Mammalian Cell Lysis Solution Perkin-Elmer 

• Substrate Solution Perkin-Elmer; One vial of lyophilised 
substrate solution with 25 mL 
substrate buffer. Substrate solution 
was aliquoted (5 mL) and stored in the 
dark at -20 °C.  

Method: 

The ATPLite-M® assay was used to assess cell viability by quantifying the ATP 

content. The ATPLite-M reagents were allowed to equilibrate to room 

temperature. The original cell culture medium was aspirated from each well in the 

96-well plate, and 50 µL of fresh cell culture medium was added into each well.

Mammalian cell lysis solution was added into each well (50 µL). The well plate was 

then incubated at room temperature with agitation of 500 rpm for five minutes. 

The solution from each well (100 µL total) was transferred into a white 96 well 

optiplate. Substrate solution was added into each well (50 µL), and the well plate 

was agitated at 500 rpm for 5 minutes. The ATP luminescence of each well was 

then determined using the Chameleon Plate reader.   

2.2.11 Sterility Testing  

Tissue samples were assessed for sterility. This was done using thioglycolate 

broth, which is a multipurpose medium used for the cultivation of both aerobic and 
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anaerobic organisms, along with tryptone soya broth (TSB), which is an enriched 

medium used for the cultivation of aerobic microorganisms.  

2.2.11.1 Thioglycolate Broth  

Thioglycolate broth was made by dissolving thioglycolate medium USP (2.97 g) 

into distilled water (100 mL). The solution was aliquoted into narrow neck glass 

bottles (45ml per bottle), which were then autoclaved (Section 2.2.1.3). The media 

was then stored at room temperature in the dark, ready for sterility testing of the 

tissue samples within 3 days.  

2.2.11.2 Tryptone Soya Broth  

TSB was dissolved into distilled water to achieve a concentration of 30 g/L. The 

solution was aliquoted into 30 mL glass universals (15 mL per bottle), which were 

then autoclaved (section 2.2.1.3). The media was then stored at room temperature 

in the dark, ready for sterility testing of the tissue samples within 3 days. 

2.2.11.3 Tissue Sterility Testing Method 

Inside a class II safety biological cabinet, tissue samples (Section 2.2.10.2) were 

aseptically placed into the  broth bottles using sterile inoculating loops. The bottles 

were then sealed and incubated at 37 °C, and were observed over 2, 7, and 14 days 

for growth. Positive and negative controls were also incubated and observed. The 

positive control was broth that was contaminated by inserting an inoculating loop 

that was spread on unwashed surfaces. The negative control was blank broth. 

2.2.12 Uniaxial Tensile Testing  

Uniaxial tensile testing was used to assess the structural biomechanical properties 

of the different groups of treated PHVs.  

The uniaxial tensile testing was performed using an Instron 3365 materials testing 

machine. The BioPlus bath was mounted to the Instron 3365 materials testing 

apparatus. This was filled with PBS to keep the tissue hydrated, and set to maintain 
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a physiological temperature of 37 °C throughout the uniaxial tensile testing 

session. The Instron was mounted with a load cell of 50 Newtons (N) rating which 

had a greater sensitivity and accuracy for the resulting load measured in the tissue 

samples.  

2.2.12.1 Tissue Preparation and Mounting 

The tissue specimens were dissected consistently and appropriately for mounting 

into the Instron BioPlus apparatus. A custom made tissue cutter (Figure 2.2) was 

used to prepare strips of wall or leaflet to be mounted in the machine. The width 

between the two blades of the custom made tissue cutter defined the width of the 

resultant dissected tissue specimen. From the PHV wall, circumferential and axial 

tissue samples that conformed to the dimensions of 5 mm width and greater than 

10 mm length were prepared. From the PHV leaflets, circumferential samples that 

conformed to 5 mm width and greater than 10 mm length were prepared, in 

addition to radial leaflet samples that conformed to 3 mm width and greater than 6 

mm length due to restrictions in tissue size (Figure 2.2). The gauge length was 10 

mm for wall tissue specimens in axial and circumferential orientations and leaflet 

tissue specimens in circumferential orientation. The gauge length for leaflet radial 

tissue specimens was 6 mm. 

Figure 2.2 Cutting Tissue Samples for Uniaxial Tensile Testing. Custom made 
tissue cutter (A) used to cut tissue samples. Representation of the dimensions of 
the tissue specimens (B). 

The thickness of the tissue was measured at six places along the length of the 

sample using a thickness gauge (James H. Heal and Company Limited) (Figure 2.3 

Thickness Gauge and Custom Made Grips for Uniaxial Tensile Testing.). The tissue 
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specimen was placed onto the middle of the fixed bottom anvil and the top anvil 

was gently dropped until it made contact with an area of the specimen. Between 

each measurement, the tissue was kept hydrated by applying PBS. Prior to noting 

the tissue thickness readings, three seconds were allowed to pass for stabilisation 

of the readings. The mean was recorded as the thickness of the tissue specimen 

(mm). Custom made tissue holder grips were used to secure the strips in the 

machine (Figure 2.3).  These were composed of two holder parts which were used 

to attach the tissue holder into the cell and base of the BioPlus Instron apparatus. 

These holders were aligned within removable bracket. A stainless steel block 

secured in the centre of the removable bracket determined the gauge length of the 

specimen. A 10 mm wide separating block was used for the samples that required 

a 10 mm gauge length, and a 6 mm wide separating block was used for the samples 

that required a 6 mm gauge length. The clamping arrangement was then mounted 

into the tensile testing rig, and the bracket was removed before the tissue 

specimen was submerged into the PBS set at 37 °C. 

Figure 2.3 Thickness Gauge and Custom Made Grips for Uniaxial Tensile 
Testing. Thickness gauge used to assess the thickness of specimens (A). PHV 
leaflet (B) and PHV artery wall (C) mounted to custom made tissue holder grips. 

2.2.12.2 Test Procedure  

The tensile testing was performed using an Instron 3365 materials testing 

apparatus fitted with a 50 N load cell. Similar to the majority of heart valve 

mechanical property investigations, a non-physiological strain rate of 10 mm/min 
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was used. The tissue was then exposed to uniaxial tensile loading. No sample pre-

conditioning or pre-load was used. The resulting load and extension of the tissue  

was recorded. This continued until failure of the tissue, whereby the specimen 

fractured (Figure 2.4). The output load-extension data of the specimens was saved 

for further data processing.  

Figure 2.4 Uniaxial Tensile Loading Until Failure. Failure of PHV artery wall 
specimen (A) and PHV leaflet specimen (B). 

2.2.12.3 Data Processing  

The output load-extension data was converted into  stress-strain data (Equation 

1), and then plotted as shown in Figure 2.5. This was done manually in Excel by 

importing the output load-extension data from the operating programme of the 

materials testing machine.  

𝑆𝑡𝑟𝑒𝑠𝑠 =
𝐹

𝐴𝑜

𝑆𝑡𝑟𝑎𝑖𝑛 = 
𝐿

𝐿𝑜

Equation 1. Equations used to calculate mechanical properties of heart valve 
tissues.   

Using the stress-strain curve on Microsoft Excel, elastin and collagen phase slopes 

were created through linear regression of the approximated respective linear 

regions, with R2 values > 0.90 (Figure 2.5), as described previously by Desai 

(2019). The maximum failure stress was regarded to be the ultimate tensile 

strength (UTS). The analysis of these parameters was calculated per treatment 

F = Load (Newtons) 

Ao = Cross-sectional area (mm2) 

L = Extension from original gauge 
length (mm) 

Lo = Original gauge length (mm) 
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group (n=6 per group). The results of these parameters were averaged over the 

number of specimens in each group. Statistical analysis was conducted as 

described in Section 2.2.13.  

Figure 2.5 Representative Stress-Strain Curve. The stress strain curve obtained 
from the tensile load to failure assessments were used to determine the elastin 
phase slope (Young’s modulus), collagen phase slope and the ultimate tensile 
strength of the samples, using Microsoft Excel. 

2.2.13 Statistical Analysis 

GraphPad Prism 7 software (GraphPad Software, San Diego, CA, USA) was used to 

statistically analyse data within this study. All numerical values are presented as 

mean ± 95 % confidence limits (C.l). Shapiro-Wilk test was used to determine the 

distribution of data. If the data was normally distributed, the difference between 

two means was determined using unpaired t-test, or one-way ANOVA to compare 

the means of multiple groups. The location of the significant differences was 

identified using Tukey’s post hoc testing, unless otherwise stated in specific 

sections. 

If the data was not normally distributed, the difference between two means was 

determined using a Mann-U Whitney test, or Kruskal-Wallis test to compare the 

means of multiple groups. The location of the significant differences was identified 

using Dunn’s multiple comparison test, unless otherwise stated in specific sections 

The difference between the means of the groups was considered significant if the p 

value was less than 0.05.  
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Chapter 3 : Production and Characterisation of Decellularised 

Porcine Pulmonary Heart Valves  

3.1 Introduction  

As discussed in Chapter 1, there is an unmet clinical need for a heart valve 

replacement option that has native cardiac valve properties, with the absence of 

inherent or acquired antigens that can trigger an adverse immune response when 

implanted into patients. Decellularised tissues can meet these requirements and 

pose a great potential for tissue engineering and regeneration applications. 

Decellularisation removes cells and cellular materials from tissue grafts, leaving 

behind a three-dimensional ECM scaffold. The retention of native ECM properties 

such as the biochemical configuration, microarchitecture, biological cues for cell 

signalling, and biomechanical properties can provide the optimal 

microenvironment essential for cellular infiltration and tissue regeneration whilst 

supporting the physiological function of the tissue graft in vivo (Badylak et al., 

2009). It is hypothesised that the removal of all foreign antigens from tissue grafts 

prior to implantation can facilitate successful fusion of the graft with the 

recipient’s own anatomical structures. This will allow somatic growth of the 

implantation, eliminating the requirement for multiple reoperations in patients 

(Hopkins, R., 2006).  

In vitro cytocompatibility issues and in vivo adverse host responses may be 

triggered by residual cellular material within the ECM. Despite gaining FDA 

approval for clinical use, the concerns for the safety and efficacy of porcine derived 

Restore™ small intestine submucosa (SIS) membrane for rotator cuff repair were 

raised by Zheng et al. (2005). It was found that SIS membrane contained porcine 

DNA material which most likely elicited an inflammatory reaction characterised by 

mass lymphocyte infiltration following subcutaneous implantation into mice and 

rabbits for 21 days. The presence of cellular components within scaffolds is 

indicated to shift the macrophage polarisation to the proinflammatory M1 

phenotype. This was demonstrated using an in vivo study that used acellular 

allogeneic rat body wall ECM, xenogeneic pig urinary bladder tissue, or acellular 

xenogeneic pig urinary bladder to repair abdominal wall musculature of rats. 

Following 28 days, the host tissue response demonstrated that the decellularised 

tissue elicited the M2 anti-inflammatory macrophage response, with tissue 
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remodelling evidenced by angiogenesis and organised collagenous and adipose 

tissue deposition at the wound site. The cellular material on the other hand elicited 

a predominantly M1 pro-inflammatory macrophage response with the undesirable 

deposition of dense connective tissue and scarring at the wound site (Brown, B.N. 

et al., 2009).  

A set of quantifiable criteria was established by Crapo et al. (2011) to define tissue 

decellularisation. This includes; less than 50 ng of double stranded DNA per mg of 

tissue (dry weight), DNA fragments less than 200 base pairs in length, and no 

visible nuclei when tissue sections are stained with 4′,6-diamidino-2-phenylindole 

(DAPI) or haematoxylin and eosin (H&E) (Crapo et al., 2011). Some studies have 

used a reduction of greater than 90 % (w/w) reduction in DNA content to 

determine sufficient DNA removal. A study determining human saphenous vein 

decellularisation using 0.1 % SDS detailed a > 96 % cellular reduction (Schaner et 

al., 2004). It may also be appropriate to demonstrate the removal of tissue specific 

cellular materials, such as the xeno-antigen, α 1,3-galactose, which is essential to 

prevent immune rejection of grafts derived from xenogeneic tissues (Xu et al., 

2008).  

Decellularisation methods can incorporate a combination of chemical and 

enzymatic agents, and physical mechanisms to achieve cell lysis and removal of 

cellular debris, with the objective of preserving ECM composition, structure and 

therefore function (Crapo et al., 2011).   

Detergents are the most prominently used chemical methods for tissue 

decellularisation. This includes ionic, non-ionic, and zwitterionic detergents. Ionic 

detergents use the ability to solubilise cell and nucleic membranes as the mode of 

action for decellularisation (Ahyayauch et al., 2010). The anionic detergents 

sodium dodecyl sulphate (SDS) and sodium deoxycholate (SDC) are commonly 

used for heart valve decellularisation by disrupting the phospholipid bilayer of cell 

membranes and removing phospholipid and cellular protein residues from the 

ECM. As mentioned in Chapter 1, SDC is reported to be less disruptive to biological 

tissue in comparison to SDS. White, L. J. et al. (2017) found that treatment of 

porcine urinary bladder matrix with 4 % SDC for 24 hours retained the intricate 

collagen fibre network, whereas treatment with 1 % SDS altered collagen fibre 

organisation. Prolonged chemical exposure to SDS detergents is associated with 
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disruption to the integrity of the tissue ECM collagenous network as well as the 

elimination of growth factors (Kasimir et al., 2003; Reing et al., 2010). Kasimir et 

al. (2003) found a matrix fibre disintegration after exposing porcine aortic and 

pulmonary heart valve roots to 0.1 %, 0.03 % and 0.01 % SDS with RNase and 

DNase with agitation for 24 and 48 hours at 37 °C. Reing et al. (2010) reported that 

porcine dermis decellularised 0.1 % SDS for 6 hours then overnight at room 

temperature with agitation resulted in a significant decrease in VEGF, bFGF and 

TGF-β1 growth factors and an 81 % decreased ability to support cell growth in 

comparison to untreated dermis. Additionally, SDS can penetrate thick tissues 

which threatens the possibility of cytotoxicity if not sufficiently flushed from the 

tissue scaffold. It has been demonstrated that pulmonary heart valves 

decellularised using concentrations of SDS ranging from 0.5 and 1 % require 

adequate washing steps with agitation for detergent removal, necessary for 

cytocompatibility (Cebotari et al., 2010; Luo et al., 2014).  

Non-ionic detergents such as Triton X-100 have been shown to effectively remove 

cell and DNA residues from valve conduits. The mode of action employed by non-

ionic detergents is the disruption of DNA-protein, lipid-protein, and lipid-lipid 

interactions (Seddon et al., 2004). However, decellularisation using Triton X-100 

has been shown to reduce GAG content of heart valve leaflet which can have a 

consequential impact on the biomechanical behaviour (Converse et al., 2012; 

VeDepo et al., 2017). VeDepo et al. (2017) have shown that following 

decellularisation with Triton X-100, there was a significant reduction in valve 

leaflet stress-relaxation. Studies have also shown that Triton X-100 is less effective 

for DNA and nuclei removal in rat aortic valves in comparison to treatment with 

SDS (Grauss et al., 2003).  

Zwitterionic detergents such as 3-[(3-Cholamidopropyl)dimethylammonio]-1- 

propanesulfonate (CHAPS) demonstrate properties of both ionic and non-ionic 

detergents. CHAPS has been used to decellularise thin tissues such as lung 

(Petersen, T. H. et al., 2010). However, evidence suggests that CHAPS may be 

ineffective for the decellularisation of thicker tissues and has been shown to fail in 

achieving complete decellularisation of a whole porcine heart (Ferng et al., 2017).  

Hypotonic and hypertonic buffer solutions are also commonly used in 

decellularisation protocols to introduce an osmotic gradient. This induces cell lysis 
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by osmotic shock. Hypertonic buffer solutions also have the ability to dissociate 

DNA-protein complexes within the ECM (Cox and Emili, 2006). Both hypotonic and 

hypertonic buffer solutions are also effective for rinsing cellular debris products of 

cell lysis from within the tissue ECM. The use of buffers is often combined with 

other decellularisation agents such as detergents which can reduce the required 

detergent concentration and time exposure, possibly preventing extensive 

disruption to the ECM ultrastructure and composition (Crapo et al., 2011).  

Chelating agents such as ethylenediaminetetraacetic acid (EDTA) aid in 

decellularisation by sequestering metallic ions required for cell adhesion, 

disrupting cell adhesion to the ECM (Crapo et al., 2011; Klebe, 1974).  

Intracellular serine proteases such as members of the plasminogen cascade may be 

released during cell lysis which can have undesirable degradative effects on the 

ECM components including collagen, elastin and fibronectin as reported by Weiss 

(1989). These effects can be prevented by adding aprotinin to solutions, which is a 

small polypeptide that can competitively inhibit proteases (Booth et al., 2002; 

Waxler and Rabito, 2003) 

Enzymatic agents such as nucleases and proteases can provide targeted removal of 

cell residues and other ECM components. Nucleases facilitate the removal of 

nucleotides that often remain following cell lysis by cleaving nucleic acid 

sequences. Endonucleases such as benzonase are effective for this function as they 

can cleave nucleotides mid-sequence, creating multiple fragments of DNA ready for 

removal (Petersen, Thomas H. et al., 2010). Trypsin is a serine protease that can be 

used to disrupt the tissue ultrastructure by cleaving peptide bonds on the C-side of 

Arg and Lys. It is recommended to include exposure of tissue to trypsin as an initial 

step in the decellularisation protocol as the tissue ultrastructure disruption aids in 

the penetration of subsequent decellularisation agents (Yang et al., 2010).  

It is common for tissues to be immersed in decellularisation agents whilst being 

agitated to facilitate the removal of cellular material. This approach has been 

applied for the decellularisation of a range of tissue types such as heart valves, 

dermis, tendon, cartilage, and meniscus (Kheir et al., 2011; Luo et al., 2014; 

Stapleton et al., 2008; Ventura et al., 2019).  

A robust low concentration detergent based process for heart valve 

decellularisation has previously been described (Booth et al., 2002; Desai et al., 
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2018; Luo et al., 2014; Vafaee et al., 2018; Wilcox et al., 2005). Initially, a protocol 

incorporating hypotonic buffer, 0.1% (w/v) SDS, nuclease digestion was developed 

for porcine aortic heart valve decellularisation which demonstrated successful 

tissue decellularisation and histoarchitectural retention (Wilcox et al., 2005; Booth 

et al., 2002). The decellularisation process described by Wilcox et al. (2005) was 

modified to include a PAA sterilisation step by Luo et al. (2014) for the 

decellularisation and decontamination of porcine pulmonary heart valve roots. The 

impact of the process on the biological and biomechanical properties and 

regenerative potential of the valves was assessed in vitro. This decellularisation 

protocol was subsequently modified to be applicable to human pulmonary and 

aortic conduits. Vafaee et al. (2018) presented a comprehensive description of the 

biological characteristics of human valve conduits exposed to a specific 

decellularisation protocol that did not include a PAA sterilisation step due to the 

degradative effects on the ECM basement membrane (Luo et al., 2014; Vafaee et al., 

2018). Human cryopreserved pulmonary and aortic valve allografts were 

decellularised using hypotonic buffer, 0.1% (w/v) SDS, and nuclease digestion. 

Histological examination and quantification of DNA provided evidence for the 

removal of cells and cellular remnants whilst retaining components of the ECM, 

such as collagen. The decellularised tissue demonstrated good biocompatibility 

which was verified by the in vivo implantation into a mouse subcutaneous implant 

model.  

A modified decellularisation process specific for porcine pulmonary heart valve 

roots as described by Luo et al. (2014) was used throughout this study.  
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3.2 Aims and Objectives  

3.2.1 Aim  

The aim of the work described in this chapter was to characterise the properties of 

native and decellularised porcine pulmonary heart valves using a modification of a 

previously developed decellularisation method with the absence of the PAA 

sterilisation step. The work described within this chapter was therefore essential 

to provide a baseline for subsequent studies. 

 

3.2.2 Objectives  

i. To determine the efficacy of decellularisation through staining with H & E. 

 

ii. To determine the effect of decellularisation on the tissue histoarchitecture 

through staining with H & E and antibody labelling of collagen IV. 

 

iii. To confirm the decellularisation process has sufficiently reduced the DNA 

content of porcine pulmonary heart valves through DNA quantification.  

 

iv. To validate the sufficient removal of decellularisation agents and the 

biocompatibility of decellularised porcine pulmonary heart valves using 

contact and extract cytotoxicity assays.  

 

v. To determine the impact of the decellularisation process on the 

biomechanical properties of porcine pulmonary heart valves using uniaxial 

tensile testing.   
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3.3 Study Experimental Approach  

A decellularisation protocol has previously been optimised for the successful 

decellularisation of porcine pulmonary heart valves (Luo et al., 2014). The 

replicability of this process with the absence of PAA sterilisation step was assessed 

during this work package, to demonstrate the ability to successfully decellularise 

porcine pulmonary heart valves (Figure 3.1). This was essential for subsequent 

studies to investigate the impact of sterilisation methods on decellularised porcine 

pulmonary heart valves. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic of the Experimental Approach Adopted to Characterise 
Decellularisation Efficacy and the Impact of Decellularisation on the 
Biological and Biomechanical Properties of Porcine Pulmonary Heart Valves. 

 

 

 

 

 

 

 



90 
 

3.4 Methods 

 

3.4.1 Production of Decellularised Porcine Pulmonary Heart Valves 

As described in section 2.2.2, porcine pulmonary heart valves were acquired and 

exposed to the decellularisation process described in section 2.2.3. 

 

3.4.2 Histological Analysis  

To assess the efficacy of the decellularisation process, H & E staining was used to 

observe the presence of nuclei (Section 2.2.5.1). The impact of the decellularisation 

process on the histoarchitecture of native porcine pulmonary heart valves was also 

assessed using H & E staining of native and decellularised PHV tissue sections. 

 

3.4.3 Immunohistochemical Labelling of Collagen IV 

To assess the impact of decellularisation on the preservation of collagen IV in PHV 

tissue, native and decellularised PHV roots were dissected longitudinally, 

incorporating half a leaflet, pulmonary artery wall and myocardium skirt (N=3 

each). Processing and sectioning of tissue was conducted as described in section 

2.2.4.1. Labelling of sections with specific antibodies against collagen IV was 

conducted as described in section 2.2.6. 

 

3.4.4 DNA Purification and Quantification DNA of Native and 

Decellularised Porcine Pulmonary Heart Valves 

The DNA levels in native and decellularised porcine PHVs were quantified and 

compared to determine potential residual DNA in the tissue following the 

decellularisation process.  

 

3.4.4.1 DNA Purification  

DNA was extracted from native and decellularised porcine PHVs using a 

commercially available DNeasy® blood and tissue kit from QIAgen. Pulmonary 
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artery wall tissue was taken from native PHV roots (25-50mg wet weight, N=3) 

and decellularised PHV roots (100-250mg, N=3). A segment that equated to 

roughly 1/3rd of the left valve leaflet was also taken from each PHV root for 

analysis. The tissue was macerated and placed in a sterile 2ml micro centrifuge 

tube. The tissue was lyophilised to a constant weight using a freeze dryer. Buffer 

ATL (180µl for native pulmonary artery wall and native and decellularised leaflet; 

360µl for decellularised pulmonary wall) and proteinase K (20µl for native 

pulmonary artery wall and native and decellularised leaflet; 40µl for decellularised 

pulmonary wall) from the QIAgen kit were added to the samples, and mixed 

thoroughly by pulse vortexing (10 seconds). The samples containing the buffer 

ATL and proteinase K were then incubated at 56°C for three hours, or until the 

tissue completely lysed. During this incubation period, the samples were pulse 

vortexed (10 seconds) every 30 minutes to disperse the sample.  Following the 

incubation period, the samples were pulse vortexed (15 seconds) before buffer AL 

from the QIAgen kit and absolute ethanol was added (200µl of each buffer AL and 

ethanol for native pulmonary artery wall and native and decellularised leaflet; 

400µl for decellularised pulmonary wall). The samples were mixed thoroughly by 

vortexing (10 seconds). Each sample was transferred to a separate DNeasy Mini 

spin column placed in a 2 ml collection tube, and centrifuged at 6000 x g for 1 

minute. The flow-through was discarded together with the collection tube. The 

DNeasy Mini spin column was placed in a new 2ml collection tube. 500µl of buffer 

AW1 from the QIAgen kit was added to the column. This was centrifuged at 6000 x 

g for 1 minute. The flow through was discarded. 500µl of buffer AW2 from the 

QIAgen kit was then added to the column. This was centrifuged at 20,000 x g for 3 

minutes to dry the membrane of the DNeasy spin column as residual ethanol could 

interfere with subsequent reactions. The flow-through was discarded along with 

the collection tube. The DNeasy mini spin column was placed in a clean 2ml 

microcentrifuge tube, and 200µl of buffer AE from the QIAgen kit was pipetted 

directly onto the DNeasy membrane. This was incubated at room temperature for 

1 minute and then centrifuged for 1 minute at 6000 x g to elute. The extracted DNA 

in buffer AE was quantified immediately or stored at -20 °C until quantification.  
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3.4.4.2 DNA Quantification  

The NanoDrop spectrophotometer was used to quantify the concentration of 

purified DNA from the samples. Buffer AE from the QIAgen kit was used as a test 

sample blank. 2µl from the tissue samples were loaded onto the NanoDrop and the 

absorbance was recorded at 260nm. Triplicate measurements were made per 

sample, and the mean was considered the absorbance of the sample. The DNA 

concentration (ng.µl-1) in the sample was displayed in the nanodrop software. 

However, the values given for the DNA concentration in the samples were 

interpolated into a DNA standards curve. Standard DNA concentrations of 0, 5, 10, 

15, 20, 25, 30, 35, 40, 45 and 50 µg.ml-1 were prepared. Measurements of DNA 

standards were blanked against DNA stock buffer. The DNA concentration in the 

samples were normalised for volume and initial tissue mass to determine DNA 

concentration in ng.mg-1. 

 

3.4.5 In Vitro Cytocompatibility Assessments  

The in vitro cytocompatibility of decellularised pulmonary artery wall and leaflet 

samples was assessed using contact cytotoxicity (N=3) as described in section 

2.2.10.1 and extract cytotoxicity assays (N=6), as described in section 2.2.10.2.  

 

3.4.6 Uniaxial Tensile Testing  

Native and decellularised pulmonary artery wall and leaflet samples were subject 

to uniaxial tensile testing, as described in section 2.2.12. 

 

 

 

 

 

 

 



93 
 

3.5 Results 

3.5.1 Histological Analysis  

H & E staining was used to evaluate the efficacy of the decellularisation process. 

Staining of native PHV tissue revealed a dense population of cells within the artery, 

leaflet and myocardium. Staining of decellularised PHVs revealed the absence of 

cells and cell residues (Figure 3.2).  

The impact of the decellularisation process on the histoarchitecture of PHV tissue 

was also assessed using H & E staining. H & E staining showed that there was no 

major damage introduced to the PHV tissue following decellularisation. The 

luminal side of the pulmonary artery displayed highly organised ECM fibres that 

appeared slightly looser in comparison to the native artery. Both native and 

decellularised artery adventitia displayed loosely organised structures. The well-

defined arterialis, fibrosa, spongiosa, and ventricularis layers of the leaflet were 

observed in the tissue sections following decellularisation. The fibres in the 

spongiosa appeared more loosely organised in comparison to the fibres in the 

fibrosa and ventricularis layers, and the fibrosa layer appeared thicker than then 

ventricularis layer in both native and decellularised specimens. The myocardium 

bundles were arranged in a similar manner to native untreated PHV sections.  

  

3.5.2 Immunohistochemical Labelling of Collagen IV 

As shown in Figure 3.3, the intensity of collagen IV positive staining on 

decellularised PHVs was similar to native PHVs. The lumen surface of the artery 

displayed brown staining of the organised crimpled fibres. The connective tissue 

layer outside of the adventitial artery surface displayed positive staining in the 

blood vessels. A prominent brown lining of collagen IV positive staining was 

observed at the ventricularis and arterialis surfaces of the leaflet, with less intense 

staining of interstitial fibres of both native and decellularised PHV leaflets. The 

myocardium displayed a network of defined positive labelling, with greatest 

intensity in the lining of blood vessels.  
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Figure 3.2 Representative Images of H & E Stained Native and Decellularised 
PHVs. Images show native PHV wall intima (A), adventitia (C), leaflet (E), and 
myocardium (G); and decellularised PHV wall intima (B), adventitia (D), leaflet (F) 
and myocardium (H). Images were taken using Köhler illumination and a x 10 
objective. Representative images shown, Scale bars 100 µm.  
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Figure 3.3 Representative Images of Native and Decellularised PHVs Labelled 
with Monoclonal Antibodies Against Collagen IV. Images show native wall 
intima (A), adventitia (D), leaflet (G), and myocardium (J); Decellularised wall 
intima (B), adventitia (E), leaflet (H) and myocardium (K); Isotype controls for 
dPHV wall intima (C), adventitia (F), leaflet (I) and myocardium (L). Images were 
taken using Köhler illumination and a x 10 objective. Representative images 
shown, Scale bars 100 µm.  
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3.5.3 DNA Content of Native and Decellularised Porcine Pulmonary 

Heart Valves 

DNA was extracted and quantified from native and decellularised porcine 

pulmonary heart valve artery wall and leaflet specimens. There was a significant 

reduction in DNA content of decellularised porcine pulmonary artery and PHV 

leaflet specimens in comparison to native specimens (Figure 3.4) 

A percentage DNA removal greater than 95 % from porcine pulmonary heart 

valves was achieved following decellularisation. DNA content of native PHV wall 

specimens was found to be 928.70 ± 225.79 ng.mg-1, whereas the DNA content of 

decellularised PHV wall specimens was found to be 43.08 ± 25.24 ng.mg-1. The 

DNA content of decellularised PHV leaflet specimens was found to be 47.75 ± 51.84 

ng.mg-1, which was significantly lower than the DNA content of native PHV leaflet 

specimens (1079.10 ±232.16 ng.mg-1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 DNA Content of Native and Decellularised Porcine Pulmonary 
Heart Valves. Data presented as mean (n=3) ± 95% C.I. Data was analysed 
using unpaired t-test between the two groups in each specimen type. **** 
(p<0.001) denotes significant difference between the groups. 
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3.5.4 In Vitro Cytocompatibility Assessments  

Contact culture of L929 cells with decellularised porcine PHV wall and leaflet 

samples was used to determine cytocompatibility of decellularised tissues. The 

extract cytotoxicity assay was also used to determine if toxins were leached from 

decellularised PHV wall and leaflet samples.  

The contact cytotoxicity assay showed no evidence of decellularised tissue 

cytotoxicity (Figure 3.5 A-D). L929 cells grew up to and in contact with 

decellularised artery wall and leaflet tissue specimens with no change in the 

cellular morphology in comparison to the negative steri-strip control. L929 cells 

were also incubated with cyanoacrylate adhesive as a positive cytotoxic control, 

which resulted in rounded dead cells that were non-adherent. The rounded 

appearance of non-adherent dead cells was absent in cells cultured with 

decellularised artery wall and leaflet tissue specimens.   

The results from the extract cytotoxicity assay showed no evidence of cytotoxicity 

(Figure 3.5 E). ATP levels of cells cultured with decellularised porcine PHV artery 

wall and leaflet extracts were significantly greater than cells cultured with the 

positive DMSO control only, and not the negative DMEM control. 

 

 

 

 

 

 

 

 

Figure 3.5 Giemsa Stained Cell Cultures From Contact Cytotoxicity of dPHV 
Wall and Leaflet Specimens, and Cell Viability of L929 Cells Following 
Incubation with dPHV Wall and Leaflet Tissue Extracts. Images show a 
representative dPHV wall specimen (A), leaflet specimen (B), negative control (C), 
and positive control (D). Scale bars are 100µm. (E) Data presented as mean (n=6) ± 
95% C.I. Data was analysed using one way ANOVA with Tukey’s post-hoc test. **** 
(p<0.0001) denotes significant difference between the groups.  

E 
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3.5.5 Uniaxial Tensile Testing 

Native and decellularised PHV wall and leaflet tissue specimens were subjected to 

uniaxial tensile testing.  

The stress-strain graphs for native and decellularised wall and leaflet tissue 

specimens are shown in Figure 3.6. All graphs demonstrate the typical tri-phasic 

characteristics. There are no clear differences shown in the stress-strain graphs of 

decellularised axial and circumferential wall specimens, and radial and 

circumferential leaflet specimens, in comparison to the native specimens. 

Graphs displaying the tensile parameters decellularised PHV artery wall specimens 

in comparison to native specimens are shown in Figure 3.7. There was a significant 

increase in the elastin phase slopes of decellularised circumferential wall (0.08 ± 

0.02 MPa) and axial wall (0.12 ±0.05 MPa) specimens in comparison to the native 

circumferential wall (0.04 ± 0.03 MPa) and axial wall (0.04 ± 0.01 MPa) specimens. 

There were no significant differences in the collagen phase slopes of decellularised 

PHV artery wall specimens in comparison to the native specimens. The ultimate 

tensile strength of circumferential decellularised PHV artery wall specimens was 

not significantly different to circumferential native PHV artery wall specimens. 

However, there was a significant increase in the ultimate tensile strength of axial 

decellularised PHV artery wall specimens (1.21 ± 0.20 MPa) in comparison to axial 

native PHV artery wall specimens (0.91 ± 0.24 MPa).  

There was no significant difference in the elastin phase slope, collagen phase slope, 

and ultimate tensile strength of decellularised PHV leaflets in comparison to native 

PHV leaflets.  
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Figure 3.6 Stress-Strain Graphs of Native and Decellularised PHV Wall and 
Leaflet Specimens. Stress-strain graphs shown for native and decellularised axial 
wall (A);  native and decellularised circumferential wall (B); native and 
decellularised radial leaflet (C); native and decellularised radial leaflet (D). N=6 for 
all specimens. 
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Figure 3.7 Tensile Parameters of Decellularised PHV Artery Wall and Leaflet 
Specimens in Comparison to Native PHVs. Elastin phase slopes (A, D), collagen 
phase slopes (B, E) and ultimate tensile strengths (C, F) of decellularised and 
native wall and leaflet specimens. Data presented as mean (n=6) ± 95% C.I. Data 
was analysed using unpaired t-test between the two groups in each specimen type. 
Significant differences between groups are represented with * (p<0.05) and ** 
(p<0.01).  
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3.6 Discussion  

Within the present study, a modification of an established decellularisation 

method incorporating low concentration SDS, hypotonic and hypertonic buffers, 

and nuclease enzymes was applied to porcine pulmonary heart valves (Luo et al., 

2014).  The established decellularisation protocol described by Luo et al. (2014) 

previously included a PAA incubation step for sterilisation. However, it was 

suggested that PAA treatment abrogated collagen IV staining in the decellularised 

porcine PHVs as demonstrated by the devoid of collagen IV staining. The PAA 

treatment potentially removed collagen IV from the tissue or altered the collagen 

IV epitope. In the current study, PAA treatment was eliminated from the protocol 

used within this study (Table 2.3, section 2.2.3) to prevent adverse effects to the 

tissue prior to applying a novel sterilisation method, which was the overarching 

aim of this research.  

SDS is a commonly used decellularisation agent that effectively removes nuclear 

remnants and cytoplasmic proteins from tissues. However, it is known that high 

SDS concentrations or prolonged SDS exposure of tissues can denature proteins, 

and therefore adversely impact the native tissue microenvironment (Mendibil et 

al., 2020). This was demonstrated by Faulk et al. (2014a), who exposed the 

basement membrane complex (BMC) of porcine urinary bladder to 1 % SDS for 24 

hours with physical agitation at 37 °C. The collagen fibres within the BMC samples 

appeared denatured following treatment. Histological analysis with H & E staining 

was used to assess the effectiveness of the decellularisation protocol as well as the 

impact of decellularisation on the ECM histoarchitecture. There were no cells 

present throughout the PHV tissue following decellularisation, indicating the 

sufficient removal of cells in accordance to the criteria highlighted by Crapo et al. 

(2011).  

The ECM structure was generally retained following decellularisation, although, 

the structure of the pulmonary artery intima appeared looser in comparison to the 

native tissue. This could be due to the presence of cavities that remained following 

the removal of cells that had occupied the tissue in the native state. Additionally, 

the loose structures observed could be due to the degradation of small collagen 

fibres during the decellularisation process without significant injury to the tissue 

microstructure and biomechanical properties. Similar results were presented by  
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Cai et al. (2021), whereby the microstructure of porcine carotid arteries became 

porous and loose following decellularisation with 0.25 % and 0.5 % SDS combined 

with 1 % Triton-X-100.  It has been hypothesised that some disruption to the ECM 

structure may facilitate decellularisation. Cheng, J. et al. (2021) found that porcine 

carotid arteries that became more porous during decellularisation were more 

efficiently decellularised in comparison to porcine carotid arteries that became 

less porous. It was believed that the formation of larger pores facilitated tissue 

chemical exposure by enabling even access of the decellularisation agents within 

the tissue network, as well as providing routes for the exit of cellular material. 

However, the resultant porous tissue structure following decellularisation could be 

due to detrimental degradation of ECM collagen fibres which can negatively impact 

the tissue mechanical properties. Cai et al. (2021) found that porcine carotid 

arteries that were decellularised with 0.5 % Tritonx-100 solution for 24 hours and 

0.25 % SDS solution for 72 hours resulted in the smallest size pores and greatest 

retention of native biomechanical properties in comparison to other 

decellularisation methods investigated. Therefore, a fine balance should be 

obtained between obtaining sufficient tissue porosity that can aid decellularisation 

without significantly impacting the tissue microstructure and biomechanical 

performance. Despite the alterations in the structure of the pulmonary artery 

intima following decellularisation, the biomechanical properties of the tissue were 

largely retained.  

Minor disruption to tissue ECM may also facilitate the infiltration of cells during 

autologous recellularisation of decellularised grafts (Zhang, Y. et al., 2005). 

Sheridan et al. (2012) removed varying amounts of collagen from decellularised 

porcine carotid arteries to promote porosity prior to seeding with aortic smooth 

muscle cells. It was found that the highest porosity scaffolds retained the largest 

number of cells following direct injection of 1 x 106 human aortic smooth muscle 

cells/ml media and culture for 24 hours. The slight structural alteration in the 

pulmonary artery intima observed in the present study may therefore be beneficial 

in decellularised PHVs.  

Collagen IV also plays a role in graft remodelling as it is believed to be important 

for tissue endothelialisation. Collagen IV was retained throughout the PHV tissue 

following decellularisation within this study. These results were comparative to 
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Vafaee et al. (2018) who followed a similar decellularisation protocol for human 

pulmonary heart valves. Tissue integration and recolonisation of decellularised 

human pulmonary leaflets by host cells was observed in in vivo biocompatibility 

assessments using a mouse subcutaneous implant model (Vafaee et al., 2018).  

The sufficient removal of DNA from tissue grafts is also essential for the 

appropriate integration of the graft in vivo, and to avoid calcification of the graft as 

a result of host immune response. In a study conducted by Paniagua Gutierrez et al. 

(2015), native and low-concentration SDS decellularised porcine aortic roots were 

implanted into the descending aorta of pigs for biocompatibility assessments. The 

decellularised roots did not display any signs of calcification, with regeneration 

evidenced by cellular infiltration within the neointima and luminal artery surfaces. 

Whereas, the native roots demonstrated an intense immune response with T cell 

infiltration and severe calcification triggered by the presence of allogeneic donor 

cells. Decellularised porcine aortic roots were also implanted into the right 

ventricular outflow tract of juvenile sheep. After 6 months, some grafts showed 

evidence of recellularisation by the presence of proliferative SMC phenotypic cells 

in the medial area of the aortic wall. Two grafts showed some degree of 

calcification, most likely due to the presence of residual cellular material within the 

aortic wall at the time of  implantation (Paniagua Gutierrez et al., 2015). Gilbert et 

al. (2009) quantified the DNA content of several commercially available ECM 

scaffolds. This included Oasis™ (Cook Biotech, Inc.) porcine small intestinal 

submucosa matrix which is indicated for wound management, . Mostow et al. 

(2005) investigated the effectiveness of The Oasis™ (Cook Biotech, Inc.) porcine 

small intestinal submucosa matrix in healing chronic leg ulcers. Patients were 

assigned to receive a weekly topical treatment of the matrix with compression 

therapy (n=62) or compression therapy alone (n=58). After 12 weeks, it was found 

that the matrix significantly improved the healing of chronic leg ulcers (55 % of 

patients) in comparison to the compression therapy alone (34 % of patients). 

Although small amounts of DNA were detected in Oasis™ samples, and most of the 

other ECM devices, the clinical efficacy has generally been found to be positive, 

indicating that the presence of residual DNA within biological scaffold materials 

may not trigger an adverse immune response (Gilbert et al., 2006; Gilbert et al., 

2009).  It was therefore appropriate that an upper limit of 50 ng of double 

stranded DNA per mg of tissue was accepted as the gold standard measurement by 
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many research groups to determine successful decellularisation (Crapo et al., 

2011). The decellularised porcine PHVs within this study met this criterion as the 

DNA content was quantified to be less than 50 ng per mg of tissue and no visible 

nuclei were present.   

Inadequate removal of the decellularisation reagents from PHVs can result in 

cytotoxicity, which could lead to calcification and rejection of the implant in clinical 

use. Rieder, E. et al. (2004) reported a toxic influence of porcine heart valve 

conduits decellularised with 0.1 % SDS on seeded human saphenous vein 

endothelial cells and myofibroblasts after 5 and 10 days incubation, respectively. 

The most likely cause for the reported cytotoxicity was insufficient washing of 

residual SDS from the decellularised tissue. Cebotari et al. (2010) found that 

washing 1 % SDS from decellularised PHVs after 8 wash cycles decreased the 

residual reagent concentration to less than 50 mg/L. This resulted in no significant 

toxicity on cell cultures and the decellualrised scaffolds were able to support 

growth of surface seeded human endothelial cell growth following culture for 72 

hours. SDS detergent, EDTA, aprotinin, and PAA can have cytotoxic effects, and it is 

essential that these are completely removed from the tissue along with products of 

cell lysis. In vitro cytocompatibility assessments indicated that decellularised PHVs 

were not cytotoxic, suggesting that potentially cytotoxic decellularisation agents 

were sufficiently removed during the decellularisation process. Similar findings 

were also reported by Luo et al. (2014) and Vafaee et al. (2018).  

Biomechanical properties of the decellularised PHV tissue was not significantly 

different to native tissue, except for a significant increase in the elastin phase slope 

of axial and circumferential pulmonary wall and a significant increase in the UTS of 

axial pulmonary wall. Similar alterations were described by Luo et al. (2014) for 

porcine pulmonary arteries.  Theodoridis et al. (2016) also reported an increase in 

UTS of decellularised porcine pulmonary artery which was proposed to be due to a 

reduction in wall thickness following decellularisation. The loosening of fibres 

following the removal of cells may also be a contributing factor for this change. The 

recellularisation of the PHV graft in vivo is expected to aid in the biomechanical 

function restoration (Desai et al., 2018).  

Several allogeneic decellularised heart valve products are currently commercially 

available for clinical applications. This includes CryoValve Synergraft® family 
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(Aortic valves and SG pulmonary valves; CryoLife, Kennesaw, GA), and Espoir PV® 

(Corlife, Germany) derived from human aortic and pulmonary valves (Badria et al., 

2020). Synergraft valves demonstrated good clinical performance as there was no 

difference found in early or late insufficiency at a follow-up time of 46 ± 14 months 

following implantation into 41 patients in comparison to matched standard 

allograft controls (Konuma et al., 2009). Tudorache et al. (2016) reported on the 

clinical efficacy of pulmonary heart valves decellularised in an equivalent manner 

to Espoir PV and found that haemodynamic performance of the decellularised 

grafts were exceptional up to 7.6 years of patient follow-up, with stable valvular 

gradients and no significant valvular regurgitation. However, a shortage of 

allogeneic cardiac valves for transplantation has shifted the focus onto xenogeneic 

cardiac valves as a valuable and unlimited source for tissue. Xenogeneic tissue is 

available in a range of shapes and sizes, making it a suitable option to align with 

patient unique anatomical configurations.  

Decellularised xenogeneic tissues need to be safe and clinically viable before being 

implanted into patients. The decellularisation method used within this study was 

designed to produce biocompatible decellularised porcine pulmonary roots with 

minimal detrimental impact to the ECM and biomechanical properties of the 

valves. Previous studies have validated the effectiveness of the decellularisation 

protocol with and without PAA on porcine and human heart valves, respectively 

(Desai et al., 2018; Luo et al., 2014; Vafaee et al., 2018). It was shown that DNA 

levels of porcine PHVs were reduced by more than 96%, with a retention of total 

collagen levels and minimal distinction between the biomechanical properties of 

native and decellularised PHVs. These findings were reflected within the current 

study, as the histoarchitecture of PHV tissue was largely retained, DNA was 

sufficiently removed, adequate removal of decellularisation agents was 

demonstrated by good cytocompatibility, and biomechanical properties were not 

detrimentally impacted following decellularisation.  
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Chapter 4 : The Impact of Copper Chloride & Hydrogen Peroxide 

Sterilisation on the Biological and Biomechanical Properties of 

Decellularised Heart Valves 

4.1 Introduction  

The use of chemical sterilisation methods for the sterilisation of tissue grafts has 

been widely explored. Chemical sterilisation methods incorporate the use of 

chemicals such as oxides and peroxides, alcohols and heavy metals during 

sterilisation treatment. 

Commercially available ethylene oxide treatment has been used to sterilise 

surgical equipment and tissue grafts, particularly bone matrices, by tissue banks 

(Kearney et al., 1993). In a study conducted by Kearney et al. (1989), the 

penetrative potential of ethylene oxide was investigated by exposing Bacillus 

subtilis var niger (NCTC 10073) spore strips, sandwiched between dermal tissue 

sheets, to ethylene oxide for varying time periods. Sterilisation was achieved 

following 100 minutes of ethylene oxide exposure. The potent microbicidal activity 

of ethylene oxide is believed to be the result of protein, DNA and RNA alkylation. 

Alkylation of alkyl groups found within cells prevents the normal cellular 

metabolism and replication, leading to microbial death. However, there is 

controversy surrounding the use of ethylene oxide as a sterilisation method for 

tissue grafts. Following implantation of tissue grafts sterilised with ethylene oxide, 

an adverse host immune response can be triggered. This was demonstrated in a 

study conducted by Jackson et al. (1990), where 7 patients that received bone-

tendon-bone anterior cruciate ligament replacement sterilised with ethylene oxide 

developed chronic intraarticular inflammatory reaction. As a result, the impacted 

patients required explant of the graft. Ethylene chlorohydrin is the breakdown 

product of ethylene oxide, and it was concluded that the presence of this 

breakdown product was the trigger of the adverse immune response (Jackson et 

al., 1990). In addition to inducing an adverse immune response, many studies have 

shown the potential carcinogenic implications of residual ethylene oxide once the 

sterilised tissue graft is implanted (Butterworth and Chapman, 2007). Due to this, 

the use of ethylene oxide amongst tissue banks as a sterilisation agent has become 

less common.  
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PAA sterilisation has been used as an alternative across a range of tissue types, 

including bone and dermis (Huang, Q. et al., 2004; Rauh et al., 2014). In solution, 

PAA exists in equilibrium with acetic acid and H2O2. Because of this, PAA has a high 

oxidative potential which triggers the denaturation of intracellular and membrane-

associated proteins, critically disrupting the cell’s metabolic activity (Matuska and 

McFetridge, 2015).  Sterilisation with PAA is effective at low temperatures and has 

a high penetration potential. In vitro testing showed that PAA sterilisation of 

patellar tendon allografts did not induce cytotoxic or inflammatory responses 

(Lomas et al., 2004). However, the use of PAA on collagenous tissue can result in 

the loss of  type IV collagen found within the basement membrane (Holland, J. D. R. 

et al., 2021). Additionally, the oxidative function of PAA may be damaging to other 

ECM components such as GAGs. Hussein et al. (2013) reported a 44 % reduction in 

GAG content of PAA treated decellularised liver in comparison to untreated 

decellularised liver.  

Hydrogen peroxide (H2O2) is a potent oxidising agent active against a broad 

spectrum of microbes. In either liquid or gaseous state, H2O2 sterilisation is 

believed to be achieved as a result of oxidative damage to nucleic acids as well as 

cell membrane components which can cause microbial cell lysis (King and Gould, 

1969; Shin et al., 1994). H2O2 sterilisation is therefore used in a wide range of 

industries such as medical, food and environment (Leow-Dyke et al., 2016). 

Gardner et al. (2013) demonstrated that sterilisation of tendon allografts with 3 % 

H2O2 did not impact the biomechanical strength of the tissue. During bone allograft 

processing, some tissue banks incorporate 3 % H2O2 into the graft wash solutions 

for 10 minutes with sonication at room temperature to reduce pathogen 

contamination without adversely impacting the bone mechanical strength and 

demineralised bone matrix osteoinductivity  (Eagle et al., 2015).  

The United States Environmental Protection Agency (US EPA) recognised copper 

as the first solid antimicrobial metal in 2008. This was due to various studies 

demonstrating the elimination of pathogens following contact with solid copper 

surfaces. Noyce et al. (2006) demonstrated the antimicrobial effect of copper alloys 

ranging from 61 – 95 % Cu concentration, on E.coli O157 at 22 °C and 4 ° C, with 95 

% Cu completely eliminating E.coli. It was also demonstrated that copper alloy 

surfaces ranging from 65 – 100 % Cu concentration significantly reduced the 
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survival of Clostridium difficile (C.difficile) vegetative cells and spores, with a 

complete elimination after 24 – 48 hours of contact (Weaver et al., 2008). Copper 

surfaces also have the ability to eliminate viral contamination, and can destroy 

viruses such as influenza viruses, noroviruses, or human immunodeficiency virus 

(Vincent et al., 2018). The antimicrobial activity of copper is linked to the solubility 

of copper oxides along with the oxidative behaviour (Hans et al., 2016; Vincent et 

al., 2016). Copper ions are believed to cause oxidative damage of membrane 

phospholipids, which disrupts the membrane integrity. The intracellular 

accumulation of copper ions resulting from the loss of membrane integrity is 

believed to cause DNA degradation. The increase in the intrinsic amount of copper 

can cause oxidative stress which is demonstrated by redox cycling between native 

Cu, Cu (I) and Cu (II) (Espírito Santo et al., 2008). Under aerobic conditions, copper 

itself can produce hydroxyl radicals through Haber-Weiss and Fenton chemical 

reactions (Liochev and Fridovich, 2002). The production and release of reactive 

oxygen species (ROS) can damage lipids, proteins and nucleic acids, essentially 

destroying the components, structures and all genetic material required for the 

survival and expansion of the pathogenic microorganisms (Dalecki et al., 2017). As 

such, copper has been recognised as a self-sanitising coating, and has been used for 

high-touch surfaces such as bed rails, overbed tables and IV poles in the hospital 

environment to tackle healthcare-associated infections (Montero et al., 2019).  

To prevent damage to tissue grafts by exposure to the high H2O2 concentration 

required for effective sterilisation, H2O2 can often be supplemented with a metal 

based formulation. Transition metals such as copper and iron can catalyse the 

formation of free radicals essential for microbicidal activity (McEvoy and Rowan, 

2019). Sagripanti and Kraemer (1989) found that a mixture of low concentration 

Cu (II) and H2O2 produced in vitro DNA strand breakages, which was inhibited by 

metal chelators, catalase and free radical scavengers. These results implied that Cu 

(II), H2O2 and hydroxyl free radicals were involved in the reaction. The 

antimicrobial and virucidal activity of cupric and ferric ions have been documented 

within many experimental studies. Sagripanti et al. (1993) found that cupric and 

ferric ions inactivated five virus strands from an array of biochemical and 

structural compositions. The addition of peroxide synergistically enhanced this 

virucidal activity of cupric ions to a greater extent than ferric ions.  
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Within the tissue banking and tissue engineering fields, a chemical formulation of 

copper (II) chloride (CuCl2) and H2O2 has not yet been routinely included as a 

tissue sterilising agent. Recent work published by Leow-Dyke et al. explored the 

suitability of CuCl2 and H2O2 treatment for the sterilisation of decellularised 

(dCELL®) human dermal allografts (Leow-Dyke et al., 2016; Leow-Dyke et al., 

2017). The dCELL dermis allografts were exposed to concentrations of 0.1 and 1 

mg/L CuCl2 combined with 0.01, 0.1, 0.5 and 1 % (v/v) H2O2. All concentration 

combinations displayed bactericidal and sporicidal activity against Staphylococcus 

epidermidis (S.epidermidis), Escherichia coli (E.coli) and Bacillus subtilis (B.subtilis) 

spores, with the exception of 0.1 mg/L CuCl2 combined with 0.01 and 0.1 % H2O2. 

The composition of the CuCl2 & H2O2 solutions that exhibited effective biocidal and 

sporicidal properties used in the study conducted by Leow-Dyke et al. (2016) had 

no effect on the biocompatibility, biological and biomechanical properties of 

decellularised human dermis. However, in the study, the pH of the sterilant 

solutions were not altered to pH 7, and the highest temperature used to sterilise 

decellularised human dermis with the CuCl2 & H2O2 solutions was 25 °C. This is 

because H2O2 is stable at lower pH levels such as pH 3-5 which were used within 

their study. Additionally, temperatures above 30 °C may impact the stability of 

H2O2, and temperature increase by 10 °C may cause approximately 2.2-fold 

increase in the rate of degradation (Yazici and Deveci, 2010). Furthermore, the 

presence of free copper ions particularly at higher CuCl2 concentrations can also 

induce the degradation of H2O2, reducing the amount of measurable H2O2 which 

was demonstrated within their study (Leow-Dyke et al., 2016).  

CuCl2 and H2O2 as a potential tissue sterilising agent has not yet been applied to 

decellularised porcine pulmonary heart valves as this treatment is relatively 

unexplored within the literature. Preliminary studies (unpublished) conducted 

within University of Leeds Institute of Medical and Biological Engineering 

demonstrated that acidic solutions of CuCl2 and H2O2 detrimentally impacted dPHV 

leaflet histoarchitecture. Dermis is composed of two layers; the papillary dermis 

and the reticular dermis. Although the papillary dermis is composed of highly 

vascular loose connective tissue, the reticular layer is composed of thick and dense 

connective tissue that was able to withstand the acidic conditions used by Leow-

Dyke et al. (2016). Adjusting the pH of the solution may produce a less harsh 

condition for the complex and intricate multilayer fibrous structures within heart 
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valve leaflets. Leow-Dyke et al. (2017) found that bactericidal activity of CuCl2 and 

H2O2 sterilants on inoculated dCELL dermis was temperature dependent, whereby 

the bactericidal activity was accelerated at 37 °C in comparison to 25 °C. Using 37 

°C  as the tissue-sterilant exposure temperature may therefore aid sterilisation. An 

optimised CuCl2 and H2O2 formulation that exerts microbicidal effects on 

bioburden without adversely impacting decellularised porcine pulmonary heart 

valves tissue histoarchitecture is not yet known. Additionally, the stability and 

sporicidal activity of the CuCl2 and H2O2 solutions when adjusted to pH 7 at 37 °C 

has not yet been elucidated. 
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4.2 Aims and Objectives 

4.2.1 Aim 

The aim of the study described in this chapter was to characterise the effects of a 

CuCl2 & H2O2 formulation on the biological and biomechanical properties of 

decellularised porcine pulmonary heart valves (Luo et al., 2014) 

 

4.2.2 Objectives  

i. To determine an optimised CuCl2 and H2O2 formulation using the following 

preliminary experiments:  

 

• Solution stability analysis of the formulations selected based on the 

study conducted by Leow-Dyke et al. (2016) 

 

• Sporicidal activity assessment of the selected formulations using 

B.subtilis spores 

 

• Sporicidal activity assessment of the selected formulations on 

B.subtilis spiked dPHV segments 

 

• Impact of CuCl2 & H2O2 formulations on the histoarchitecture of 

dPHV segments using histological staining 

 

 

ii. To produce decellularised porcine pulmonary heart valves and expose them 

to the selected CuCl2 & H2O2 formulation under the optimal time conditions 

 

iii. To determine the impact of  CuCl2 & H2O2 treatment on the structure of 

collagen, elastin and specific basement membrane proteins (collagen IV and 

fibronectin) within decellularised porcine pulmonary heart valves, using 

histological staining and immunohistochemistry antibody labelling 
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iv. To determine the impact of CuCl2 & H2O2 treatment on the surface structure 

of decellularised porcine pulmonary heart valve leaflets and pulmonary 

artery using scanning electron microscopy  

 

v. To determine the impact of CuCl2 & H2O2 treatment on the biochemical 

composition of decellularised porcine pulmonary heart valves, through 

quantification of collagen and glycosaminoglycans 

 

vi. To determine the impact of CuCl2 & H2O2 treatment on the denaturation 

temperature of the collagen within decellularised porcine pulmonary heart 

valve ECM, using differential scanning calorimetry  

 

vii. To determine the in vitro biocompatibility of CuCl2 & H2O2 treated 

decellularised porcine pulmonary heart valves using contact and extract 

cytotoxicity assays  

 

viii. To determine the impact of CuCl2 & H2O2 treatment on the mechanical 

properties of decellularised porcine pulmonary heart valves, using uniaxial 

tensile testing  
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4.3 Study Experimental Approach 

Based on the results reported by Leow-Dyke et al. (2016), four CuCl2 & H2O2 

formulations were chosen for investigation within this study, as shown in the 

schematic within Figure 4.1. Preliminary experiments were performed to select an 

optimised formulation of CuCl2 & H2O2 and to determine a sufficient exposure time 

for dPHV sterilisation (Figure 4.1). Once a CuCl2 and H2O2 formulation had been 

selected and the exposure time for effective sterilisation had been determined, 

dPHVs were exposed to CuCl2 & H2O2 sterilisation before biological and 

biomechanical characterisation, as described in Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic of the Preliminary Experiments Used to Select an 
Optimised CuCl2 & H2O2 Formulation and Sterilisation Time Conditions.  

 



114 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Schematic of the Experimental Approach Adopted to Characterise 
the Impact of CuCl2 & H2O2 Sterilisation on the Biological and Biomechanical 
Properties of Decellularised Porcine Pulmonary Heart Valves.  
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4.4 Methods 

4.4.1 Preliminary Experiments  

Preliminary experiments were performed to determine the optimal CuCl2 and H2O2 

concentration combination for the effective sterilisation of dPHVs without 

adversely affecting the tissue histoarchitecture, prior to exposing a full batch of 

dPHVs to the chosen CuCl2 and H2O2 concentration sterilisation for biological and 

biomechanical analysis. Based on a study conducted by Leow-Dyke et al. (2016), 

four concentration combinations that demonstrated good bactericidal and 

sporicidal activity, and minimal impact on dCELL human dermis biological and 

biomechanical properties, were chosen for analysis. The concentration 

combinations were; 0.1 mg/L CuCl2 combined with 0.5 % H2O2, 0.1 mg/L CuCl2 

combined with 1 % H2O2, 1 mg/L CuCl2 combined with 0.5 % H2O2, and 1 mg/L 

CuCl2 combined with 1 % H2O2.  

 

4.4.1.1 Copper Chloride and Hydrogen Peroxide Solution Preparation 

Solutions containing a combination of 0.1 and 1 mg/L CuCl2 with 0.5 and 1 % H2O2 

were made using 100 mg/L (w/v) stock of CuCl2 and 30 % (v/v) stock H2O2 diluted 

to appropriate concentrations in distilled water. The pH of all solutions was 

adjusted to pH 7 ± 0.1 (section 2.2.1.1). 

 

4.4.1.2 Stability of Copper Chloride and Hydrogen Peroxide Solutions  

Stability testing of copper chloride and hydrogen peroxide combination solutions 

was performed to establish if pH and temperature adjustment impacts degradation 

over 24 hours.  

Solutions were prepared (N=6 per concentration combination) as described in 

4.4.1.1, and the pH was noted immediately (0 hours). Promptly after all the 

solutions were made, the concentrations of Cu2+ ions and H2O2 were determined (0 

hours). The solutions were then placed into a 37 °C incubator and agitated at 110 

RPM, (the intended conditions for dPHV sterilisation). At 2, 4, 6, 8 and 24 hours 

following this incubation of the solutions, Cu2+ ions and H2O2 concentrations were 
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determined using their respective assay methods. The pH of all solutions was also 

measured at each timepoint.  

 

4.4.1.2.1 Quantification of Cu2+ Concentration  

Cu2+ Concentration was quantified using Spectroquant® Copper Reagent Test 

(Merk Millipore), a photometric assay that quantifies Cu2+ ions based on the 

reaction with cuprizone to form a blue complex.  The assay was performed 

according to the manufacturer’s instructions. Briefly, a range of standards of 

known CuCl2 concentrations (0, 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4 mg/L) were made by 

diluting 100 mg/L (w/v) CuCl2 in distilled water. Test samples (diluted as 

appropriate in distilled water) and standards (5 mL) were first placed into 

universal tubes in triplicate. Two scoops of solid reagent Cu-1 was added to the 

test samples and standards using a dosing spoon provided with the kit.  The 

universal tubes were then mixed vigorously until the reagent Cu-1 had dissolved. 

Following this, 10 drops of liquid reagent Cu-2 was added to the universal tubes 

which were then vigorously mixed. The test samples and standard solutions were 

then left to stand for 5 minutes, before 4 mL of the solution was inserted into a 10 

mm cuvette. The absorbance of the sample was measured at 605 nm using a 

spectrophotometer. A CuCl2 standard curve was created showing absorbance vs 

concentration. The unknown test values were interpolated and normalised for 

dilution volumes if appropriate to determine the test sample solution Cu2+ 

concentration. 

Shapiro-Wilk test was used to determine the distribution of data. If the data was 

normally distributed, One-way ANOVA with Dunnett’s post-hoc testing was used to 

compare the means at each timepoint against 0h. If the data was not normally 

distributed, Kruskal-Wallis and Dunn’s multiple comparison test was used to 

compare the means at each timepoint against 0h. 

 

4.4.1.2.2 Quantification of H2O2 Concentration  

H2O2 concentrations were measured photometrically using the Pierce™ 

Quantitative Peroxide Assay Kit (Thermo Fisher). Peroxides oxidise ferrous ions to 
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ferric ions in the presence of xylenol orange dye, producing a purple product with 

an absorbance at 595 nm. 

Method:  

A range of standards of known H2O2 concentrations (0, 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100 µmol/L) were made by diluting 30 % (v/v) H2O2 in distilled water. In a 

96-well plate, 20 µl of test samples and standards were added to each well in 

triplicate, followed by 200 µl of working reagent (Pierce™ Quantitative Peroxide 

Assay Kit, Thermo Fisher) per sample and standard. The plate was gently agitated 

to mix the contents of the wells, and then incubated for 15-20 minutes at room 

temperature. The optical densities of each well were then measured using a 

microplate spectrophotometer at a wavelength of 595 nm. A H2O2 standard curve 

was created showing absorbance vs concentration. The unknown test values were 

interpolated and normalised for dilution volume if appropriate to determine the 

test sample solution H2O2 concentration. 

Shapiro-Wilk test was used to determine the distribution of data. If the data was 

normally distributed, One-way ANOVA with Dunnett’s post-hoc testing was used to 

compare the means at each timepoint against 0h. If the data was not normally 

distributed, Kruskal-Wallis and Dunn’s multiple comparison test was used to 

compare the means at each timepoint against 0h. 

 

4.4.1.3 Impact of CuCl2 & H2O2 Solutions on Spore Viability  

The sporicidal activity of the CuCl2 & H2O2 combination solutions at 37 °C was 

determined.  

CuCl2 & H2O2 solutions (0.1 and 1 mg/L (w/v) CuCl2 combined with 0.5 % and 1 % 

(v/v) H2O2) were prepared in distilled water in triplicates and passed through a 

0.22 µm filter into 10 mL vials. Under aseptic conditions using a Bunsen flame, 

Bacillus subtilis spores were added to the 10 mL solution vials to achieve an 

approximate spore concentration of 107/mL. Immediately after vortexing 

(timepoint 0 hours), 1 mL neat samples from each of the four CuCl2 and H2O2 

combination solutions was added to 9 mL nutrient broth vials before being placed 

into a 37 °C incubator with agitation at 110 RPM. The nutrient broth containing the 

sterilant and spores was then vortexed, and 200 µL was taken and spread onto a 
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nutrient agar plate. To ensure there was no carry over of CuCl2 and H2O2 onto the 

plates, more B.subtilis spores (approximately 107/mL) were added to the nutrient 

broth containing the sterilant and spores, which was then spread onto a nutrient 

agar plate as a positive control. This was repeated at timepoints 1, 2, 3, 4, and 5 

hours of sterilant and spore incubation and agitation (37 °C, 110 RPM). All plates 

were incubated at 37 °C for 48 hours prior to capturing images of the plates using 

UV Products BioSpectrum 810 with Mega Cam 810 for observatory analysis.  

 

4.4.1.4 Impact of CuCl2 & H2O2 Solutions on Spore Viability of Spore 

Inoculated Tissue  

The sporicidal activity of CuCl2 & H2O2 solutions on spore inoculated dPHV tissue 

segments was determined to ensure CuCl2 & H2O2 functions on tissue substrates. 

First, whole dPHV roots were prepared (N=6) as described in section 2.2.3. The 

dPHVs were divided into three segments (Figure 4.3). B. subtilis spores 

(approximately 106/mL) were deposited into the pulmonary sinus of each dPHV 

tissue segment (approximately 1 cm2). The tissue segments were then incubated at 

room temperature for 1 hour. Based on the results from section 4.4.1.3, each 

inoculated tissue segment was then added to 67 mL of 0.22 µm filter sterilised 0.1 

mg/L CuCl2 & 1 % H2O2, 1 mg/L CuCl2 & 1 % H2O2, or distilled water (control), in a 

sterile 150 mL pot (N=6 per treatment). The 67 mL volume  for each dPHV 

segment represented one-third of the volume that a whole dPHV would be exposed 

to. Inoculated dPHV segments were incubated at 37 °C with agitation of 110 RPM 

for 3 and 4 hours (N=3 per treatment at each timepoint). At the 3 and 4 hour 

timepoints, the dPHV tissue segments were removed from the CuCl2 & H2O2 

sterilants or sterile distilled water, macerated and incubated in 10 mL of nutrient 

broth at 37 °C with agitation of 220 RPM for 1 hour. Following incubation, 200 µL 

of the nutrient broth was spread onto nutrient agar plates and incubated at 37 °C 

for 48 hours prior to capturing images of the plates using  UV Products 

BioSpectrum 810 with Mega Cam 810 for colony count analysis. 
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Figure 4.3 Schematic of dPHV Inoculation with Spores. Blue region 
demonstrates the position of spores inside the leaflet at the pulmonary sinus. 

 

4.4.1.5 Impact of CuCl2 & H2O2 Solutions on dPHV Tissue Histoarchitecture  

 Based on the results from sections 4.4.1.3 and 4.4.1.4, the impact of 0.1 and 1 

mg/L CuCl2 combined with 1 % H2O2 over 3 and 4 hours on the histoarchitecture 

of dPHV tissue was determined.  

dPHVs were prepared, as described in section 2.2.3. The dPHVs were divided into 

three segments (Figure 4.3). The segments from each dPHV were exposed to either 

0.1 mg/L CuCl2 & 1 % H2O2 or 1 mg/L CuCl2 & 1 % H2O2 for 3 or 4 hours, or sterile 

distilled water (negative control) (N=3 per treatment at each timepoint). Each 

segment was placed into a sterile 150 mL pot along with the sterilant solution or 

sterile distilled water. Samples were then incubated at 37 °C whilst agitated 

horizontally at 110 RPM. At 3 and 4 hours, samples were removed from the 

sterilant or sterile distilled water and rinsed with PBS at 42 °C, 110 RPM, for 3 x 30 

minutes. Sections were then processed, sectioned and stained with H & E and 

Picrosirius Red & Miller’s Elastin stain, as described in sections 2.2.5.1 and 2.2.5.2. 

 

4.4.2 Production of Decellularised Porcine Pulmonary Heart Valves 

As described in section 2.2.3, porcine pulmonary heart valves were acquired and 

exposed to a decellularisation process modified from Luo et al. (2014) (Table 2.3, 

section 2.2.3). 

 

4.4.3 CuCl2 & H2O2 Sterilisation 
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Immediately following exposure to the last wash step of the decellularisation 

protocol (section 3.4.1),  200 mL of 1mg/L CuCl2 & 1 % H2O2 (section 4.4.1.1) was 

added into each sterile 250 mL pot containing the dPHV root (N=6) prior to 

incubating horizontally at 37 °C, 110 RPM for 3 hours. The dPHVs were then rinsed 

with 200 mL PBS at 37 °C, 110 RPM for 3 x 30 minutes. The dPHVs were 

transferred into fresh sterile 150 mL pots with 100 mL PBS and stored at 4 °C up to 

2 weeks prior to biological and biomechanical analysis. Controls used in the 

experiments were dPHV roots (N=6) that were exposed to all the wash steps, but 

with PBS used instead of 1mg/L CuCl2 & 1 % H2O2 during the CuCl2 & H2O2 

sterilisation step.  

 

4.4.4 Histological Analysis  

To assess the impact of 1 mg/L CuCl2 & 1 % H2O2 sterilisation on the 

histoarchitecture of dPHVs, Control dPHV roots, 1 mg/L CuCl2 & 1 % H2O2 roots 

were dissected longitudinally, incorporating half a leaflet, pulmonary artery wall 

and myocardium skirt (N=3 each). These tissue samples were then processed and 

sectioned as described in section 2.2.4. Staining of sections with H & E, Picrosirius 

Red & Miller’s Elastin, and Movat’s Pentachrome was conducted as described in 

sections 2.2.5.1, 2.2.5.2, and 2.2.5.3.  

 

4.4.5 Immunohistochemical Labelling of Collagen IV and Fibronectin  

To assess the impact of 1 mg/L CuCl2 & 1 % H2O2 sterilisation on the preservation 

of collagen IV and fibronectin in dPHVs, Control dPHV roots and 1 mg/L CuCl2 & 1 

% H2O2 roots were dissected longitudinally, incorporating half a leaflet, pulmonary 

artery wall and myocardium skirt (N=3 each). Processing and sectioning of tissue 

was conducted as described in section 2.2.4. Labelling of sections with specific 

antibodies against collagen IV and fibronectin was conducted as described in 

section 2.2.6. 

 

4.4.6 Visualisation of Tissue Surface Microscopic Structure  
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Scanning electron Microscopy (SEM) was used to visualise the impact of 1 mg/L 

CuCl2 & 1 % H2O2 sterilisation on dPHV pulmonary artery wall and leaflet surface 

microscopic structures (N=3 each), as described in section 2.2.1.2.4. 

4.4.7 Quantification of Collagen Content  

Pulmonary artery wall (N=6 per group) and leaflet (N=6 per group) collagen 

content for dPHV control and 1 mg/L CuCl2 & 1 % H2O2 dPHVs was quantified as 

described in section 2.2.8.3. 

 

4.4.8 Quantification of GAG Content  

Pulmonary artery wall (N=6 per group) and leaflet (N=6 per group) GAG content 

for dPHV control, and 1 mg/L CuCl2 & 1 % H2O2 dPHVs was quantified as described 

in section 2.2.8.4.  

 

4.4.9 DSC Analysis  

The collagen denaturation temperature of dPHV control and 1 mg/L CuCl2 & 1 % 

H2O2 pulmonary artery wall (N=6 per group) and leaflet (N=6 per group) samples 

was determined using DSC, as described in section 2.2.7. 

 

4.4.10 In Vitro Cytocompatibility Assessments  

The in vitro cytocompatibility of 1 mg/L CuCl2 & 1 % H2O2 pulmonary artery wall 

and leaflet samples was assessed using contact cytotoxicity (N=3) as described in 

Section 2.2.10.1 and extract cytotoxicity assays (N=6), as described in Section 

2.2.10.2. 

 

4.4.11 Uniaxial Tensile Testing  

The DPHV control and 1 mg/L CuCl2 & 1 % H2O2 pulmonary artery wall and leaflet 

samples were subject to uniaxial tensile testing, as described in Section 2.2.12. 

 



122 
 

4.5 Results  

4.5.1 Preliminary Experiments 

4.5.1.1 Stability of Copper Chloride and Hydrogen Peroxide Solutions  

Solutions of 0.1 mg/L CuCl2 were below the lower sensitivity threshold of the Cu2+ 

quantification assay (section 4.4.1.2.1), so the copper ion concentration stability in 

0.1 mg/L CuCl2 & 0.5 % H2O2 and 0.1 mg/L CuCl2 & 1 % H2O2 was not tested.  

Fluctuations in the Cu2+ concentration of solutions containing 1 mg/L CuCl2 were 

observed over the timepoints when combined with both 0.5 % H2O2 and 1 % H2O2 

(Figure 4.4 A) . However, the fluctuations observed were not statistically 

significant from 0 hours, apart from a significant decrease in CuCl2 concentration at 

2 and 8 hours in solutions containing 1 mg/L CuCl2 and 1 % H2O2. Fluctuations in 

the pH of 1 mg/L CuCl2 solutions combined with 0.5 % and 1 % H2O2 were also 

observed. The pH of solutions containing 1 mg/L CuCl2 solutions combined with 

0.5 % H2O2 demonstrated an upward trend in pH, with a significant increase in the 

pH being observed at  24 hours in comparison to 0 hours. The pH of solutions 

containing 1 mg/L CuCl2 solutions combined with 1 % H2O2 generally displayed a 

downward trend in pH with increasing time, however there were no significant 

differences from the pH at timepoint 0 hours (Figure 4.4 B).  

 

 

 

 

 

 

 

Figure 4.4 CuCl2 Concentration (A) and pH (B) of 1 mg/L CuCl2 Solutions 
When Combined with 0.5 % and 1 % H2O2 Over 24 Hours.  Statistical analysis 
for all was by One-way ANOVA with Dunnett’s post hoc-test against 0h. Data 
presented as mean, N=6. *(p<0.05) and ** (p<0.01) denotes significant difference 
between the groups.  
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Over all timepoints, 0.5 % and 1 % H2O2 concentrations displayed a downward 

trend when combined with 0.1 mg/L CuCl2 and 1 mg/L CuCl2 (Figure 4.5 A, B). The 

H2O2 concentration of solutions containing 0.5 % H2O2 and 0.1 mg/L CuCl2 was 

significantly lower at  6, 8, and 24 hours in comparison to  0 hours (Figure 4.5 A). 

The reduction in H2O2 concentration in solutions containing 0.5 % H2O2 and 1 

mg/L CuCl2 was only significant at  24 hours in comparison to 0 hours. Although 

solutions containing 1 % H2O2 combined with 0.1 mg/L CuCl2 displayed a trend in 

the reduction of H2O2 concentration, this was not significant at any  in comparison 

to 0 hours (Figure 4.5 B). Solutions containing 1 % H2O2 and 1 mg/L CuCl2 had a 

significant reduction in H2O2 concentration at  8 and 24 hours in comparison to 0 

hours (Figure 4.5 B).  

The pH of the solutions displayed fluctuations with no obvious trends (Figure 4.5 

C, D). There were no significant differences in the pH of solutions containing 0.5 % 

H2O2 and 0.1 mg/L CuCl2 in comparison to  0 hours. Solutions containing 0.5 % 

H2O2 and 1 mg/L CuCl2 demonstrated a significant increase in the pH at 2, 4, 6, 8, 

and 24 hours in comparison to  0 hours (Figure 4.5 C). There was a significant 

increase in the pH of solutions containing 1 % H2O2 and 0.1 mg/L CuCl2 at  2, 4, 8 

and 24 hours in comparison to  0 hours (Figure 4.5 D). There was a significant 

reduction in the pH of solutions containing 1 % H2O2 and 1 mg/L CuCl2 at 2 hours, 

and then a significant increase in the pH at 24 hours in comparison to  0 hours 

(Figure 4.5 D). 
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Figure 4.5 H2O2 Concentration and pH of 0.5 % (A, C) and 1 % (B, D) H2O2 

Solutions When Combined with 0.1 and 1 mg/L CuCl2 Over 24 Hours. 
Statistical analysis for all was by One-way ANOVA with Dunnett’s post hoc-test 
against 0h, except for the comparison of 0.5 % H2O2 concentration with 1mg/L 
CuCl2 (A) which used Kruskal-Wallis test with Dunn’s multiple comparison test 
against 0h. Data presented as mean, N=6. *(p<0.05) and ** (p<0.01) denotes 
significant difference between the groups.  

 

4.5.1.2 Impact of CuCl2 & H2O2 Solutions on Spore Viability  

The susceptibility of Bacillus subtilis spores to 0.1 and 1 mg/L (w/v) CuCl2 

combined with 0.5 % and 1 % (v/v) H2O2 at 37 °C, 110 RPM was determined up to 

5 hours (Figure 4.6). This timeframe was selected based on findings by Leow-Dyke 

et al. (2017) who found that 4 hours of treatment at 37 °C with 0.1 mg/L (w/v) 

CuCl2 combined with 1 % (v/v) H2O2 was sufficient for inactivation of spores 

inoculated on to dCELL dermis samples.  

At 0 hours, lawns of B. subtilis spores were observed for all sterilants where 

individual spores could not be distinguished. Following incubation with spores at 1 

hour, 0.1 mg/L CuCl2 & 0.5 % H2O2 still displayed a lawn of spores with the plating 

streaks becoming visible. When incubated with 0.1 mg/L CuCl2 & 1 % H2O2, 



125 
 

individual spores were distinguished. However, the spores did still grow 

abundantly.  

After 1 hour of incubation with 1 mg/L CuCl2 & 0.5 % H2O2, similar results were 

displayed to those demonstrated with 0.1 mg/L CuCl2 & 0.5 % H2O2 where 

individual spores could not be distinguished. The appearance of spore growth 

following 1 hour of incubation with 1 mg/L CuCl2 & 1 % H2O2 appeared less in 

comparison to the other sterilants investigated, with sparse areas of spore colonies 

being observed in some areas.  

Following 2 hours of incubation, 0.1 mg/L CuCl2 and 1 mg/L CuCl2 combined with 

1 % H2O2 displayed the most efficient sporicidal activity, with no spores being 

observed following incubation with 1 mg/L CuCl2 & 1 % H2O2 and few colonies 

being observed when incubated with 0.1 mg/L CuCl2 & 1 % H2O2. A lawn of spores 

still appeared after incubation with 0.1 mg/L CuCl2 % 0.5 % H2O2, although 

colonies did start to become distinguishable. The growth of spores remained 

abundant following incubation with 0.1 mg/L CuCl2 & 5 % H2O2 for 2 hours.  

Following 3 hours of incubation, 0.1 mg/L CuCl2 and 1 mg/L CuCl2 combined with 

1 % H2O2 eliminated all spores, demonstrated by the lack of spore growth. Spores 

were still present following incubation with 0.1 mg/L CuCl2 and 1 mg/L CuCl2 

combined with 0.5 % H2O2, with spore growth being less abundant after incubation 

with 1 mg/L CuCl2 & 0.5 % H2O2 in comparison to 0.1 mg/L CuCl2 & 0.5 % H2O2.  

At 4 hours of incubation, 0.1 mg/L CuCl2 & 1 % H2O2, 1mg/L CuCl2 & 0.5 % H2O2, 

1mg/L CuCl2 & 1 % H2O2 eliminated the presence of spores. Spores were still 

sparsely present following incubation with 0.1 mg/L CuCl2 & 0.5 % H2O2. No spore 

growth was observed after 5 hours incubation with all four sterilants.  

Positive control plates of all four sterilants that were inoculated with more 

B.subtilis spores demonstrated a lawn of spore growth at each timepoint.  

Based on these results, 0.1 mg/L CuCl2 & 0.5 % H2O2 and 1mg/L CuCl2 & 0.5 % 

H2O2 sterilants were eliminated from further investigation. Sterilants of 0.1 mg/L 

CuCl2 & 1 % H2O2 and 1 mg/L CuCl2 & 1 % H2O2 were further investigated at 

timepoints 3 and 4 hours for time exposure optimisation of inoculated dPHV 

tissue. 
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Figure 4.6 Growth of B.subtilis Spores Exposed to 0.1 mg/L CuCl2 & 0.5 % 
H2O2, 0.1 mg/L CuCl2 & 1 % H2O2, 1 mg/L CuCl2 & 0.5 % H2O2, and 1 mg/L 
CuCl2 & 1 % H2O2 Over 5 hours. Representative images from n=3 shown.   
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4.5.1.3 Impact of CuCl2 & H2O2 Solutions on Spore Viability of Spore 

Inoculated Tissue  

The susceptibility of Bacillus subtilis spores, inoculated onto dPHV tissue, to 0.1 

and 1 mg/L (w/v) CuCl2 combined with 1 % (v/v) H2O2 at 37 °C, 110 RPM was 

determined over 3 and 4 hours.  

As shown in Figure 4.7, both 1 mg/L (w/v) CuCl2 combined with 1 % (v/v) H2O2 

decontaminated the spore inoculated dPHV tissue segments 37 °C, 110 RPM at 

both 3 and 4 hours. This was demonstrated by the absence of spore growth. In 

contrast, inoculated tissue segments that were incubated in sterile distilled water  

displayed spore growth.  

 

 

 

 

 

 

 

 

Figure 4.7 Growth of B.subtilis Spores on Inoculated dPHV Segments Exposed 
to 0.1 mg/L CuCl2 & 1 % H2O2, 1 mg/L CuCl2 & 1 % H2O2 and Sterile dH2O Over 
3 and 4 hours. Representative images from n=3 shown.  

 

4.5.1.4 Impact of CuCl2 & H2O2 Solutions on dPHV Tissue Histoarchitecture  

Based on the results from sections 4.5.1.2 and 4.5.1.3, the impact of 0.1 and 1 mg/L 

CuCl2 combined with 1 % H2O2 over 3 and 4 hours on the histoarchitecture of 

dPHV tissue was determined. This step was used to select suitable sterilisation 

time conditions that do not adversely impact tissue histoarchitecture.  

H & E staining was used to observe the gross histoarchitecture of the tissue 

sections. In comparison to dPHV untreated controls, 0.1 mg/L CuCl2 & 1 % H2O2 

(Figure 4.8), and 1mg/L  CuCl2 & 1 % H2O2 (Figure 4.9) did not induce any obvious 

detrimental impact to the dPHV artery tissue after 3 and 4 hours exposure. The 
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tightly crimped ECM fibres of the treated dPHV artery intima sections appeared 

well preserved after 3 and 4 hours of exposure in comparison to dPHV controls. 

The loose ECM structure characteristic of the artery adventitia was also preserved. 

The arterialis, fibrosa, spongiosa, and ventricularis layers of the leaflet remained 

well defined after 3 hours of sterilant exposure. However, the staining of the 0.1 

mg/L CuCl2 & 1 % H2O2 treated arterialis, fibrosa and ventricularis layers appeared 

less intense following 4 hours of exposure. Treatment with 0.1 mg/L CuCl2 & 1 % 

H2O2 also resulted in the appearance of loose fibres at the leaflet arterialis 

following 4 hours of exposure (Shown by black arrow on Figure 4.8 I). The 

regularly arranged myocardium bundles remained unaltered between the dPHV 

controls and dPHV tissue exposed to 0.1 mg/L CuCl2 & 1 % H2O2 and 1 mg/L CuCl2 

& 1 % H2O2 for 3 and 4 hours.  

Picrosirius Red & Miller’s Elastin staining was used to investigate the impact of the 

sterilants and exposure times on the composition of collagen and elastin fibres of 

the dPHV tissue sections. Similar results were observed to those found from H & E 

staining. There were no obvious changes to the collagen and elastin fibre  

composition of the artery intima, artery adventitia, and myocardium of dPHV 

segments treated with 0.1 mg/L CuCl2 & 1 % H2O2 (Figure 4.10, Figure 4.12) and 1 

mg/L CuCl2 & 1 % H2O2 (Figure 4.11, Figure 4.13) for 3 and 4 hours in comparison 

to the untreated dPHV controls. Leaflets treated with 0.1 mg/L CuCl2 & 1 % H2O2 

and 1 mg/L CuCl2 & 1 % H2O2 for 3 hours also resembled the dPHV control leaflets. 

However, both of the sterilants induced alterations to the leaflet structure 

following 4 hours of exposure. The arterialis layer of leaflets treated with 0.1 mg/L 

CuCl2 & 1 % H2O2 for 4 hours displayed loose elastin fibres which was shown with 

bright field imaging (Shown by black arrow on Figure 4.10 I). Although, imaging 

under polarised light did not reveal any obvious differences, suggesting that the 

collagen content remained largely unaltered (Figure 4.12 I). The ventricularis layer 

of leaflets exposed to 1 mg/L CuCl2 & 1 % H2O2 for 4 hours was not as well defined, 

and the intensity of the collagen staining and colour was less prominent in 

comparison to 3 hours of exposure (Figure 4.11 I and Figure 4.13 I).  

Based on the collective results presented within section 4.5.1, 1 mg/L CuCl2 & 1 % 

H2O2 was the chosen concentration for the sterilisation of dPHVs with 3 hours of 

exposure at 37 °C, 110 RPM.  
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Figure 4.8 Representative Images of H & E Stained dPHV Control, dPHVs 
Incubated with 0.1 mg/L CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated 
with 0.1 mg/L CuCl2 & 1 % H2O2 for 4 hours. Images show control dPHV wall 
intima (A), adventitia (D), leaflet (G), and myocardium (J); 0.1 mg/L CuCl2 & 1 % 
H2O2 at 3 hours incubation dPHV wall intima (B), adventitia (E), leaflet (H) and 
myocardium (K); 0.1 mg/L CuCl2 & 1 % H2O2 at 4 hours incubation dPHV wall 
intima (C), adventitia (F), leaflet (I) and myocardium (L). Images were taken using 
Köhler illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: fibrosa; a: 
arterialis. Black arrow shows loose fibres. Representative images shown, Scale 
bars 100 µm. 
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Figure 4.9 Representative Images of H & E Stained dPHV Control, dPHVs 
Incubated with 1 mg/L CuCl2 & 1 % H2O2 for 3 hours, and dPHVs Incubated 
with 1 mg/L CuCl2 & 1 % H2O2 for 4 hours. Images show control dPHV wall 
intima (A), adventitia (D), leaflet (G), and myocardium (J); 1 mg/L CuCl2 & 1 % 
H2O2 at 3 hours incubation dPHV wall intima (B), adventitia (E), leaflet (H) and 
myocardium (K); 1 mg/L CuCl2 & 1 % H2O2 at 4 hours incubation dPHV wall intima 
(C), adventitia (F), leaflet (I) and myocardium (L). Images were taken using Köhler 
illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: fibrosa; a: 
arterialis. Representative images shown, Scale bars 100 µm.   
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Figure 4.10 Representative Bright Field Images of Picrosirius Red & Miller’s 
Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L CuCl2 & 1 % 
H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L CuCl2 & 1 % H2O2 for 4 
hours. Images show control dPHV wall intima (A), adventitia (D), leaflet (G), and 
myocardium (J); 0.1 mg/L CuCl2 & 1 % H2O2 at 3 hours incubation dPHV wall 
intima (B), adventitia (E), leaflet (H) and myocardium (K); 0.1 mg/L CuCl2 & 1 % 
H2O2 at 4 hours incubation dPHV wall intima (C), adventitia (F), leaflet (I) and 
myocardium (L). Images were taken using Köhler illumination and a x 10 objective. 
v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Black arrow shows loose fibres. 
Representative images shown, Scale bars 100 µm.   
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Figure 4.11 Representative Bright Field Images of Picrosirius Red & Miller’s 
Elastin Stained dPHV Control, dPHVs Incubated with 1 mg/L CuCl2 & 1 % 
H2O2 for 3 hours, and dPHVs Incubated with 1 mg/L CuCl2 & 1 % H2O2 for 4 
hours. Images show control dPHV wall intima (A), adventitia (D), leaflet (G), and 
myocardium (J); 1 mg/L CuCl2 & 1 % H2O2 at 3 hours incubation dPHV wall intima 
(B), adventitia (E), leaflet (H) and myocardium (K); 1 mg/L CuCl2 & 1 % H2O2 at 4 
hours incubation dPHV wall intima (C), adventitia (F), leaflet (I) and myocardium 
(L). Images were taken using Köhler illumination and a x 10 objective. v: 
ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative images shown, 
Scale bars 100 µm.   
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Figure 4.12 Representative Polarised Light Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L CuCl2 
& 1 % H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L CuCl2 & 1 % 
H2O2 for 4 hours. Images show control dPHV wall intima (A), adventitia (D), 
leaflet (G), and myocardium (J); 0.1 mg/L CuCl2 & 1 % H2O2 at 3 hours incubation 
dPHV wall intima (B), adventitia (E), leaflet (H) and myocardium (K); 0.1 mg/L 
CuCl2 & 1 % H2O2 at 4 hours incubation dPHV wall intima (C), adventitia (F), leaflet 
(I) and myocardium (L). Images were taken using polarised light and a x 10 
objective. v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative 
images shown, Scale bars 100 µm.   
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Figure 4.13 Representative Polarised Light Images of Picrosirius Red & 
Miller’s Elastin Stained dPHV Control, dPHVs Incubated with 0.1 mg/L CuCl2 
& 1 % H2O2 for 3 hours, and dPHVs Incubated with 0.1 mg/L CuCl2 & 1 % 
H2O2 for 4 hours. Images show control dPHV wall intima (A), adventitia (D), 
leaflet (G), and myocardium (J); 0.1 mg/L CuCl2 & 1 % H2O2 at 3 hours incubation 
dPHV wall intima (B), adventitia (E), leaflet (H) and myocardium (K); 0.1 mg/L 
CuCl2 & 1 % H2O2 at 4 hours incubation dPHV wall intima (C), adventitia (F), leaflet 
(I) and myocardium (L). Images were taken using polarised light and a x 10 
objective. v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative 
images shown, Scale bars 100 µm.   
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4.5.2 Histological Analysis 

Following treatment of whole dPHV roots with 1mg/L CuCl2 & 1 % H2O2 for 3 

hours, the structure of collagen, elastin and specific membrane proteins within the 

dPHVs were characterised using H & E, Picrosirius Red & Miller’s Elastin, and 

Movat’s Pentachrome staining.  

H & E staining defined the gross ECM histoarchitecture of the tissue sections 

(Figure 4.14). There were no apparent differences between 1mg/L CuCl2 & 1 % 

H2O2 and dPHV control artery intima sections, with the tightly crimped collagen 

and elastin fibres appearing to be well preserved. The loosely arranged adventitial 

surface of 1mg/L CuCl2 & 1 % H2O2 ECM treated tissue also resembled the dPHV 

control. Although the arterialis, fibrosa, spongiosa, and ventricularis layers of the 

1mg/L CuCl2 & 1 % H2O2 treated leaflet are well-defined, the ventricularis shows 

loose disconnected fibres that are not as tightly organised as shown in the dPHV 

control (Figure 4.14 F). The myocardium bundles appear regularly arranged 

between the two groups.  

Picrosirius Red & Miller’s elastin staining was used to stain collagen and elastin 

fibres within the ECM of the tissue sections (Figure 4.15). Visualisation under 

normal Köhler illumination revealed collagen and elastin fibres. Visualisation 

under polarised light conditions revealed the configuration and distribution of 

collagen fibres, with the birefringence of the collagen fibres being associated with 

the fibre diameter. The tightly crimped elastin structure of the artery intima was 

disrupted following 1mg/L CuCl2 & 1 % H2O2 treatment, with porous arrangements 

being visible (Figure 4.15 B). However, the intensity of the collagen stain of the 

artery intima was similar between both groups, and structural alterations were not 

apparent. The loose ECM arrangement found at the artery adventitia was also 

undisrupted between both groups. The elastin network present in the ventricularis 

layer of the leaflet treated with 1mg/L CuCl2 & 1 % H2O2 appeared disorganised in 

comparison to the dPHV control (Figure 4.15 F).  However, this disorganisation 

was not present under polarised light conditions. A network of interspersed 

collagen fibres was present between the myocardium bundles in both groups.  

Movat’s Pentachrome staining was used to visualise collagen, elastin, muscle, GAGs 

and fibrin. As demonstrated by Picrosirius Red & Miller’s elastin staining, 1mg/L 

CuCl2 & 1 % H2O2 treated artery intima displayed a loose arrangement of elastin 
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fibres in comparison to the compact arrangement of the elastin fibres shown in the 

dPHV control artery intima. Collagen and elastin fibres appeared similarly 

arranged in the artery adventitia sections of both groups, although the elastin 

fibres were not as compact in 1mg/L CuCl2 & 1 % H2O2 treated samples. An 

abundance of GAGs were present in the spongiosa layer of both 1mg/L CuCl2 & 1 % 

H2O2 treated and dPHV control leaflets. This was sandwiched between the fibrosa 

layer which was populated with collagen fibres and the ventricularis composed of 

collagen fibres intertwined with elastin fibres. The arterialis layer of 1mg/L CuCl2 

& 1 % H2O2 treated leaflets also displayed loose elastin fibres in comparison to the 

tight elastin fibre organisation demonstrated in the dPHV control.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14 Representative H & E Stained Control and 1 mg/L CuCl2 & 1 % 
H2O2 Sterilised dPHVs. Images show control dPHV wall intima (A), adventitia 
(C), leaflet (E), and myocardium (G); and 1 mg/L CuCl2 & 1 % H2O2 wall intima 
(B), adventitia (D), leaflet (F) and myocardium (H). Images were taken using 
Köhler illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: fibrosa; a: 
arterialis. Black arrow shows loose fibres. Representative images shown, Scale 
bars 100 µm.  
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Figure 4.15 Representative Images of Picrosirius Red & Miller’s Elastin 
Stained Control and 1mg/L CuCl2 & 1 % H2O2 Sterilised dPHV Artery Wall 
Intima, Adventitia, Leaflet, and Myocardium Sections. Images show control 
dPHV wall intima (A, I), adventitia (C, K), leaflet (E, M), and myocardium (G, O); 1 
mg/L CuCl2 & 1 % H2O2 dPHV wall intima (B, J), adventitia (D, L), leaflet (F, N) and 
myocardium (H, P). Images were taken using Köhler illumination (A-H) and 
polarised light conditions (I-P), using a x 10 objective. v: ventricularis; s: spongiosa; 
f: fibrosa; a: arterialis. White arrow shows pores. Black arrow shows loose fibres. 
Representative images shown, Scale bars 100 µm.  
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Figure 4.16 Representative Images of Movat’s Pentachrome Stained Control 
and 1 mg/L CuCl2 & 1 % H2O2 Sterilised dPHVs. Images show control dPHV wall 
intima (A), adventitia (C), leaflet (E), and myocardium (G); and 1 mg/L CuCl2 & 1 % 
H2O2 wall intima (B), adventitia (D), leaflet (F) and myocardium (H). Images were 
taken using Köhler illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: 
fibrosa; a: arterialis. Representative images shown, Scale bars 100 µm.  
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4.5.3 Immunohistochemical Labelling of Collagen IV and Fibronectin  

DPHV control and 1 mg/L CuCl2 & 1 % H2O2 dPHVs were labelled with monoclonal 

antibodies against collagen IV and fibronectin. 

The intensity of the collagen IV staining was less on the surface of the 1 mg/L 

CuCl2 & 1 % H2O2 artery intima in comparison to the dPHV control (Figure 4.17). 

Both dPHV control and 1 mg/L CuCl2 & 1 % H2O2 artery adventitia displayed a 

similar intensity of positive staining in the artery adventitia. The leaflets of both 

groups also displayed a similar level of positive staining, with the most intensity 

being displayed in the arterialis layer. A well-defined layer of positive staining was 

also observed in the leaflet ventricularis layer of both groups. The myocardium 

displayed a network of defined positive labelling in both groups with greatest 

intensity in the lining of blood vessels. There was no staining observed in sections 

stained with the isotype control.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.17 Representative Images of Control and 1 mg/L CuCl2 & 1 % H2O2 
Sterilised dPHV Sections Labelled with Monoclonal Antibodies Against 
Collagen IV. Images show control dPHV wall intima (A), adventitia (D), leaflet (G), 
and myocardium (J); 1 mg/L CuCl2 & 1 % H2O2 wall intima (B), adventitia (E), 
leaflet (H) and myocardium (K); Isotype controls for dPHV wall intima (C), 
adventitia (F), leaflet (I) and myocardium (L). Images were taken using Köhler 
illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: fibrosa; a: 
arterialis. Representative images shown, Scale bars 100 µm.  
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The results from fibronectin labelling indicate that the dPHV control and 1 mg/L 

CuCl2 & 1 % H2O2 dPHV tissues were both stained positive (Figure 4.18). The 

artery intima and adventitia tissues displayed similar fibronectin labelling 

intensities in both groups, as did the leaflets with the greatest intensities being 

observed at the arterialis and ventricularis surfaces. Fibronectin labelling of the 

myocardium of both groups revealed a well-defined network of positive staining. 

Minimal brown staining was observed in undefined areas of sections stained with 

the isotype control.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18 Representative Images of Control and 1 mg/L CuCl2 & 1 % H2O2 
Sterilised dPHV Sections Labelled with Monoclonal Antibodies Against 
Fibronectin.  Images show control dPHV wall intima (A), adventitia (D), leaflet (G), 
and myocardium (J); 1 mg/L CuCl2 & 1 % H2O2 wall intima (B), adventitia (E), 
leaflet (H) and myocardium (K); Isotype controls for dPHV wall intima (C), 
adventitia (F), leaflet (I) and myocardium (L). Images were taken using Köhler 
illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: fibrosa; a: 
arterialis. Representative images shown, Scale bars 100 µm.  
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4.5.4 Visualisation of Tissue Surface Microscopic Structure  

Scanning electron Microscopy (SEM) was used to visualise the impact of 1 mg/L 

CuCl2 & 1 % H2O2 sterilisation on dPHV pulmonary artery wall and leaflet surface 

microscopic structures (Figure 4.19). 

The artery intima of both dPHV control and 1 mg/L CuCl2 & 1 % H2O2 displayed a 

slight cobblestone structure, although the dPHV control artery intima appeared 

smoother than the 1 mg/L CuCl2 & 1 % H2O2 sterilised artery intima which showed 

loose and disorganised fibres. The adventitia of both groups also displayed loose 

fibres which appeared more crimped after 1 mg/L CuCl2 & 1 % H2O2 sterilisation. 

The leaflet ventricularis tissues displayed undisrupted, slightly cobbled layers of 

reticular fibres. The leaflet arterialis surface displayed small tears within the 

reticular fibre layers, revealing bundles of arranged collagenous fibres.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.19 Microscopic Structure of Control and 1 mg/L CuCl2 & 1 % H2O2 
dPHV Artery Wall Intima, Adventitia, Leaflet Ventricularis, and Leaflet 
Arterialis Surfaces. Images show control dPHV wall intima surface (A), adventitia 
surface (C), leaflet ventricularis surface (E), and leaflet arterialis surface (G); 1 
mg/L CuCl2 & 1 % H2O2 dPHV wall intima surface (B), adventitia surface (D), leaflet 
ventricularis surface (F) and leaflet arterialis surface (H). SEM images were taken 
using Carl Zeiss EVO MA15. Scale bars show 20 µm.  
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4.5.5  Quantification of Collagen Content  

To determine the impact of 1 mg/L CuCl2 & 1 % H2O2  sterilisation on dPHV 

collagen content, pulmonary artery wall and leaflet samples were assayed for 

hydroxyproline content (Figure 4.20).  

The collagen content of  1 mg/L CuCl2 & 1 % H2O2  artery wall samples was 308.71 

±  47.19 µg.mg-1 which was not significantly different to the control dPHV artery 

wall collagen content (282.28 ± 54.11 µg.mg-1). 

There was also no significant difference in the collagen content of 1 mg/L CuCl2 & 1 

% H2O2  artery leaflet samples (887.33 ± 110.05 µg.mg-1) in comparison to the 

dPHV controls (799.06 ± 212.36 µg.mg-1). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.20 Collagen Content of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall 
and Leaflet Specimens in Comparison to dPHV Controls. Data presented as 
mean (n=6) ± 95% C.I. Data was analysed using unpaired t-test between the two 
groups in each specimen type.   
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4.5.6 Quantification of GAG Content  

The dPHV control and 1 mg/L CuCl2 & 1 % H2O2  artery wall and leaflet samples 

were digested with papain prior to GAG quantification using the dimethylene blue 

(DMMB) assay.  

The dPHV control and 1 mg/L CuCl2 & 1 % H2O2  artery wall samples were found to 

have a GAG content of 2.81 ± 1.82 µg.mg-1 and 4.41 ± 1.65 µg.mg-1, respectively. The 

dPHV control and 1 mg/L CuCl2 & 1 % H2O2  leaflet samples were found to have a 

GAG content of 4.34 ± 1.28 µg.mg-1 and 4.27 ± 0.83 µg.mg-1, respectively. There 

were no significant differences in GAG content found (Figure 4.21).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.21 GAG Content of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall and 
Leaflet Specimens in Comparison to dPHV Controls. Data presented as mean 
(n=6) ± 95% C.I. Data was analysed using unpaired t-test between the two groups 
in each specimen type.  
 
 
 
 
 

dPH
V
 C

ontr
ol W

al
l

1 
m

g/L
 C

uC
l 2
&
 1

 %
 H

2
O 2 

W
al

l

dPH
V C

ontr
ol L

ea
fle

t

1 
m

g/L
 C

uC
l 2
&
 1

 %
 H

2
O 2 

Lea
fle

t

0

2

4

6

8

G
A

G
/D

ry
 w

e
ig

h
t 
μ

g
/m

g



144 
 

4.5.7 DSC Analysis 

The collagen denaturation temperatures of dPHV control and 1 mg/L CuCl2 & 1 % 

H2O2  wall and leaflet samples were quantified by measuring heat flow (W/g) in a 

differential scanning calorimeter.  

As displayed in Figure 4.22, the collagen denaturation temperature of 1 mg/L 

CuCl2 & 1 % H2O2  wall samples was 62.56 ± 0.78 °C, which was significantly less 

than the collagen denaturation temperature of dPHV control wall samples (65.57 ± 

0.81 °C). The collagen denaturation temperature of 1 mg/L CuCl2 & 1 % H2O2  

leaflet samples was also significantly lower than the collagen denaturation 

temperature of dPHV control leaflet samples, at 61.88 ± 0.90 °C and 65.45 ± 0.78 

°C, respectively.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.22 Collagen Thermal Stability of 1 mg/L CuCl2 & 1 % H2O2 dPHV 
Artery Wall and Leaflet Specimens in Comparison to dPHV Controls. Data 
presented as mean (n=6) ± 95% C.I. Data was analysed using unpaired t-test 
between the two groups in each specimen type. ****(p<0.001) denotes significant 
difference between the groups.  
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4.5.8  In Vitro Cytocompatibility Assessments  

Contact culture of L929 cells with 1 mg/L CuCl2 & 1 % H2O2  wall and leaflet 

samples was used to determine cytocompatibility of the sterilised tissues. The 

extract cytotoxicity assay was also used to determine if toxins were leached from 1 

mg/L CuCl2 & 1 % H2O2  wall and leaflet samples.  

Prior to conducting contact culture and extract cytotoxicity assays with 1 mg/L 

CuCl2 & 1 % H2O2  wall and leaflet samples, sterility was determined by incubating 

the tissues in thioglycollate broth (section 2.2.11.3). The broth remained clear for 

all samples (N=6 for each specimen type) and negative controls, and only the 

positive control showed microbial growth (Figure 4.23). Therefore, 1 mg/L CuCl2 & 

1 % H2O2  wall and leaflet samples were not contaminated.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23 Images of 1 mg/L CuCl2 & 1 % H2O2 dPHV Artery Wall (W) and 
Leaflet (L) Specimen Sterility Tests 48 hours Post Inoculation.  1 mg/L CuCl2 & 
1 % H2O2  dPHV Artery Wall (A) and Leaflet (B) specimens were incubated in 
Thioglycolate broth. N=6 of wall and leaflet samples were used. Positive controls 
(+VE) of dermal commensal organisms and negative controls (-VE) of sterile 
thioglycolate broth were incubated alongside samples.   
 
The contact cytotoxicity assays showed no evidence of 1 mg/L CuCl2 & 1 % H2O2  

treated tissue cytotoxicity. L929 cells grew up to and in contact with 1 mg/L CuCl2 

& 1 % H2O2  dPHV artery wall and leaflet tissue specimens, with no change in the 

cellular morphology in comparison to the negative steri-strip control. The rounded 

appearance of dead cells cultured in wells with the positive cyanoacrylate adhesive 

was absent in cells cultured with 1 mg/L CuCl2 & 1 % H2O2  dPHV artery wall and 

leaflet tissue specimens (Figure 4.24).  
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Figure 4.24 Giemsa Stained Cell Cultures From Contact Cytotoxicity of 1 mg/L 
CuCl2 & 1 % H2O2 dPHV Wall and Leaflet Specimens. Images show a 
representative 1 mg/L CuCl2 & 1 % H2O2 dPHV wall specimen (A), leaflet specimen 
(B), negative control (C), and positive control (D). Scale bars are 100 µm.  
 
 
The results from the extract cytotoxicity assay showed no evidence of cytotoxicity. 

ATP levels of cells cultured with 1 mg/L CuCl2 & 1 % H2O2 dPHV wall and leaflet 

control extracts were significantly greater than cells cultured with the positive 

DMSO control only, and not the negative DMEM control (Figure 4.25).  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.25 Cell Viability of L929 Cells Cultured With 1 mg/L CuCl2 & 1 % 
H2O2 Wall and Leaflet Tissue Extracts. Data presented as mean (n=6) ± 95% C.I. 
Data was analysed using one way ANOVA with Tukey’s post-hoc test. **** 
(p<0.0001) denotes significant difference between the groups.  
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4.5.9 Uniaxial Tensile Testing 

Uniaxial tensile testing on 1 mg/L CuCl2 & 1 % H2O2 dPHV artery wall and leaflet 

tissue specimens was performed to determine the effects of 1 mg/L CuCl2 & 1 % 

H2O2 sterilisation on dPHV tensile properties.  

The stress-strain graphs for all dPHV controls and 1 mg/L CuCl2 & 1 % H2O2 dPHV 

artery wall and leaflet tissue specimens are displayed in Figure 4.26. All artery wall 

and leaflet tissue specimens demonstrate the typical tri-phasic characteristics. The 

circumferential wall stress-strain graphs generally showed a decrease in the 1 

mg/L CuCl2 & 1 % H2O2 ultimate tensile strength in comparison to the dPHV 

controls (Figure 4.26 A). The axial wall specimens stress-strain graph did not show 

any obvious differences between the two groups (Figure 4.26 B). The 

circumferential and radial 1 mg/L CuCl2 & 1 % H2O2 leaflet specimens also showed 

a trend for decreasing ultimate tensile strengths in comparison to dPHV controls 

(Figure 4.26 C, D).  

As shown in Figure 4.27 A, there was no significant difference in the elastin phase 

slope of 1 mg/L CuCl2 & 1 % H2O2 circumferential wall (0.11 ± 0.03 MPa) and axial 

wall (0.10 ± 0.03 MPa) in comparison to the dPHV controls (0.11 ± 0.03 MPa and 

0.10 ± 0.03 MPa, respectively). As shown in Figure 4.27 C, there was also no 

significant difference in the collagen phase slope of 1 mg/L CuCl2 & 1 % H2O2 

circumferential wall (1.52 ± 0.46 MPa) and axial wall (0.68 ± 0.18 MPa) in 

comparison to the dPHV controls (2.24 ± 1.04 MPa and 0.84 ± 0.36 MPa, 

respectively). Despite the trend for a decrease in UTS for the 1 mg/L CuCl2 & 1 % 

H2O2 circumferential wall (Figure 4.26 A), the ultimate tensile strength of 

circumferential and axial 1 mg/L CuCl2 & 1 % H2O2 wall was 1.04 ± 0.27 MPa and 

1.39 ± 0.20 MPa respectively, which was not significantly different to the dPHV 

control wall specimens (0.71 ± 0.33 MPa and 0.81 ± 0.27 MPa, respectively), shown 

in Figure 4.27 E. 

Shown in Figure 4.27 B, the elastin phase slopes of 1 mg/L CuCl2 & 1 % H2O2 

circumferential (0.04 ± 0.01 MPa) and radial (0.02 ± 0.01 MPa) leaflet specimens 

were not significantly different to the elastin phase slopes of dPHV control 

circumferential (0.03 ± 0.01 MPa) and radial (0.02 ± 0.01 MPa) leaflet specimens. 

The collagen phase slope of 1 mg/L CuCl2 & 1 % H2O2 circumferential leaflet 

specimens was 17.04 ± 5.15 MPa, which was significantly lower than the collagen 
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phase slope of dPHV control circumferential leaflet specimens (25.63 ± 7.29 MPa), 

There was no significant difference in the collagen phase slopes of 1 mg/L CuCl2 & 

1 % H2O2 radial (0.61 ± 0.30 MPa) and dPHV control radial leaflet specimens (0.88 

± 0.31 MPa) shown in Figure 4.27 D. In line with the trend for a decrease in 

ultimate tensile strength (Figure 4.26 C), there was a significant decrease in the 

ultimate tensile strength of 1 mg/L CuCl2 & 1 % H2O2 circumferential leaflet 

specimens (4.74 ± 1.49 MPa) in comparison to the dPHV controls (6.29 ± 0.99 

MPa). However, there was no significant difference in the ultimate tensile strength 

of 1 mg/L CuCl2 & 1 % H2O2 radial specimens (0.52 ± 0.17 MPa) in comparison to 

the dPHV controls (0.75 ± 0.27 MPa), shown in Figure 4.27 F.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.26 Stress-Strain Graphs of Control and 1 mg/L CuCl2 & 1 % H2O2 

dPHV Wall and Leaflet Specimens. Stress-strain graphs shown for (A) dPHV 
control and 1 mg/L CuCl2 & 1 % H2O2 circumferential wall; (B) dPHV control and 1 
mg/L CuCl2 & 1 % H2O2 axial wall; (C) dPHV control and 1 mg/L CuCl2 & 1 % H2O2 
circumferential leaflet; (D) dPHV control and 1 mg/L CuCl2 & 1 % H2O2 radial 
leaflet. N=6 for all specimens.    
 
 
 
 

A B 
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Figure 4.27 Tensile Parameters of 1 mg/L CuCl2 & 1 % H2O2  dPHV Artery 
Wall and Leaflet Specimens in Comparison to dPHV Controls. Elastin phase 
slopes (A,B), collagen phase slopes (C, D) and ultimate tensile strengths (E,F) 
of dPHV control and 1 mg/L CuCl2 & 1 % H2O2 wall and leaflet specimens, 
respectively. Data presented as mean (n=6) ± 95% C.I. Data was analysed using 
unpaired t-test between the two groups in each specimen type. * (p<0.05) denotes 
significant difference between the groups.   
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4.6 Discussion  

The first aim of this study was to determine the appropriate concentration and 

time exposure of CuCl2 in combination with H2O2 for the effective sterilisation of 

dPHVs without inducing major changes to the histoarchitecture of the tissue, prior 

to conducting further biological and biomechanical analysis.  

The stability of H2O2 is affected by pH, temperature and the presence of metal ions. 

H2O2 is stable at a low pH (Leow-Dyke et al., 2016). Leow-Dyke et al. (2016) did 

not alter the pH of the CuCl2 and H2O2 sterilants investigated within their study, 

and there were no alterations introduced to the morphological architecture of 

dCELL human dermis following exposure to CuCl2 and H2O2 solutions with pH 

ranging between 3.1-4.9. However, preliminary data from a study conducted at 

University of Leeds Institute of Medical and Biological Engineering (unpublished) 

demonstrated that the microarchitecture of dPHV leaflet specimens was disrupted 

following exposure to acidic CuCl2 & H2O2 solutions with pH ranging from 3-5. 

Within this current study an attempt was made to prevent potential damage to the 

delicate dPHV leaflet ECM as a result of exposure to acidic pH by adjusting the pH 

of sterilants investigated to pH 7 (± 1).   

An increase in temperature to 40 °C can also accelerate the decomposition of H2O2 

by approximately 2.2 fold. Leow-Dyke et al. (2016) carried out dCELL human 

dermis sterilisation treatment at 25 °C, despite it being identified that the biocidal 

activity of CuCl2 and H2O2 sterilants on S. epidermis, E.coli and B.subtilis spores was 

enhanced at 37 °C in comparison to 25 °C. Oxidising agents can exert sporicidal 

activity by damaging the spore inner membrane which subsequently ruptures 

following spore germination (Setlow, 2006).  The oxidative potential of the CuCl2 

and H2O2 elements increase with an increase in temperature. This is because the 

increase in temperature could increase the reaction rate between Cu (II) and H2O2, 

thus increasing the generation of ·OH radicals (Zazo et al., 2010). 

Within the present study, solution stability analysis was conducted to assess the 

impact of the sterilisation conditions (temperature  at 37 °C, pH alteration to 7 ± 1, 

agitation at 110 RPM) on CuCl2 and H2O2 concentration over time. The pH 

alterations to pH 7 (± 1) and temperature increase to 37 °C did not detrimentally 

impact CuCl2 concentration in solutions, with fluctuations in the CuCl2 

concentrations being measured over 24 hours. However, the concentration of H2O2 
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in solutions containing 0.5 % and 1 % H2O2 combined with 0.1 mg/L and 1 mg/L 

CuCl2 did decrease over 24 hours. Leow-Dyke et al. (2016) conducted solution 

stability analysis for the intended purpose of investigating storage conditions on 

solution stability. It was found that solutions of 0.1 mg/L CuCl2 and 0.5 % H2O2, 

and 1 mg/L CuCl2 and 0.5 % H2O2, exhibited steady H2O2 concentration readings 

over a period of 44 days at 4 °C, with a slight downward trend. Solutions 

containing of 0.1 mg/L CuCl2 and 1 % H2O2 also displayed steady H2O2 

concentration readings over a period of 44 days with no downward trend, and 

solutions containing 1 mg/L CuCl2 and 1 % H2O2 demonstrated a rapid downward 

trend in H2O2 concentration, particularly in the period between 21 and 44 days. 

Free copper ions can induce the breakdown of H2O2 which can explain these 

observations. However, in the case of the present study the alterations in the H2O2 

are most likely explained by the alterations in pH and temperature causing H2O2 to 

become unstable.  

Concentrations of 0.1 mg/L and 1 mg/L CuCl2, which are below the toxic levels for 

humans (Garba et al., 2006),  in combination with 0.5 % and 1 % H2O2 were chosen 

for investigation within this study as these concentrations have been identified to 

exert biocidal and sporicidal effects against S.epidermidis, E.coli and B.subtilis 

spores  (Leow-Dyke et al., 2017). The ability of a microbial inactivation process to 

eliminate bacterial spores determines whether the process can be considered a 

sterilisation method as opposed to a disinfection method (Leow-Dyke et al., 2017). 

As such, the microbial inactivation effects of the chosen CuCl2 and H2O2 

concentrations against B.subtilis spores was utilised within this study to optimise 

the concentrations and conditions for effective sterilisation. B.subtilis spores were 

selected within the present study because bacterial spores are the most resistant 

microorganisms against sterilisation methods, and B.subtilis spores have been 

demonstrated to be resistant to killing by heat, radiation, UV and gamma 

irradiation (Dai et al., 2016; Setlow, 2006). All four solutions were inoculated with 

10 6 spores and incubated at 37 °C, 110 RPM. It was shown that after 2 hours 

incubation, only 1 mg/L CuCl2 and 1 % H2O2 killed all B.subtilis spores that were 

present. After 3 hours of exposure, 0.1 mg/L CuCl2 and 1 % H2O2 also killed all 

B.subtilis spores, followed by 1 mg/L CuCl2 and 0.5 % H2O2 after 4 hours exposure 

and finally 0.1 mg/L CuCl2 and 0.5 %H2O2 after 5 hours of exposure. These findings 

indicated that concentration increases in CuCl2 and H2O2 are associated with 
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enhanced sporicidal activity. Similar results were demonstrated by Leow-Dyke et 

al. (2017), whereby concentrations of 0.1 mg/L CuCl2 and 1 % H2O2 had the 

shortest D-value for S.epidermidis, E.coli and B.subtilis spores. Although the D-

values could not be determined at this stage in the current study,  solutions 

containing 0.5 % H2O2 were eliminated from the study due to gradual sporicidal 

effects observed in comparison to the rapid sporicidal effects observed with 0.1 

mg/L CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 and 1 % H2O2.  

Whether the sporicidal effects of inoculated sterilant solutions was translated to 

inoculated dPHV tissue was also determined. B.subtilis spores were deposited as 

deeply as possible within the pulmonary sinuses of each cusp forming the dPHV 

segments. This was considered to be a difficult area of the dPHV segment for the 

solutions to reach and effectively sterilise. Commonly in practice, sterilant 

exposure time is extended to achieve a 12 log reduction to obtain overkill 

sterilisation (von Woedtke and Kramer, 2008). Although the D-values could not be 

determined within this study, the decision was made to expose the inoculated 

tissue segments to 0.1 mg/L CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 and 1 % H2O2 

for 3 and 4 hours even though 1 mg/L CuCl2 and 1 % H2O2 killed all B.subtilis 

spores present after 2 hours. No spore growth was observed for either 0.1 mg/L 

CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 after 3 and 4 hours of exposure.  

Tissue segments were exposed to 0.1 mg/L CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 

and 1 % H2O2 for 3 and 4 hours prior to conducting histological analysis. Leow-

Dyke et al. (2016) showed that the histoarchitecture of dCELL dermis treated with 

a combination of CuCl2 and H2O2 (pH 3 – 5) at concentration ranges of 0.1–10 mg/L 

and 0.01–1%, respectively, for 3 hours was not detrimentally impacted. Similar 

results were observed within this study whereby dPHV tissue segments treated 

with both 0.1 mg/L CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 and 1 % H2O2 at pH 7 ± 

1 for 3 hours did not impact the architectural structure of the tissue. Staining with 

H & E revealed the preservation of the tightly crimped ECM fibres at the 

pulmonary artery intima, the loose arrangement of the fibres at the adventitia, the 

clear definition of the valve leaflet layers, and the regularly arranged myocardium 

bundles. These findings were supported by Picrosirius Red and Miller’s elastin 

staining which also demonstrated the uniform ECM arrangement of the treated 

dPHV segments, comparable to the untreated dPHV controls. However, histological 
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analysis revealed the detrimental impact to the dPHV artery intima and leaflet 

after 4 hours exposure to both sterilants. The intima of the artery treated with 

both 0.1 mg/L CuCl2 and 1 % H2O2, and 1 mg/L CuCl2 and 1 % H2O2 for 4 hours 

displayed a loose and unorganised arrangement of ECM fibres. Picrosirius Red and 

Miller’s elastin staining determined these fibres to be elastin. H & E stain retention 

was less on the leaflet ventricularis and loose fibres were observed at both the 

leaflet ventricularis and arterialis layers of dPHV segments treated with both 

concentrations for 4 hours. Although the oxidative function of H2O2 is essential to 

achieve effective sterilisation of tissues and biomaterials, the potential 

implications to tissue integrity is not unknown. However, the disruption to the 

collagen integrity appeared less severe in dPHV segments treated with 1 mg/L 

CuCl2 and 1 % H2O2 in comparison to 0.1 mg/L CuCl2 and 1 % H2O2. Copper is 

known to play a role in the synthesis and stabilisation of elastin matrices present 

in ECM. Thus, it is plausible that the higher concentration of CuCl2 used within this 

study protected the dPHV elastin stability.  

Based on these results, 1mg/L CuCl2 combined with 1 % H2O2 was the chosen 

solution to apply to whole dPHV roots for 3 hours at 34 °C, 110 RPM for effective 

sterilisation prior to conducting further biological and biomechanical analysis.  

Histological visualisation of these samples revealed that the tightly packed and 

crimpled elastin fibres of the artery intima became porous, and there was damage 

to the leaflet elastin fibres following sterilisation. SEM analysis also demonstrated 

damage to the tissue surface microscopic structure. Whole dPHV roots were used 

as opposed to segments, and it is possible that residual CuCl2 and H2O2 may have 

induced oxidative damage to the leaflets. The upscaling of tissue sterilisation may 

have also impacted the length of time that tissue was exposed to the sterilant by up 

to 30 minutes. Unpredictable fluctuations in Cu2+ concentrations were also 

observed within the preliminary experiments and it is possible that the formation 

of hydroxyl radicals was not consistent leading to the observed ECM damage. It is 

possible that the oxidative effects of hydroxyl radicals may have altered the surface 

chemistry and therefore structure of the dPHV tissue (Finnegan et al., 2010). 

Furthermore, the dPHVs used for further biological and biomechanical analysis 

were not prepared alongside the dPHVs used for preliminary experiments. 

Segments of dPHVs were exposed to CuCl2 and H2O2 for preliminary analysis, 
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whereas whole dPHV roots were exposed to CuCl2 and H2O2 for further biological 

and biomechanical analysis, highlighting a discrepancy within this work. It is also 

possible that natural variation of the tissue also influenced the impact of 1mg/L 

CuCl2 combined with 1 % H2O2 on dPHVs. These aspects would need to be further 

refined if this sterilisation method is commercially translated.  

Antibody labelling of collagen IV and fibronectin revealed the retention of both 

proteins in artery and leaflet sections, comparable to the dPHV controls. Collagen 

IV and fibronectin are key ECM proteins with important roles in tissue 

recellularisation. Collagen IV is a dominant component of the basement membrane 

and is responsible for mediating tissue regeneration. Cellular responses can be 

influenced by collagen IV using the innate biologically active domains present, as 

well as providing anchor points for the affinity of molecules such as fibronectin 

which can facilitate cell migration and cell adhesion (Wiltz et al., 2013; Yurchenco, 

2011). This suggests that dPHVs sterilised with 1 mg/L CuCl2 and 1 % H2O2 do 

have the tools required for constructive recellularisation in vivo. It has been 

demonstrated that low levels of H2O2 (5-50 µM) are present in healing wounds, 

and the removal of H2O2 hinders wound healing. The mechanism underpinning this 

is that ROS may serve as messengers and regulators for cell signalling transduction 

and gene expression systems (Edwards et al., 2018; Roy et al., 2006). Copper has 

been proven to stimulate endothelial cell proliferation required for wound healing 

by upregulating the gene expression for vascular endothelial growth factor (VEGF), 

promoting the differentiation of mesenchymal stem cells (MSC) as well as the 

established antimicrobial properties used to avoid infections (Ali et al., 2018; Shi et 

al., 2016).  Copper can augment the generation of hydrogen peroxide. Therefore 

potential trace quantities of CuCl2 and H2O2 in addition to the retention of collagen 

IV and fibronectin may synergistically facilitate the regeneration of dPHVs in vivo. 

However, this has not yet been investigated within the literature.  

In this study, there was no alteration found in the collagen content of 1 mg/L CuCl2 

and 1 % H2O2 wall and leaflet specimens in comparison to the dPHV controls. The 

quantification of collagen content can be determined using the hydroxyproline 

assay, as hydroxyproline is a major collagen constituent and plays a role in the 

stabilisation of the triple helical collagen structure (Leow-Dyke et al., 2016; 

Ramachandran et al., 1973).Within this current study, a significant decrease in the 
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thermal stability of the collagen within the treated tissue was found, in comparison 

to the dPHV controls. However, this reduction in the collagen thermal stability still 

falls within reported denaturation temperatures of collagen present in natural 

tissues at 62 °C to 68 °C (Goissis et al., 2000). It is documented that metal ions such 

as cuprous and cupric ions in combination with H2O2 can mediate damage to 

collagen by binding to certain proteins to form protein-Cu(II) complexes, resulting 

in site-specific cross-linking, carboxylation and fragmentation of collagen 

(Hawkins, C.L. and Davies, 1997). These alterations may have occurred to the 

dPHVs treated with CuCl2 and H2O2, and it is possible that the tertiary structure of 

the collagen was altered as a result. Although, Leow-Dyke et al. (2016) found no 

evidence of collagen tertiary structure alterations of CuCl2 and H2O2 treated dCELL 

dermis as the susceptibility of the tissue to enzyme digestion did not increase in 

comparison to the non-treated dCELL dermis. The CuCl2 and H2O2 treatment was 

carried out at 25 °C by Leow-Dyke et al. as an attempt to prevent the accelerated 

decomposition of H2O2. Leikina et al. (2002) reported that collagen is unstable at 

human physiological temperatures and found that human lung type I collagen 

monomers unfold and form random coils at 37 °C within 2 days. Collagen triple 

helices reform at temperatures below 30 °C. Within this study, CuCl2 and H2O2 

treatment was carried out at 37 °C to enhance sporicidal activity. It is possible that 

the natural collagen conformational changes that occur at 37 °C may have made 

collagen more susceptible to H2O2 and cuprous and cupric ion mediated damage. 

It is reported that elevated levels of ROS can disturb GAG expression and GAG 

synthesis. This has been described to occur as a result of the fragmentation of link 

proteins and the inhibition of proteoglycan monomers association with other ECM 

components (Roberts et al., 1989). Rieder, B. et al. (2018) found that elevated 

levels of H2O2 reduced GAG content and GAG formation in chondrogenic 

mesenchymal stem cell pellet cultures. However, within this study there was no 

alteration of GAG content found in dPHVs following exposure to CuCl2 & H2O2 

sterilisation. Despite there being consensus that ROS can disrupt the presence of 

GAGs in tissue, there are many findings that evidence the antioxidant properties of 

GAGs. It is proposed that the carboxylic groups found in GAGs may interact with 

transition metal ions such as Cu2+ which initiates Fenton’s reaction. This in turn 

exerts a chelating mechanism which scavenges ROS (Campo et al., 2004). 
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Cao, B. et al. (2012) have reported the cytotoxic effects of copper ions released 

from commercially available copper-containing intrauterine device contraceptives 

on L929 fibroblasts. Within this study, CuCl2 & H2O2 sterilisation treatment of 

dPHVs did not negatively impact the growth and morphology of L929 fibroblasts in 

contact with the CuCl2 & H2O2 sterilised tissue. There was no evidence of toxins 

leaching from the CuCl2 & H2O2 sterilised tissue as L929 cell proliferation and 

viability was not impaired following incubation with CuCl2 & H2O2 tissue extracts. 

This suggests that dPHVs were adequately rinsed following sterilisation with CuCl2 

& H2O2 to remove any potential cytotoxic residues. Additionally, H2O2 has non-

toxic breakdown products of water and oxygen, and the CuCl2 concentrations used 

within this study (0.1 mg/L and 1 mg/L CuCl2) are below the toxic levels for 

humans (Garba et al., 2006). Similar results were reported by Leow-Dyke et al. 

(2017), whereby all combination sterilants investigated did not induce a cytotoxic 

effect on human skin fibroblasts, with the exception of 10 mg/L CuCl2 combined 

with 1 % H2O2  which displayed a slight cytotoxic effect. 

Within this study, there was found to be a significant reduction in the collagen 

phase slope and ultimate tensile strength of circumferentially orientated CuCl2 & 

H2O2 treated leaflet specimens. The load-bearing collagen fibres in PHV leaflets are 

circumferentially aligned which may be the reason for the significant reductions to 

the mechanical parameters only for the circumferentially orientated leaflet 

specimens. Damage to the collagen fibres as a consequence of oxidative 

degradation of ECM components is the most likely cause for this, and this result 

correlates with the tissue surface microstructure observations and reduction in 

thermal stability of tissue treated with CuCl2 & H2O2. Similar results were reported 

by Hennessy et al. (2017), whereby leaflets sterilised with 6 % liquid hydrogen 

peroxide demonstrated a reduction in the stiffness and ultimate tensile strength of 

decellularised leaflets. 

Based on the findings presented within this study, 1mg/L CuCl2 combined with 1 

% H2O2 sterilisation treatment requires further optimisation to be compatible with 

dPHV tissue, as well as further validation. 
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Chapter 5 : The Impact of Supercritical Carbon Dioxide 

Sterilisation on the Biological and Biomechanical Properties of 

Decellularised Heart Valves  

5.1 Introduction 

Despite extensive research into decellularised heart valves, a terminal sterilisation 

process has not yet been included after the decellularisation procedure. The 

CryoValve SynerGraft pulmonary allograft is not exposed to terminal sterilisation 

as the human tissue is handled aseptically throughout processing (Brown, J. et al., 

2011). Sterilisation is essential to eliminate microorganisms from the 

decellularised valves, but this needs to be effective without adversely affecting the 

valve’s biomechanical, biocompatible, and functional properties. Terminal 

sterilisation (a process whereby a product is sterilised within its final container) 

can enhance the safety of biological heart valve replacements by providing a 

superior sterility assurance level (SAL). Sterility of an object is defined as the 

absence of viable microorganisms that could otherwise introduce adverse effects 

when administered. This includes spore forming bacteria, non-spore forming 

bacteria, fungi, protozoa and viruses. According to EN 556-1 and ISO 14937-2009 

standards, a SAL of at least 10-6 is the requirement for designating a terminally 

sterilised product as ‘sterile’ (ISO, 2009; BSI, 2001b). This refers to the probability 

that no more than one device with a viable microorganisms will be detected out of 

one million sterilised devices (von Woedtke and Kramer, 2008).  

ScCO2 for sterilisation was first explored in the food sciences field by Kamihira et 

al. (1987), who found that ScCO2 with ethanol and acetic acid exhibited biocidal 

effects against Escherichia coli, Staphylococcus aureus and conidia of Aspergillus 

niger in baker’s yeast. The diverse potential applications for ScCO2 have become 

apparent over the past decade, and the application of ScCO2 for biomaterial 

processing has become common within the field. Optimal conditions required for 

effective ScCO2 sterilisation are ideal for the sterilisation of decellularised tissues 

and biomaterials. The critical point of carbon dioxide (CO2) is achieved at a 

temperature of 31.1°C and a pressure of 1099 psi (Figure 5.1), making it ideal for 

sterilisation of tissues and materials that are sensitive to heat and pressure 

degradation. ScCO2 is non-toxic and does not leave toxic residuals which will 
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reduce the possibility of a cytotoxic response. Furthermore, ScCO2 is considered to 

be a terminal sterilisation method as it has a low viscosity and surface tension, 

making it an ideal choice for the penetration of tissues and materials along with 

their appropriate packaging.  

Many mechanisms exerted by ScCO2 for microorganism inactivation have been 

proposed. This includes acidification as CO2 reacts with water, producing carbonic 

acid which accumulates within cells, ultimately reducing intracellular pH (Tao et 

al., 2021).  Another mechanism is the disruption of the lipid bilayer by the mass 

transfer of CO2, increasing the fluidity and permeability of the microorganism’s 

phospholipid bilayer that is left unable to reform properly following the removal of 

the CO2. There is also the possibility of essential enzyme and intracellular 

component denaturation and extraction which could arise from the reduction in 

intracellular pH as well as the mass transfer of CO2 (Ribeiro, Nilza et al., 2020; 

Spilimbergo and Bertucco, 2003; White, A. et al., 2006). Total microbial 

inactivation using ScCO2 alone requires harsh conditions, such as high temperature 

and pressure or a prolonged incubation time, making it unsuitable for heat 

sensitive tissue and material applications (Watanabe, T. et al., 2003). Therefore, 

the inclusion of volatile additives such as peroxides and carboxylic acids 

supplement ScCO2 microorganism inactivation by allowing sterilisation to be 

achieved at the ideal conditions of 31.1°C, 1099 psi. Peroxides and carboxylic acids 

contribute towards intracellular acidification as well as being mass transferred to 

exert microbicidal effects on intracellular components (Russell et al., 2015; White, 

A. et al., 2006). 

 

 

 

 

 

 

Figure 5.1. Carbon Dioxide Phase Diagram. Carbon dioxide transitions to 
supercritical state at the critical points of 31.1°C and 1099 psi. Figure taken from 
White, A. et al. (2006). 
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Specific parameters, and conditions used for ScCO2 processing along with PAA and 

H2O2 additives for the sterilisation of tissue grafts was successfully patented and 

commercialised by NovaSterilis (NovaSterilis, NY), demonstrating the commercial 

viability of ScCO2 sterilisation. The NovaProcess™ achieves the industry standard 

SAL 10-6  after optimisation of temperature, pressure, agitation and additive 

parameters for the tailored sterilisation of specific materials. As such, ScCO2 has 

been employed by several different research groups for the tailored sterilisation of 

tissues such as lung matrix, aortic heart valves, bone and tendon, and dermal 

matrix (Balestrini et al., 2016; Hennessy et al., 2017; Nichols et al., 2009; Qiu et al., 

2009). 

The structural and functional properties of biological tissue scaffolds exposed to 

ScCO2 sterilisation would not be compromised as CO2 is non-reactive, and this has 

been analysed in several studies. Nichols et al. (2009) observed that ScCO2 and 

PAA additive sterilisation of human tendon and cortical bone allografts did not 

impose any detrimental effects on the tissue biomechanical properties in 

comparison to gamma irradiation.  

A study investigating the impact of various sterilisation techniques including ScCO2 

sterilisation on the material properties of decellularised porcine aortic valves was 

conducted by Hennessy et al. (2017). It was shown that the use of ScCO2 with the 

enhancing reagents was the superior of the sterilisation techniques investigated, 

which included gamma irradiation and H2O2. ScCO2 treatment did not adversely 

affect the decellularised porcine aortic leaflet specimen tensile stiffness in 

comparison to the non-sterile decellularised porcine aortic leaflet specimens 

which was verified using uniaxial tensile testing.  

The properties of ScCO2 can be further exploited to be relevant to other tissue 

engineering applications, one of which is decellularisation of tissue grafts. This 

may be because ScCO2 is able to solubilise polar cellular components such as 

phospholipids, which are fundamental elements of cell membranes. These 

solubilised polar molecules are subsequently extracted whilst non-polar molecules 

of the ECM are preserved (Gafarova et al., 2020; Wang, C.-H. et al., 2020). The high 

pressure required for CO2 to reach supercritical state can also cause cell lysis, and 

the resultant cellular fragments can be extracted upon depressurisation (Gafarova 

et al., 2020). In a study conducted by Gafarova et al. (2020), ScCO2 assisted 
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decellularisation of sheep aortic heart valve roots was explored and compared to 

ethanol and alkaline based decellularisation protocols without the assistance of 

ScCO2. Histological analysis using H & E, Picrosirius red and Weigert staining 

demonstrated preserved integrity of the ECM. There was also reduced cytotoxicity 

in comparison to the protocols that did not include ScCO2 processing. However, 

there was an increase in ultimate tensile strength and Young’s modulus of the 

aortic valve leaflets in the samples exposed to ScCO2 which may have been due to 

dehydration of the tissue.  

To my knowledge, the impact of ScCO2 as a sterilisation method on porcine 

pulmonary heart valves is yet unexplored within the literature. Pulmonary and 

aortic heart valves have different material properties, with the aortic heart valve 

tissue typically being thicker and therefore possessing different mechanical and 

histological properties in comparison to pulmonary heart valve tissue (Matthews 

et al., 2010). Additionally, the impact of ScCO2 on the biological and biomechanical 

properties of decellularised porcine pulmonary heart valves (dPHVs) that have 

been decellularised using a specifically designed method that incorporates 0.1 % 

SDS, nuclease and protease inhibitors has not yet been reported (Luo et al., 2014). 
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5.2 Aims and Objectives  

5.2.1 Aim 

The aim of the work described in this chapter was to characterise the effects of 

ScCO2 on the biological and biomechanical properties of porcine pulmonary heart 

valves decellularised using a method incorporating 0.1 % SDS, nuclease and 

protease inhibitors (Luo et al., 2014). 

 

5.2.2 Objectives 

i. To produce decellularised porcine pulmonary heart valves and expose them 

to ScCO2 treatment under 2 different conditions; whilst packaged in poly-

Tyvek pouches (NovaPouch™) and whilst submerged in PBS 

 

ii. To determine the impact of ScCO2 treatment on the structure of collagen, 

elastin and specific membrane proteins within decellularised porcine 

pulmonary heart valves, using histological staining and 

immunohistochemistry antibody labelling 

 

iii. To determine the impact of ScCO2 treatment on the surface structure of 

decellularised porcine pulmonary heart valve leaflets and pulmonary artery 

using scanning electron microscopy  

 

iv. To determine the impact of ScCO2 treatment on the biochemical 

composition of decellularised porcine pulmonary heart valves, through 

quantification of collagen and glycosaminoglycans 

 

v. To determine the impact of ScCO2 treatment on the denaturation 

temperature of the collagen within decellularised porcine pulmonary heart 

valve ECM, using differential scanning calorimetry  

 

vi. To determine the in vitro biocompatibility of ScCO2 treated decellularised 

porcine pulmonary heart valves using contact and extract cytotoxicity 

assays  
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vii. To determine the impact of ScCO2 treatment on the mechanical properties 

of decellularised porcine pulmonary heart valves, using uniaxial tensile 

testing of dPHV wall and leaflet specimens. 
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5.3 Study Experimental Approach  

Decellularised porcine pulmonary heart valves were exposed to a ScCO2 process 

patented and performed by NovaSterilis (NY). Samples were sterilised under two 

different conditions. One condition was that samples were sealed into Poly-Tyvek 

pouches with NovaKill™ oxidising agent propriety additive (containing PAA and 

H2O2) added to the reaction vessel, which is the standard ScCO2 sterilisation 

processing performed by NovaSterilis (NY). Initial macroscopic observations 

following ScCO2 treatment under these standard conditions informed the decision 

to explore ScCO2 treatment of samples whilst submerged in PBS, with NovaKill 

added to the PBS surrounding the samples.  The biological and biomechanical 

properties of decellularised porcine pulmonary heart valves (dPHVs) were 

characterised as described by the schematic in Figure 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Schematic of the Experimental Approach Adopted to Characterise 
the Impact of ScCO2 Sterilisation on the Biological and Biomechanical 
Properties of Decellularised Porcine Pulmonary Heart Valves  
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5.4 Methods 

5.4.1 Production of Decellularised Porcine Pulmonary Heart Valves 

Porcine pulmonary heart valves were acquired and decellularised as described in 

section 2.2.3. 

5.4.2 ScCO2 Sterilisation 

A batch of dPHV roots (n=6) were placed into sterile polypropylene containers 

with 100 mL of PBS and shipped to NovaSterilis Inc (NY, USA) on ice packs. The 

valve samples were then stored at 4°C until processing. Each valve sample was 

removed from its container, drained of PBS, and transferred to a poly-Tyvek pouch 

(hereon referred to as NovaPouch.  The pouches were heat sealed and then placed 

and sealed in individual secondary NovaPouch. The NovaPouches were then placed 

into Nova2200™ ScCO2 reaction chamber, along with 25 mL water and NovaKill™ 

proprietary additive (4 mL; 13.5 - 18.5 % [v/v] PAA and 4.5 - 6 % [v/v] H2O2) on a 

cellulose pad. The ScCO2 sterilisation equipment workflow is displayed in Figure 

5.3. CO2 was injected into the chamber to achieve a pressure of 1,410 psi, and the 

temperature was held at 35 °C for 2 hours. An extraction run was then conducted 

for 1 hour, under the same conditions except in the absence of NovaKill™.  

 

 

 

 

 

 

 

Figure 5.3 ScCO2 Equipment Workflow Schematic.  A high-pressure pump is 
used to insert CO2 into the temperature-regulated reaction vessel until the desired 
pressure is reached. The back pressure regulator controls depressurisation, and 
extracted components are emptied into the collection flask. Figure adapted from 
Duarte et al. (2022).  
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Another set of dPHV roots (n=6) were subjected to the same ScCO2 sterilisation 

treatment, but the individual dPHV roots were in 150 mL polypropylene 

containers whilst submerged in 120 mL PBS containing NovaKill (13.5 - 18.5 % 

[v/v] PAA and 4.5 - 6 % [v/v] H2O2) with a 3” x 3” Tyvek square placed and held 

over the top of the container with a perforated lid during the treatment cycle. Prior 

to undergoing the treatment cycle, the containers were also individually sealed 

into poly-Tyvek pouches. 

Sterilisation was verified by Bacillus atrophaeus biological indicators (MesaLabs, 1-

6100) that were processed in parallel with test samples. The sterilisation of 

samples submerged in PBS and NovaKill additive during processing was verified 

with the same containers containing the same PBS and NovaKill solution spiked 

with B. atrophaeus spore suspension. Unprocessed B. atrophaeus spores were also 

used as positive controls. Surviving B. atrophaeus spores were recovered from the 

biological indicators, processed and plated onto 1.5% Trypticase Soy Agar for 

enumeration. Samples were then shipped back to the University of Leeds on ice 

packs. Controls used in the experiments were dPHVs (n=6 per treatment 

condition) that were sent alongside test samples to NovaSterilis but were not 

exposed to any sterilisation treatment. 

 

5.4.3 Histological Analysis  

To assess the impact of ScCO2 sterilisation on the histoarchitecture of dPHVs, 

Control dPHV roots, ScCO2 (NovaPouch) roots and ScCO2 (Submerged in PBS) roots 

were dissected longitudinally, incorporating half a leaflet, pulmonary artery wall 

and myocardium skirt (N=3 each). These tissue samples were then processed and 

sectioned as described in section 2.2.4. Staining of sections with H & E, Picrosirius 

Red & Miller’s Elastin, and Movat’s Pentachrome was conducted as described in 

sections 2.2.5.1, 2.2.5.2, and 2.2.5.3.  

 

5.4.4 Immunohistochemical Labelling of Collagen IV and Fibronectin  

To assess the impact of ScCO2 sterilisation on the preservation of collagen IV and 

fibronectin in dPHVs, Control dPHV roots, ScCO2 (NovaPouch) roots and ScCO2 

(Submerged in PBS) roots were dissected longitudinally, incorporating half a 
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leaflet, pulmonary artery wall and myocardium skirt (N=3 each). Processing and 

sectioning of tissue was conducted as described in section 2.2.4. Labelling of 

sections with specific antibodies against collagen IV and fibronectin was conducted 

as described in section 2.2.6. 

 

5.4.5 Visualisation of Tissue Surface Microscopic Structure  

Scanning electron Microscopy (SEM) was used to visualise the impact of ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) sterilisation on dPHV pulmonary 

artery wall and leaflet surface microscopic structures (N=3 each), as described in 

section 2.2.1.2.4.  

 

5.4.6 Quantification of Collagen Content  

Pulmonary artery wall (N=6 per group) and leaflet (N=6 per group) collagen 

content for dPHV control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 

dPHVs was quantified as described in section 2.2.8.3.  

 

5.4.7 Quantification of GAG Content  

Pulmonary artery wall (N=6 per group) and leaflet (N=6 per group) GAG content 

for dPHV control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHVs was 

quantified as described in section 2.2.8.4.  

 

5.4.8 DSC Analysis  

The collagen denaturation temperature of dPHV control, ScCO2 (NovaPouch) and 

ScCO2 (Submerged in PBS) pulmonary artery wall (N=6 per group) and leaflet (N=6 

per group) samples was determined using DSC, as described in section 2.2.7.  

 

5.4.9 In Vitro Cytocompatibility Assessments  

The in vitro cytocompatibility of ScCO2 (NovaPouch) and ScCO2 (Submerged in 

PBS) pulmonary artery wall and leaflet samples was assessed using contact 
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cytotoxicity (N=3) as described in section 2.2.10.1 and extract cytotoxicity assays 

(N=6), as described in section 2.2.10.2. 

 

5.4.10 Uniaxial Tensile Testing  

The dPHV control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) pulmonary 

artery wall and leaflet samples were subject to uniaxial tensile testing, as described 

in section 2.2.12. 
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5.5 Results  

5.5.1 Macroscopic Observations of ScCO2 dPHVs 

All dPHVs appeared compressed within the NovaPouches following ScCO2 

(NovaPouch) sterilisation, as shown in Figure 5.4 (n=6). The pulmonary artery 

lumen required manipulation to open due to the compression of the whole dPHV 

root. These observations informed the decision to explore ScCO2 treatment of 

samples whilst submerged in PBS, with NovaKill added to the PBS surrounding the 

samples. 

dPHV samples sterilised with ScCO2 whilst submerged in PBS did not appear 

compressed. The pulmonary artery lumen was still open and the whole dPHV root 

appeared as it did prior to ScCO2 sterilisation (Figure 5.4).  

 

 

 

 

 

 

 

 

 

Figure 5.4 Macroscopic Structure of dPHV Sterilised with ScCO2 (A) Whilst 
Packaged in a NovaPouch and (B) Whilst Submerged in PBS.  Representative 
images shown, N=6 per group.  

 

5.5.2 Histological Analysis 

To characterise the impact of ScCO2 treatment on the structure of collagen, elastin 

and specific basement membrane proteins within dPHVs, H & E, Picrosirius Red & 

Miller’s Elastin, and Movat’s Pentachrome staining was used.  

H & E staining defined the gross ECM histoarchitecture of the tissue sections 

(Figure 5.5). The intensity of the H & E stain on the artery intima suggested the 

A B 
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abundant presence of collagen and elastin fibres in all groups. The tightly crimped 

fibres of the ECM appeared well preserved between the control and both ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) dPHV artery wall intima sections. The 

loosely organised adventitial surface ECM between control, ScCO2 (NovaPouch) 

and ScCO2 (Submerged in PBS) was also similar. The well-defined arterialis, 

fibrosa, spongiosa, and ventricularis layers of the leaflet are observed in the dPHV 

control section. These layers were also clearly displayed in ScCO2 (Submerged in 

PBS) leaflet sections. However, these layers cannot be as easily defined in the 

ScCO2 (NovaPouch) leaflet section (Figure 5.5 H). Although the ScCO2 (NovaPouch) 

leaflet appears compressed, the fibres in the interstitial space are organised and 

connected.  The myocardium bundles between all 3 groups appear regularly 

arranged.  

Picrosirius Red & Miller’s elastin staining was used to stain collagen and elastin 

fibres within the ECM of the tissue sections (Figure 5.6). Visualisation under 

normal Köhler illumination revealed collagen and elastin fibres. Visualisation 

under polarised light conditions revealed the configuration and distribution of 

collagen fibres, with the birefringence of the collagen fibres being associated with 

the fibre diameter. The tightly crimped structures of the collagen and elastin fibres 

again appeared well preserved between the control and both ScCO2 (NovaPouch) 

and ScCO2 (Submerged in PBS) dPHV artery wall intima sections. However, the 

intensity of the collagen stain was not as strong in ScCO2 (Submerged in PBS) dPHV 

artery wall intima in comparison to the control and ScCO2 (NovaPouch) artery wall 

intima. This could potentially be due to the arrangement of the tissue during 

preparation of the tissue for sectioning, whereby a clear cross-section displaying 

the collagen fibres could not be obtained. Elastin staining showed a greater 

intensity of elastin fibres in ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 

artery wall intima in comparison to the dPHV control. This was also apparent in 

the artery wall adventitia. The artery wall adventitia of all groups displayed mainly 

collagen fibres, with small blood vessels lined with collagen and elastin fibres 

observed in the adventitial space. An elastic fibre network was present in the 

leaflet ventricularis of control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 

dPHV leaflet specimens. The intensity of collagen staining was greatest in all layers 

of the ScCO2 (NovaPouch) leaflet with little green colour being observed, and 

interstitial collagen fibrils appeared larger due to the tightly packed arrangement. 
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An interspersed network of collagen was found in between the myocardium 

bundles of all 3 groups.  

These findings were supported by Movat’s Pentachrome staining (Figure 5.7), 

which was used to visualise collagen (yellow), elastin (black), muscle (red), and 

GAGs, (blue). The pulmonary artery intima of all 3 groups maintained the tightly 

crimped arrangement of collagen and elastin fibres, and the adventitia displayed a 

loosely organised structure. ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 

dPHV leaflets maintained similar arrangements of collagen and elastin fibres in all 

layers, but the presence of GAGs was sparse in comparison to dPHV control leaflet. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Representative Images of Control, ScCO2 (NovaPouch), and ScCO2 
(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet, and 
Myocardium Sections Stained With H & E.  Images show control dPHV wall 
intima (A), adventitia (D), leaflet (G), and myocardium (J); ScCO2 (NovaPouch) 
dPHV wall intima (B), adventitia (E), leaflet (H) and myocardium (K); ScCO2 
(Submerged in PBS) dPHV wall intima (C), adventitia (F), leaflet (I) and 
myocardium (L). Images were taken using Köhler illumination and a x 10 objective. 
v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative images shown, 
Scale bars 100 µm. 

 

 



171 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Representative Images of Control, ScCO2 (NovaPouch), and ScCO2 

(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet, and 
Myocardium Sections Stained with Picrosirius Red & Miller’s Elastin. Images 
show control dPHV wall intima (A, M), adventitia (D, P), leaflet (G, S), and 
myocardium (J, V); ScCO2 (NovaPouch) dPHV wall intima (B, N), adventitia (E, Q), 
leaflet (H, T) and myocardium (K, W); ScCO2 (Submerged in PBS) dPHV wall intima 
(C, O), adventitia (F, R), leaflet (I, U) and myocardium (L, X). Images were taken 
using Köhler illumination (A-L) and polarised light conditions (M-X), using a x 10 
objective.  v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative 
images shown, Scale bars 100 µm. 
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Figure 5.7 Representative Images of Control, ScCO2 (NovaPouch), and ScCO2 

(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet, and 
Myocardium Sections Stained With Movat’s Pentachrome. Images show 
control dPHV wall intima (A), adventitia (D), leaflet (G), and myocardium (J); ScCO2 
(NovaPouch) dPHV wall intima (B), adventitia (E), leaflet (H) and myocardium (K); 
ScCO2 (Submerged in PBS) dPHV wall intima (C), adventitia (F), leaflet (I) and 
myocardium (L). Images were taken using Köhler illumination and a x 10 objective. 
v: ventricularis; s: spongiosa; f: fibrosa; a: arterialis. Representative images shown, 
Scale bars 100 µm. 
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5.5.3 Immunohistochemical Labelling of Collagen IV and Fibronectin  

dPHV control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHVs were 

labelled with monoclonal antibodies against collagen IV and fibronectin.  

As shown in Figure 5.8, the intensity of the collagen IV positive labelling was less 

on the ScCO2 (NovaPouch) artery intima surface in comparison to the dPHV control 

and was significantly reduced on the ScCO2 (Submerged in PBS) artery intima 

surface. The loosely organised adventitial surface of the ScCO2 (NovaPouch) 

pulmonary artery did not display any evidence of the presence of collagen IV. 

ScCO2 (Submerged in PBS) artery adventitia did display positive staining, 

particularly in the lining of blood vessels. Both ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) treated leaflets showed almost no positive collagen IV 

labelling, except a faint brown line of staining across the arterialis surface of the of 

the ScCO2 (NovaPouch) leaflet. The myocardium displayed a network of defined 

positive labelling in all 3 groups with greatest intensity in the lining of blood 

vessels. There was no staining observed in sections stained with the isotype 

control.  
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Figure 5.8 Representative Images of Control, ScCO2 (NovaPouch), and ScCO2 

(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet, and 
Myocardium Sections Labelled with Monoclonal Antibodies Against Collagen 
IV. Images show control dPHV wall intima (A), adventitia (E), leaflet (I), and 
myocardium (M); ScCO2 (NovaPouch) dPHV wall intima (B), adventitia (F), leaflet 
(J) and myocardium (N); ScCO2 (Submerged in PBS) dPHV wall intima (C), 
adventitia (G), leaflet (K) and myocardium (O); Isotype controls for dPHV wall 
intima (D), adventitia (H), leaflet (L) and myocardium (P). Images were taken 
using Köhler illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: 
fibrosa; a: arterialis. Representative images shown, Scale bars 100 µm. 

 

Following fibronectin labelling (Figure 5.9), the results indicate that dPHV control, 

ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHVs tissues were stained 

positive throughout. The artery intima and adventitia tissues displayed similar 

fibronectin labelling intensities in all 3 groups. The leaflets of all 3 groups also 

displayed similar intensities, with the darkest colour being observed in the leaflet 

surfaces. A well-defined network of positive labelling was observed in the 

myocardium of all 3 groups. Minimal brown staining was observed in undefined 

areas of sections stained with the isotype control.   
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Figure 5.9 Representative Images of Control, ScCO2 (NovaPouch), and ScCO2 

(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet, and 
Myocardium Sections Labelled with Monoclonal Antibodies Against 
Fibronectin. Images show control dPHV wall intima (A), adventitia (E), leaflet (I), 
and myocardium (M); ScCO2 (NovaPouch) dPHV wall intima (B), adventitia (F), 
leaflet (J) and myocardium (N); ScCO2 (Submerged in PBS) dPHV wall intima (C), 
adventitia (G), leaflet (K) and myocardium (O); Isotype controls for dPHV wall 
intima (D), adventitia (H), leaflet (L) and myocardium (P). Images were taken 
using Köhler illumination and a x 10 objective. v: ventricularis; s: spongiosa; f: 
fibrosa; a: arterialis. Representative images shown, Scale bars 100 µm. 

 

 

5.5.4 Visualisation of Tissue Surface Microscopic Structure  

Scanning electron Microscopy (SEM) was used to visualise the impact of ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) sterilisation on dPHV pulmonary 

artery wall and leaflet surface microscopic structures (Figure 5.10).  

There were no obvious differences observed between dPHV control, ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) tissues. In all 3 groups, the artery 

intima displayed a slight cobblestone structure. The artery adventitia displayed 

loose but organised fibre networks. The leaflet ventricularis tissues displayed 
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undisrupted, slightly cobbled layers of reticular fibres. The leaflet arterialis surface 

displayed small tears within the reticular fibre layers, revealing bundles of 

arranged collagenous fibres.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Microscopic Structure of Control, ScCO2 (NovaPouch), and ScCO2 

(Submerged in PBS) dPHV Artery Wall Intima, Adventitia, Leaflet 
Ventricularis, and Leaflet Arterialis Surfaces. Images show control dPHV wall 
intima surface (A), adventitia surface (D), leaflet ventricularis surface (G), and 
leaflet arterialis surface (J); ScCO2 (NovaPouch) dPHV wall intima surface (B), 
adventitia surface (E), leaflet ventricularis surface (H) and leaflet arterialis surface 
(K); ScCO2 (Submerged in PBS) dPHV wall intima surface (C), adventitia surface 
(F), leaflet ventricularis surface (I) and leaflet arterialis surface (L). SEM images 
were taken using Carl Zeiss EVO MA15, 600 x magnification. Scale bars show 20 
µm.  
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5.5.5 Quantification of Collagen Content  

To determine the impact of ScCO2 treatment on dPHV collagen content, pulmonary 

artery wall and leaflet samples were assayed for hydroxyproline content.  

There was a significant increase in collagen content of ScCO2 (NovaPouch) artery 

wall (222.59 ± 41.54 µg.mg-1) and leaflet (532.89 ± 148.62 µg.mg-1) samples in 

comparison to dPHV control wall (161.78 ± 28.77 µg.mg-1) and leaflet (350.44 ± 

89.90 µg.mg-1) samples (p<0.05), as shown in Figure 5.11 A.  

There was also a significant increase in collagen content of ScCO2 (submerged in 

PBS) leaflet samples (874.29 ± 144.89 µg.mg-1) in comparison to dPHV control 

leaflet samples (671.26 ± 118.94 µg.mg-1, p<0.05), but no significant difference in 

the collagen content of the artery wall samples as shown in Figure 5.11 B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Collagen Content of (A) ScCO2 (NovaPouch) and (B) ScCO2 

(Submerged in PBS) dPHV Artery Wall and Leaflet Specimens in Comparison 
to dPHV Controls. Data presented as mean (n=6) ± 95% C.I. Data was analysed 
using unpaired t-test between the two groups in each specimen type. * (p<0.05) 
denotes significant difference between the groups. 

 

dP
H
V
 C

ontr
ol W

al
l

S
cC

O 2 
(N

ova
P
ouch

) W
al

l

dP
H
V
 C

ontr
ol L

ea
fle

t

S
cC

O 2 
(N

ova
P
ouch

) L
ea

fle
t

0

200

400

600

800

C
o

ll
a

g
e

n
 C

o
n

te
n

t

p
e

r 
T

is
s

u
e

 D
ry

 W
e

ig
h

t 
(

g
.m

g
-1

)

* *

dPH
V
 C

ontr
ol W

al
l

S
cC

O 2 
(S

ubm
er

ged
 in

 P
B
S) W

al
l

dPH
V C

ontr
ol L

ea
fle

t

S
cC

O 2 
(S

ubm
er

ged
 in

 P
B
S) L

ea
fle

t

0

500

1000

1500

C
o

ll
a

g
e

n
 C

o
n

te
n

t

p
e

r 
T

is
s

u
e

 D
ry

 W
e

ig
h

t 
(

g
.m

g
-1

)
*

A B 



178 
 

5.5.6 Quantification of GAG Content  

DPHV control, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) wall and leaflet 

samples were digested with papain prior to GAG quantification using the 

dimethylene blue (DMMB) assay.  

Decell, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) wall samples were 

found to have a GAG content of 4 ± 1.57 µg.mg-1, 3.95 ± 1.13 µg.mg-1, and 3.44 ± 

1.91 µg.mg-1, respectively.  Decell, ScCO2 (NovaPouch) and ScCO2 (Submerged in 

PBS) leaflet samples were found to have a GAG content of 3.75 ± 1.36 µg.mg-1, 4.87 

± 1.87 µg.mg-1, and 3.63 ± 1.3 µg.mg-1, respectively. There were no significant 

differences in GAG content found (Figure 5.12).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 GAG Content of (A) ScCO2 (NovaPouch) and (B) ScCO2 (Submerged 
in PBS) dPHV Artery Wall and Leaflet Specimens in Comparison to dPHV 
Controls. Data presented as mean (n=6) ± 95% C.I. Data was analysed using 
unpaired t-test between the two groups in each specimen type. 
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5.5.7 DSC Analysis 

The collagen denaturation temperatures of dPHV control, ScCO2 (NovaPouch) and 

ScCO2 (Submerged in PBS) wall and leaflet samples were quantified by measuring 

heat flow (W/g) in a differential scanning calorimeter.  

As shown in Figure 5.13 A, the collagen denaturation temperature of ScCO2 

(NovaPouch) wall samples was 62.51 ± 1.09 °C, which was significantly lower than 

the collagen denaturation temperature of dPHV control wall samples, 68.59 ± 1.07 

°C (p<0.0001). The collagen denaturation temperature of ScCO2 (NovaPouch) 

leaflet samples was 63.44 ± 0.32 °C, which was also significantly lower than the 

collagen denaturation temperature of dPHV control leaflet samples, 67.26 ± 1.21 °C 

(p<0.0001). 

As shown in Figure 5.13 B, the collagen denaturation temperature of ScCO2 

(Submerged in PBS) wall samples was significantly lower than the collagen 

denaturation temperature of dPHV control wall samples, at 62.32 ± 1.47 °C and 

65.01 ± 0.67 °C, respectively (p<0.01). ScCO2 (Submerged in PBS) leaflet samples 

had a collagen denaturation temperature of 63.33 ± 0.53 °C, which was 

significantly lower than the collagen denaturation temperature of dPHV control 

leaflet samples at 65.30 ± 0.48 °C (p<0.0001).  

 

 

 

 

 

 

 

 

Figure 5.13 Thermal Stability of (A) ScCO2 (NovaPouch) and (B) ScCO2 

(Submerged in PBS) dPHV Artery Wall and Leaflet Specimens in Comparison 
to dPHV Controls. Data presented as mean (n=6) ± 95 % C.I. Data was analysed 
using unpaired t-test between the two groups in each specimen type. ** (p<0.01) 
and ****(p<0.0001) denotes significant difference between the groups. 
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5.5.8 In Vitro Cytocompatibility Assessments  

Contact culture of L929 cells with ScCO2 (NovaPouch) and ScCO2 (Submerged in 

PBS) wall and leaflet samples was used to determine cytocompatibility of the 

sterilised tissues. The extract cytotoxicity assay was also used to determine if 

toxins were leached from ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) wall 

and leaflet samples.  

Prior to conducting contact culture and extract cytotoxicity assays with ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) wall and leaflet samples, sterility was 

determined by incubating the tissues in thioglycollate broth (Section 2.2.11.1). The 

broth remained clear for all samples (N=6 for each specimen type) and negative 

controls, and only the positive control showed microbial growth (Figure 5.14). 

Therefore, ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) wall and leaflet 

samples were not contaminated.  

 

 

 

 

 

 

Figure 5.14 Images of ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 
dPHV Artery Wall (W) and Leaflet (L) Specimen Sterility Tests 48 hours Post 
Inoculation. ScCO2 (NovaPouch) dPHV Artery Wall (A) and Leaflet (B) and ScCO2 
(Submerged in PBS) dPHV Artery Wall (C) and Leaflet (D) Specimens were 
incubated. N=6 of wall and leaflet samples were used. Positive controls (+VE) of 
dermal commensal organisms and negative controls (-VE) of sterile thioglycolate 
broth were incubated alongside samples.  

 

The contact cytotoxicity assays showed no evidence of ScCO2 treated tissue 

cytotoxicity (Figure 5.15). L929 cells grew up to and in contact with ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) dPHV artery wall and leaflet tissue 

specimens, with no change in the cellular morphology in comparison to the 

negative steri-strip control. The rounded appearance of dead cells cultured in wells 

with the positive cyanoacrylate adhesive was absent in cells cultured with ScCO2 
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(NovaPouch) and ScCO2 (Submerged in PBS) dPHV artery wall and leaflet tissue 

specimens.  

 

 

 

 

 

 

 

 

 

Figure 5.15 Giemsa Stained Cell Cultures From Contact Cytotoxicity of ScCO2 
(NovaPouch) and ScCO2 (Submerged in PBS) dPHV Wall and Leaflet 
Specimens. Images show a representative ScCO2 (NovaPouch) dPHV wall 
specimen (A), leaflet specimen (B), negative control (C), ScCO2 (Submerged in PBS) 
dPHV wall specimen (D), leaflet specimen (E) and positive control (F). Images were 
acquired using bright field microscopy using a 10 x objective. Scale bars are 100 
µm. 

 

The results from the extract cytotoxicity assay showed no evidence of cytotoxicity 

(Figure 5.16). ATP levels of cells cultured with ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV wall and leaflet control extracts were significantly 

greater than cells cultured with the positive DMSO control only, and not the 

negative DMEM control.  
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Figure 5.16 Cell Viability of L929 Cells Cultured With (A) ScCO2 (NovaPouch) 
and (B) ScCO2 (Submerged in PBS) Wall and Leaflet Tissue Extracts. Data 
presented as mean (n=6) ± 95% C.I. Data was analysed using one way ANOVA with 
Tukey’s post-hoc test. **** (p<0.0001) denotes significant difference between the 
groups. 

 

5.5.9 Uniaxial Tensile Testing  

Uniaxial tensile testing on ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) 

dPHV artery wall and leaflet tissue specimens was performed to determine the 

effects of ScCO2 sterilisation on dPHV tensile material properties.  

The stress-strain graphs for all dPHV controls, ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV artery wall and leaflet tissue specimens are displayed in 

Figure 5.17. All graphs demonstrate the typical tri-phasic characteristics. There are 

no clear differences shown in the stress-strain graphs of ScCO2 (NovaPouch) and 

ScCO2 (Submerged in PBS) axial and circumferential wall specimens in comparison 

to their dPHV controls. Similarly, there are no clear differences shown in the 

stress-strain graphs of ScCO2 (NovaPouch) circumferential leaflet specimens, and 

ScCO2 (Submerged in PBS) circumferential and radial leaflet specimens in 

comparison to their dPHV controls. However, tensile leaflet characteristics of 

ScCO2 (NovaPouch) in radial orientations demonstrated a rise in ultimate tensile 

strength in comparison to the dPHV controls (Figure 5.17).  
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Figure 5.17 Stress-Strain Graphs of DPHV Control with ScCO2 (NovaPouch) 
and ScCO2 (Submerged in PBS) dPHV Wall and Leaflet Specimens. Stress-strain 
graphs shown for (A) dPHV control and ScCO2 (NovaPouch) and (B) dPHV control 
and ScCO2 (Submerged in PBS) axial wall; (C) dPHV control and ScCO2 
(NovaPouch) and (D) dPHV control and ScCO2 (Submerged in PBS) circumferential 
wall; (E) dPHV control and ScCO2 (NovaPouch) and (F) dPHV control and ScCO2 

(Submerged in PBS) circumferential leaflet; (G) dPHV control and ScCO2 
(NovaPouch) and (H) dPHV control and ScCO2 (Submerged in PBS) radial leaflet. 
N=6 for all specimens.  
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Graphs displaying the tensile parameters of ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV artery wall specimens in comparison to dPHV controls 

are shown in Figure 5.18. There was a significant increase in the elastin phase 

slopes of ScCO2 (NovaPouch) circumferential wall (0.18 ± 0.06 MPa) and axial wall 

(0.13 ± 0.04 MPa) specimens in comparison to the dPHV control circumferential 

wall (0.10 ± 0.01 MPa) and axial wall (0.08 ± 0.03 MPa) specimens (p<0.01 and 

<0.05, respectively). There was also a significant increase in the elastin phase slope 

of ScCO2 (Submerged in PBS) circumferential wall (0.09 ± 0.03 MPa) in comparison 

to the dPHV control (0.05 ± 0.02 MPa) (p<0.05). There were no significant 

differences in the collagen phase slopes and ultimate tensile strengths of ScCO2 

(NovaPouch) and ScCO2 (Submerged in PBS) dPHV artery wall specimens in 

comparison to the dPHV controls.  

Graphs displaying the tensile parameters of ScCO2 (NovaPouch) and ScCO2 

(Submerged in PBS) dPHV Leaflet Specimens in Comparison to dPHV Controls are 

shown in Figure 5.19. The elastin phase slopes of ScCO2 (NovaPouch) 

circumferential (0.13 ± 0.05 MPa) and radial (0.05 ± 0.01 MPa) leaflet specimens 

was significantly greater than the elastin phase slopes of dPHV control 

circumferential (0.02 ± 0.01 MPa) and radial (0.02 ± 0.02 MPa) leaflet specimens. 

The elastin phase slope of ScCO2 (Submerged in PBS) radial leaflet specimens (0.04 

± 0.01 MPa) was also significantly greater than the dPHV control radial leaflet 

specimens (0.02 ± 0.01 MPa). There were no significant differences in the collagen 

phase slopes of ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHV leaflet 

specimens in comparison to the dPHV controls. There were also no significant 

differences in the UTS of ScCO2 (NovaPouch) and ScCO2 (Submerged in PBS) dPHV 

leaflet specimens in comparison to the dPHV controls, except an increase in the 

UTS of ScCO2 (NovaPouch) radial (1.38 ± 0.22 MPa) leaflet specimens in 

comparison to the UTS of the dPHV control radial (0.78 ± 0.23 MPa) leaflet 

specimens. 
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Figure 5.18 Tensile Parameters of ScCO2 (NovaPouch) and ScCO2 (Submerged 
in PBS) dPHV Artery Wall Specimens in Comparison to dPHV Controls. Elastin 
phase slopes (A,B), collagen phase slopes (C, D) and ultimate tensile strengths (E,F) 
of dPHV control and ScCO2 (NovaPouch) and dPHV control and ScCO2 (Submerged 
in PBS) wall specimens. Data presented as mean (n=6) ± 95% C.I. Data was 
analysed using unpaired t-test between the two groups in each specimen type. 
Significant differences between groups are represented with * (p<0.05) and ** 
(p<0.01). 
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Figure 5.19 Tensile Parameters of ScCO2 (NovaPouch) and ScCO2 (Submerged 
in PBS) dPHV Leaflet Specimens in Comparison to dPHV Controls.  Elastin 
phase slopes (A,B), collagen phase slopes (C, D) and ultimate tensile strengths (E,F) 
of dPHV control and ScCO2 (NovaPouch) and dPHV control and ScCO2 (Submerged 
in PBS) leaflet specimens. Data presented as mean (n=6) ± 95% C.I. Data was 
analysed using unpaired t-test between the two groups in each specimen type. 
Significant differences between groups are represented with * (p<0.05), ** 
(p<0.01) and ***(p<0.001). 
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5.6 Discussion  

An initial macroscopic observation of the dPHVs sterilised with ScCO2 whilst 

packaged in NovaPouches was that the samples had become compressed and 

dehydrated within the NovaPouches.  This was most likely due to the high 

pressures required to achieve CO2 in a supercritical state. Although this should not 

have induced major biological and biomechanical alterations, at this stage it was 

unknown. This informed the decision to also process dPHV samples whilst 

submerged in PBS to reduce direct pressure application to the root.   

Through staining with H & E, Picrosirius Red & Miller’s Elastin, and Movat’s 

Pentachrome, it was shown that ScCO2 treatment did not cause extensive damage 

to the histoarchitecture of dPHVs, with ScCO2 (submerged in PBS) displaying ECM 

that resembled dPHV tissue. SEM observations also indicated similarities within 

the structure of the ScCO2 treated tissue and decellularised control tissue. This 

demonstrated the non-reactive nature of CO2 in its supercritical state, which exerts 

its action by increasing intracellular carbonic acid levels and inducing a cytotoxic 

effect by acidifying intracellular pH (White, A. et al., 2006). Within this study, ScCO2 

treatment was facilitated with the addition of oxidising agent containing NovaKill™ 

additive solution which is required for effective inactivation of microbial 

bioburden at an industrial level of SAL 10-6 (Bernhardt et al., 2015). It is well 

explored within the literature that oxidising agents such as PAA and hydrogen 

peroxide can induce detrimental changes to ECM components, such as disruption 

of the collagen structure (Parsons, 2018). However, the collagen structures 

appeared tight and crimped, and the birefringence of the collagen fibres in 

Picrosirius red staining displayed similar colour to the untreated control dPHVs. 

Although the leaflet of ScCO2 (NovaPouch) samples appeared compressed, the 

interstitial collagen fibres also remained connected and organised. Within the 

Hennessy et al.  study, histological techniques were used to assess the presence of 

cells and microorganisms rather than the histoarchitecture of the heart valve 

following sterilisation with ScCO2. There were also no histological images of the 

aortic valve leaflets included within the paper. Balestrini et al. (2016) sterilised 

decellularised rat lungs with ScCO2 supplemented with NovaKill (13.5–18.5% PAA 

and 4.5– 6% hydrogen peroxide) at approximately 1440 psi at 35 °C for 2 hours. 

Despite using a higher ScCO2 operating pressure than that used within the present 



188 
 

study, Balestrini et al. found that the overall microarchitecture of the ScCO2 treated 

decellularised rat lungs was preserved in comparison to untreated decellularised 

rat lungs. The storage capacity of ScCO2 sterilised decellularised rat lungs was also 

demonstrated by the retention of the tissue histoarchitecture after 6 months of 

storage. Halfwerk et al. (2018) decellularised bovine pericardium with ScCO2 at 

approximately 1450 psi at 35 °C for 1 hour. Using SEM, it was found that minor 

disruptive areas were present in comparison to the large disruptive areas shown 

in the glutaraldehyde treated bovine pericardium.  

Antibody labelling of collagen IV revealed a significant reduction of positive 

staining in both ScCO2 (NovaPouch) and ScCO2 (submerged in PBS) artery intima 

and leaflet sections. However, the mechanisms underlying these changes are not 

yet fully elucidated. Similar findings were shown in a study conducted by Granados 

et al. (2017), where although intact following decellularisation and prior to PAA 

treatment, there was a complete loss of collagen IV staining in decellularised 

porcine mitral valve leaflets sterilised with 0.1 % (v/v) PAA for 3 hours at room 

temperature. It is suggested that the presence of collagen IV is important for 

scaffold endothelisation (Tudorache et al., 2007; Yurchenco, 2011). It may be 

possible that collagen IV was still potentially present, but the conformation of the 

target epitope was modified by the presence of PAA in the NovaKill reagent in such 

a way that the monoclonal antibody used for collagen IV binding can no longer 

detect it, resulting in what was shown to be a loss of basement membrane (Luo et 

al., 2014).  

Collagen IV provides an anchor point for cell-attachment proteins such as laminin 

and fibronectin (Yurchenco, 2011). Although collagen IV could have been removed 

during ScCO2 processing in the present study, the former reason for the reduction 

in collagen IV labelling intensity is the most likely, due to the fibronectin labelling 

intensity being retained in dPHVs following ScCO2 sterilisation. Similar findings 

were reported by Holland, James D. R. et al. (2021), who found that there was a 

loss of collagen IV immunolabelling but a retention of fibronectin immunolabelling 

following treatment of decellularised porcine nerve segments with 0.1 % PAA in 

PBS (pH 7.2). It was therefore proposed that the complete loss off collagen IV was 

the unlikely mechanism underlying the absent collagen IV immunolabelling. 

Fibronectin is an ECM glycoprotein that acts as a chemoattractant for cells to 
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migrate on and provides a suitable matrix to facilitate cell adhesion and 

proliferation. Therefore, fibronectin is important in tissue regeneration (Stoffels et 

al., 2013). This suggests that ScCO2 sterilised dPHVs may have the potential to 

recellularise, although this has not yet been elucidated. In a study conducted by 

Chou et al. (2020), the proliferation, growth and differentiation of autologous 

adipose-derived stem cells (ASCs) seeded onto porcine acellular dermal matrix 

(ADM) decellularised using ScCO2 was explored. During ScCO2 processing, the 

porcine dermal matrix was exposed to H2O2 (10 – 35 %) and NaOH (0.1 -  1 M). The 

ASCs-ScCO2-treated ADM was then used to treat rats induced with diabetes 

mellitus that had dorsal skin defects created to evaluate the wound healing 

efficacy. There was found to be a significant increase in the wound healing rate, 

epidermal growth factor, and decrease in CD45 (a marker associated with 

macrophage-mediated chronic inflammation) in comparison to untreated rats. 

Despite different conditions being used during ScCO2 processing, this study 

provides evidence that ScCO2 treatment does not impair the anti-inflammation, cell 

proliferation and regeneration functions of tissue remodelling.  

The helical conformation of fibrillar collagen is made up of three α-helix 

polypeptide chains coiled together (tropocollagen) that are bound together 

through inter-peptide hydrogen bonds. Amino acids such as Gly, proline, and 

hydroxyproline are found on the molecule (Brodsky and Shah, 1995; Rich and 

Crick, 1961). Hydroxyproline is a major fibrillar collagen component that 

comprises around 14 % of total amino acid content (Cundy et al., 2014). 

Quantification of collagen content can be determined using the hydroxyproline 

assay. Within this study, the collagen content of ScCO2 (NovaPouch) wall and leaflet 

and ScCO2 (Submerged in PBS) leaflet samples was significantly greater than the 

collagen content found in untreated control dPHVs. The mechanism underlying 

this change has not yet been elucidated.  

Despite there being what seems to be a retention in the collagenous integrity of the 

ScCO2 treated PHV tissue, there was found to be a significant decrease in the 

thermal stability of the tissue following treatment, suggesting that there was a 

rearrangement in the collagen tertiary structure altering the thermal transitions. 

There is little to no evidence to support that ScCO2 sterilisation treatment may 

unfavourably alter the tertiary structure of collagen (Ribeiro, N. et al., 2020). The 



190 
 

organisation of the collagen fibres can become altered, either as a result of tissue 

dehydration or due to the decrease of other large ECM components such as GAGs 

(Antons et al., 2018; Casali et al., 2018). However, it is well known that ECM 

components are susceptible to oxidative damage when in the presence of ROS 

(Scheffler et al., 2008). Within this study, PAA and H2O2 additives were used to 

supplement ScCO2 sterilisation by preventing the requirement of harsh treatment 

conditions such as high temperature and pressure or a prolonged incubation time. 

PAA is a strong oxidising agent that chemically modifies cell membranes through 

the transfer of electrons and denatures cell membrane and intracellular 

components (Clapp et al., 1994). Hydrogen peroxide also relies on its strong 

oxidising capacity in order to lyse microbial cells and spores (Wardle and 

Renninger, 1975). Potent superoxide and hydroxyl free radicals are derived from 

hydrogen peroxide, which then damage protein and lipid components of cell 

membranes and infiltrate cells to induce extensive damage to nucleic acids. Whilst 

the presence of these radicals are essential for achieving sterile medical devices, 

they can also cause oxidative degradation to the tertiary arrangement of collagen. 

This essentially results in the fragmentation of proteins, and hence an alteration in 

the tertiary structure of the collagen and therefore a less thermally stable structure 

(Parsons, 2018). These novel findings cannot be compared to other studies as it is 

unexplored within the literature. Directly quantifying denatured collagen content 

would give a better indication of the severity of potential damage induced.  

It is not uncommon for the retention of GAGs within ECM scaffolds to be poor 

following the application of a decellularisation protocol that incorporates sodium 

dodecyl sulphate (SDS) and similar findings have already been reported by Luo et 

al. (Luo et al., 2014) on porcine pulmonary heart valves, as well as other studies on 

different tissue types using SDS as part of the decellularisation protocol (Cheng, 

H.W. et al., 2009; Stapleton et al., 2008). GAGs are a major component of PHV ECM 

and play an important role in the mechanical behaviour of tissues. The extended 

conformation of GAGs occupies a large amount of space within the ECM. Therefore, 

the resultant looser arrangement of collagen fibres following the loss of GAGs can 

lead to altered mechanical behaviour. Additionally, GAGs maintain ECM in a 

hydrated state as they have a high density of negative charges which attracts 

cations like Na+, which then attracts water (Fenderson, 2008). Within the 

literature, there is uncertainty about the preservation of GAGs in tissues following 
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exposure to ScCO2. In a study conducted by Huang, Y.-H. et al. (2017), GAGs were 

significantly extracted in ScCO2-ethanol treated corneas in comparison to native 

corneas. Whereas, in a study conducted by Seo et al. (2018), there was no 

significant difference between the GAG content of heart ECM decellularised using 

ScCO2-ethanol and native control heart tissue. Within this study, Movat’s 

Pentachrome staining showed the staining of GAGs in ScCO2 treated leaflets was 

less intense in comparison to the dPHV control leaflets. However, GAG 

quantification showed no significant reduction in the GAG content between ScCO2 

treated tissues and dPHV control tissues.   

Uniaxial tensile testing was used to assess the impact of ScCO2 sterilisation on the 

biomechanical properties of dPHV tissue. The elastin phase slopes, collagen phase 

slopes, and ultimate tensile strengths of pulmonary artery wall and leaflet 

specimens were analysed. Generally, ScCO2 sterilisation studies have shown that 

ScCO2 processing does not cause significant disruptions to tissue mechanical 

properties. Balestrini et al. (2016) found an increase in the stiffness of ScCO2-

treated decellularised rat lung matrices, although only at non-physiological levels 

of stretch. Irani et al. (2018) found no significant difference in the stiffness and UTS 

between tendons sterilised with ScCO2 (supplemented with 14.1 % PAA and 4.9 % 

Hydrogen Peroxide) and non-sterilised tendons.  Noble et al. (2022) used uniaxial 

tensile testing to compare the mechanical performance of decellularised porcine, 

bovine, and bison pericardial tissues that were sterilised with ScCO2 using the 

same commercial entity as that used within this study (NovaSterilis, Inc., New 

York). The mechanical strength of the decellularised sterilised pericardium tissues 

were comparable to native tissue. 

In this study, there was found to be an increase in the elastin phase slope of the 

ScCO2 (NovaPouch) treated PHV wall samples in both circumferential and axial 

orientations, as well as the ScCO2 (NovaPouch) treated PHV leaflet samples in both 

circumferential and radial orientation. There was also an increase in the elastin 

phase slope of ScCO2 (Submerged in PBS) circumferential wall and radial leaflet 

specimens. The underlying mechanism(s) for these changes is/are not yet fully 

known. Halfwerk et al. (2018) investigated the effect of ScCO2 decellularisation on 

porcine and bovine pericardium, using similar conditions to those observed in this 

ScCO2 sterilisation study (1450 psi, 35 °C, 25 % H2O2). It was reported that the 
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stiffness was significantly higher in ScCO2 processed tissue in comparison to the 

native tissue (Halfwerk et al., 2018). However, rehydrating the ScCO2–

decellularised bovine pericardium restored the elastic modulus from 83 ± 14 MPa 

to 48 ± 12 MPa. The increase in the tissue elastin stiffness found in this study can 

therefore potentially be attributed to dehydration, which can often occur during 

ScCO2 processing as reported by Casali et al. (2018).  

There was no significant difference found in the collagen phase slope, but a 

significant increase in the ultimate tensile strength of ScCO2 (NovaPouch) treated 

PHV leaflets in the radial orientation. A non-significant ultimate tensile strength 

increase of ScCO2 (NovaPouch) sterilised dPHV circumferential leaflet specimens 

was also observed within this study. Similar findings were reported by Hennessy 

et al. (2017)  where there was found to be an increase in the ultimate tensile 

strength of ScCO2 treated decellularised aortic heart valve leaflets in comparison to 

non-sterilised decellularised aortic heart valve leaflet controls. However, Hennessy 

et al. (2017) only reported the results from tests conducted with the collagen 

fibres circumferentially orientated. Whilst the load bearing collagen fibres are 

circumferentially aligned, analysis of the leaflet in the radial orientation also 

provides valuable insight into radial extensibility and therefore leaflet coaptation 

(Christie, 1992). Efficient leaflet coaptation is required for both aortic and 

pulmonary heart valves to prevent the backflow of blood into the ventricles during 

ventricular diastole. 

L929 fibroblasts were selected for cytotoxicity testing in accordance to ISO 

standard 10993-5 (2009), which details cytotoxicity testing using established cell 

lines that should be applied to medical devices to determine biocompatibility. 

ScCO2 sterilisation treatment of dPHVs did not negatively impact the growth and 

morphology of L929 fibroblasts in contact with the ScCO2 sterilised tissue. There 

was no evidence of toxins leaching from the ScCO2 sterilised tissue as L929 cell 

proliferation and viability was not impaired following incubation with ScCO2 tissue 

extracts. Similarly, biocompatibility was observed in decellularised aortic heart 

valves and decellularised lung matrices after ScCO2-PAA and H2O2 sterilisation 

(Balestrini et al., 2016; Hennessy et al., 2017). Huang, Y.-H. et al. (2017) 

demonstrated neovascularisation, the absence of inflammation and therefore good 

biocompatibility of porcine corneas decellularised using ScCO2, suggesting that 
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ScCO2 treatment does not impair tissue scaffolds supporting tissue regeneration in 

vivo. Although appropriate positive and negative controls were used within 

cytotoxicity testing to determine biocompatibility of ScCO2-treated dPHV tissue, 

further validation would be required by subjecting untreated dPHV control tissue 

alongside ScCO2-treated dPHVs to cytotoxicity testing . The observed 

cytocompatibility in conjunction with fibronectin retention may be an indicator 

that dPHVs sterilised with ScCO2 may be able to support recellularisation post-

implantation.  
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Chapter 6 : Further Biomechanical Properties of ScCO2 Sterilised 

Decellularised Heart Valves 

6.1 Introduction  

Based on the results from the impact of CuCl2 & H2O2  (Chapter 4) and ScCO2 

(Chapter 5) sterilisation on the biological and biomechanical properties of 

decellularised heart valves, ScCO2 (submerged in PBS) sterilised dPHVs retained 

the pre-sterilisation dPHV macroscopic structure with minor changes in the 

biological and biomechanical (uniaxial tensile) properties. Therefore, ScCO2 

(submerged in PBS) sterilisation was chosen as the optimum of the sterilisation 

methods investigated. Thus, dPHVs sterilised with ScCO2 whilst submerged in PBS 

were subjected to further biomechanical investigations, including functional 

performance under static pressure and suture retention properties of the wall and 

myocardium.   

Replacement heart valve roots have to be subjected to in vitro performance 

evaluations  before clinical translation, as specified by ISO 5840 (2015). However, 

the in vitro performance methods described in ISO 5840 (2015) were developed in 

conformity with existing mechanical and chemically fixed bioprosthetic heart 

valves. Similar methods  have since been developed and optimised by Desai et al. 

(2018) to be compatible with (decellularised) heart valve roots.  

The static leakage flow evaluation can be used to assess potential valvular 

regurgitation resulting from valvular insufficiency of the closed valve. A number of 

studies have used a static leakage flow assessment to evaluate valve competency, 

with reference to leakage flow rate of the closed valve under a hydrostatic back 

pressure. Leo et al. (2006) and Loger et al. (2014) evaluated the competency of St. 

Jude Medical Inc bileaflet mechanical heart valves and transcatheter mechanical 

heart valve models composed of Nitinol thin film leaflets, respectively. Jennings 

(2001) also used static leakage flow assessment to evaluate the competency of 

native and glutaraldehyde fixed porcine aortic and pulmonary heart valve roots.  

The circumferential expansion (dilation) of the pulmonary artery forming the PHV 

root impacts leaflet coaptation following systole, and plays a role in transmitting 

stress from the leaflets to the pulmonary artery wall during systole. The artery 

wall therefore aids in the prevention of fatigue and structural failure of the valve 
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leaflets (Desai et al., 2018; Hopkins, R.A., 2003; Sutton et al., 1995). Therefore, 

investigating the circumferential expansion of the pulmonary artery under 

physiological conditions whilst the dPHV root is maintained as  a whole structure 

would give a good indication of arterial stiffness under conditions that mimic the in 

vivo state. 

Replacement heart valves are typically sutured to the annulus that remains in situ 

following the removal of the native valve. The failure of the suture attachment, 

either due to the replacement heart valve material not being strong enough to 

withstand physiological pressures in vivo or due to the suture itself, can lead to 

severe health complications (Pierce et al., 2016). The separation of the valve from 

the annulus can cause bacterial endocarditis, aneurysm of the artery, degenerative 

regurgitation, calcification and failure of the valve (Rizzoli et al., 1984). In vitro 

suture-retention studies have been used by many research groups to quantify 

heart valve pericardium, annuli and aortic, suture-retention strength, which is the 

force necessary to pull a suture from the replacement heart valve (McGregor et al., 

2016; Pierce et al., 2016; Walraevens et al., 2008).  

Successful clinical implementation of sterilised dPHVs will require the 

maintenance of the biomechanical integrity of all components of the PHV root 

structure (pulmonary artery, leaflets, and myocardium), which should perform 

similarly to the native heart valve as a single unit. 

The impact of ScCO2 (submerged in PBS) sterilisation on the functional 

biomechanical properties of heart valves has not yet been reported within the 

literature. More specifically, exploring the impact of  ScCO2 (submerged in PBS) 

sterilisation on the functional biomechanical properties of dPHVs that have been 

decellularised using the specifically designed method will give valuable insight into 

the feasibility of ScCO2 sterilised dPHV roots as a clinical application (Luo et al., 

2014). 
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6.2 Aims and Objectives 

6.2.1 Aim 

The aim of the work described in this chapter was to investigate the impact of 

ScCO2 (Submerged in PBS) sterilisation on the functional biomechanical 

performance (under static back pressure) and suture retention properties of 

dPHVs decellularised using a method incorporating 0.1 % SDS, nuclease and 

protease inhibitors (Luo et al., 2014). 

 

6.2.2 Objectives  

i. To produce dPHV roots and expose them to ScCO2 treatment whilst 

submerged in PBS 

 

ii. To determine and compare the functional biomechanical performance of 

ScCO2 (submerged in PBS) sterilised and untreated control dPHV roots 

using static leakage assessment  

 

iii. To further determine and compare the functional biomechanical 

performance of ScCO2 (submerged in PBS) sterilised and untreated control 

dPHV roots using dilation and suture-retention assessments  
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6.3 Study Experimental Approach  

This study was designed to assess the impact of ScCO2 (Submerged in PBS) 

sterilisation on the functional biomechanical (competency) performance of dPHV 

roots, and to further characterise the biomechanical (dilation, suture-retention) 

performance of ScCO2 (Submerged in PBS) in comparison to untreated control 

dPHV roots.  

Decellularised porcine pulmonary heart valves were exposed to NovaProcess™, a 

ScCO2 process patented and performed by NovaSterilis (NY). Samples were 

sterilised whilst submerged in PBS, with NovaKill™ proprietary additive added to 

the PBS surrounding the samples. The hydrodynamic and biomechanical 

properties of the dPHV roots were characterised as described in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Schematic of the Experimental Approach Adopted to Characterise 
the Impact of ScCO2 Sterilisation on the Functional Biomechanical Properties 
of Decellularised Porcine Pulmonary Heart Valves 
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6.4 Methods  

6.4.1 Production of Decellularised Porcine Pulmonary Heart Valves 

Porcine pulmonary heart valves were acquired and exposed to the Leeds protocol 

for decellularising heart valves, as described in section 2.2.3 . 

 

6.4.2 ScCO2 Sterilisation 

dPHV roots were sterilised with ScCO2 whilst submerged in PBS, as described in 

section 5.4.2.   

 

6.4.3 Functional Biomechanical Performance I: Competency 

Assessment 

Competency tests were performed to assess valve leaflet coaptation and to 

quantify the regurgitant flow rate under hydrostatic physiological back pressures. 

The static leakage test rig, validation of the test rig, and the process to determine 

the competency of the samples is described in sections 6.4.3.1, 6.4.3.2, and 6.4.3.3, 

respectively.  

 

6.4.3.1 Static Leakage Test Rig 

A static leakage test rig developed by Jennings (2001) and modified by Desai 

(2019) was used to assess dPHV competency. The rig consisted of a vertical 1832 

millimetre (mm) high cylindrical Perspex column with an internal diameter of 60 

mm, with a rectangular Perspex box as the base. The column was marked from 20 

mmHg to 120 mmHg at intervals of 200 mmHg which allowed the application of 

hydrostatic physiological back pressures when the test fluid 0.9 % (w/v) saline 

was inserted. An outlet drainage pipe at the base of the block allowed drainage of 

the test fluid. The rig was placed on the floor into a tray to collect the test fluid, and 

the vertical Perspex column was mounted to a work bench using a G clamp.  
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Figure 6.2 Static Leakage Test Rig Schematic.  Figure not drawn to scale. 
Figure taken from Desai (2019). 

 

 

6.4.3.2 Validation of Static Leakage Test Rig  

The static leakage test rig was validated by recording the time taken for the 

pressure level of the test fluid to drop from 60 mmHg to 20 mmHg through test 

fluid leakage from a 1 mm diameter hole (Figure 6.3). This was repeated 6 times. 

At each time, an externally calibrated Hanhart Mesotron Quartz stop clock (serial 

number 6558CLK) was used to record the leakage time, and the test fluid volume 

was recorded. The mean flow rate was calculated using the mean volume of test 

fluid and leakage time. The static leakage test rig was validated if the individual 

recorded leakage times, volumes and rates were within a range of ± 5 % of the 

mean values. 
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Figure 6.3 Static Leakage Test Rig Validation  

 

6.4.3.3 Competency Assessment Procedure  

The arterial diameter of all dPHV roots was first measured using custom made 

obturators. The dPHV root (both control and sterilised) was attached to the rig 

spigot with a cable tie, and then mounted into the Perspex mounting plate. The 

Perspex mounting plate and spigot was then attached to the rectangular Perspex 

block at the base of the static leakage test rig using 3 screws (Figure 6.4).  

The maximum applied pressure (systolic pressure) was 60 mmHg, and the 

minimum pressure (diastolic pressure) was 20 mmHg. The systolic pressure was 

achieved by filling the Perspex column with 0.9 % (w/v) saline solution up to the 

60 mmHg pressure mark on the column. The time taken for the systolic pressure to 

drop to 20 mmHg was recorded using an externally calibrated Hanhart Mesotron 

Quartz stop clock (serial number 6558CLK). The test fluid leakage volume was also 

recorded.  

The flow rate was determined using the formula: 

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑄) =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑒𝑎𝑘𝑒𝑑 𝑡𝑒𝑠𝑡 𝑓𝑙𝑢𝑖𝑑 (𝑉)

𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑡𝑖𝑚𝑒 (𝑡)
 

1 mm hole 
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The dPHV root was considered competent if the test fluid pressure level did not 

drop from 60 mmHg to 20 mmHg within a cut-off period of 30 minutes with a 

leakage flow rate of <0.84 mL.s-1.  Images of the dPHV roots from an inferior angle 

were taken during competency testing using a Leica Triple Camera (Wide Angle 

Lens, f/1.8 aperture and Ultra-Wide Angle Lens, f/2.2 aperture, Huawei P30).  

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Static Leakage Test Set-Up  

 

6.4.4 Biomechanical Performance II: Expansion Characteristics 

The circumferential expansion of the pulmonary artery component of the dPHV 

roots was determined by measuring the percentage dilation of the artery in 

response to static back pressures. The method used during this study was 

developed by Desai (2019).  

6.4.4.1 Dilation Test Equipment Set-Up 

A schematic diagram of the arrangement of equipment used for dilation test set-up 

is shown in Figure 6.5. Different sized Cylindrical Perspex tubes were designed to 

be compatible with dPHV root sizes with diameters ranging from 20 to 32 mm. A 

stainless steel luer lock 1/4-28 UNF threaded fitting was connected to the narrow 

end of the cylindrical Perspex tube for a secured connection to external air 

pressure supply. A three-way connector was attached to this to allow connection of 



202 
 

a digital pressure transducer (S/N: 63204/3, Comark Instruments, Inc.) and 

pneumatic air regulator. The cylindrical Perspex tube was vertically mounted on a 

retort stand.  

A reference scale was also mounted next to the Cylindrical Perspex tube using a 

retort stand. A Canon digital SLR 550 D camera was mounted perpendicular to the 

Perspex column (or dPHV) to take images of the dPHV at each applied pressure 

increment.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Dilation Testing Equipment Set-Up Schematic. Figure adapted 
from Desai (2019).   

6.4.4.2 Dilation Assessment Procedure  

The dPHV root (both sterilised and untreated) was mounted to the wide end of the 

cylindrical Perspex tube using a cable tie. The open end of the pulmonary artery 

was mounted, leaving the myocardium to move freely longitudinally. An 

appropriately sized annulus ring was used to support the dPHV root annulus 

(Figure 6.6).  

The dPHV was marked with a tissue marking dye (Thermo Fisher Scientific, UK), 

with four reference points at least 5 mm above the sinotubular junction to allow 

quantification of the artery circumferential expansion upon application of 
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pressure. PBS was then inserted into the cylindrical perspex tube through the 

three-way connector, which was pressurised using a pneumatic air regulator. Prior 

to the application of external pressure, an image was taken to calculate the static 

pressure (P0) applied to the dPHV root as a result of the PBS solution level in the 

Perspex column which varied between samples. The scale was calibrated using the 

reference scale (10 mm) to convert pixels to mm. P0 was then calculated by 

measuring the height (h) of the PBS in the column (mm) which was then divided 

by 13.6 to convert the units to mmHg, since mercury is approximately 13.6 times 

denser than PBS (Desai, 2019). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.6 dPHV Dilation Testing Set-Up and Initial Pressure Measurement  
 
Pressure was then applied in increments of around 5 mmHg until a maximum 

pressure of 35 mmHg was reached. Images of the dPHV with the digital pressure 

transducer and reference scale in field of view were taken at each pressure 

increment. The P0 was added to the applied pressures (Pa) to give the final 

pressure applied (Pf). Each dPHV sample had different Pf  values applied due to the 

initial PBS level. 

All images were analysed using a Java-based open source image processing 

software called ImageJ (NIH, Bethesda, MD). Image stacks of each dPHV sample as 

each pressure increment were aligned on a single canvas an ImageJ plug-in called 

montage (Figure 6.7). The distance between the reference points (Da) were 

measured for each applied pressure increment (Pa). Similarly, the distance 

between the reference points (D0) was measured at zero applied pressure (P0). The  
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percentage dilation at each pressure increment was then calculated using the 

formula:  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑛𝑔𝑒 𝐷𝑖𝑙𝑎𝑡𝑖𝑜𝑛 =
𝐷𝑎−𝐷0

𝐷0
 × 100 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7 Representative ImageJ Montage of dPHV Dilation Testing.  Image 
displays D0 at 0 mmHg and Da at 5 mmHg. Da was also applied to images taken at 
10, 15, 20, 25, 30, 35 mmHg. 

6.4.5 Biomechanical Performance: Suture-Retention Assessment  

The suture-retention assessment used during this study was adopted from the 

method described in ISO 7198 (2016) for Cardiovascular implants - Tubular 

vascular prostheses. Pulmonary artery wall and myocardium specimens were 

assessed, as these are intended to serve as anchor points when attaching the dPHV 

in vivo when this intervention is clinically translated.  

D0 Da 
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All specimens were taken axially as 20 x 15 mm strips using a custom made tissue-

cutter. The width between the two blades of the custom made tissue cutter defined 

the width of the resultant dissected tissue specimen. The point of suture insertion 

was 4 mm from the free edge of the specimen and centrally aligned, which was 

marked with a pen to avoid losing the orientation of the sample during preparation 

(Figure 6.8). The thickness of the sample at the point of suture insertion was 

measured six times using a thickness gauge J- 40 V.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8 Schematic of Sample Preparation For Suture-Retention Testing  
 
 
One end of the specimen was mounted onto a tissue specimen clamping apparatus 

using custom designed wide grips, as shown in Figure 6.9 (Desai, 2019). A 5 mm 

suture loop (4-0 non-absorbable monofilament suture with taper needle, 

Premilene® ) was created using the point of suture insertion reference mark. The 

suture was then clamped onto the upper grip, and the gauge length was 20 mm. 

The full tissue specimen clamping apparatus was then mounted into a BioPlus Bath 

filled with PBS at 37 °C attached to the Instron 3365 apparatus. A 50 N load cell 

was used and a strain rate of 10 mm/min was applied. The test continued until 

failure, which was when the suture had pulled out from the specimens.  
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Figure 6.9 Representative Images of dPHV Pulmonary Artery (A) and 
Myocardium (B) Specimens Mounted Tissue Specimen Clamping Apparatus 
for Suture-Retention Testing  

 

Observations of the failure were noted during testing. The peak load was reported 

as the maximum suture pull-out force. Resistance to tearing was also measured 

using the formula:  

 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑇𝑒𝑎𝑟𝑖𝑛𝑔 (𝑁/mm) =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑢𝑡𝑢𝑟𝑒 𝑝𝑢𝑙𝑙 − 𝑜𝑢𝑡 𝑓𝑜𝑟𝑐𝑒 (𝑁)

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑚𝑚)
 

 

6.4.6 Statistical Analysis 

GraphPad Prism 7 software was used to statistically analyse data within this study. 

All numerical values are presented as mean ± 95 % confidence limits (C.l). 

Unpaired t-test was used to compare the means between control dPHVs and ScCO2 

(submerged in PBS) sterilised dPHVs. The difference between the means of the 

groups was considered significant if the p value was less than 0.05. 

 

 

A B C 

D E F 
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6.5 Results 

6.5.1 Hydrodynamic Performance I: Competency Assessment 

Images of all dPHV roots tested were taken from the inferior angle, as shown in  

Figure 6.10. The coaptation of the three dPHV leaflets was clearly displayed in 

control dPHV 1 (Figure 6.10). Due to difficulties in trying to observe and obtain 

images of the leaflets of all samples during testing, this was not clearly shown in 

the other samples. As demonstrated by the prominent regurgitant stream of the 

test solution 0.9 % (w/v) saline, insufficient leaflet coaptation was observed in the 

control dPHV 4, 5, and 6, as well as ScCO2 (submerged in PBS) sterilised dPHVs 1, 

2, 4, 5 and 6 (Figure 6.10). The pulmonary artery of the dPHVs that displayed 

insufficient leaflet coaptation exhibited slightly transparent protruding bulges 

around the annuls of the dPHV root.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.10 Images of Control and ScCO2 (Submerged in PBS) sterilised 
dPHVs During Competency Testing.  

 
The valve competency in terms of leakage flow times and rates for the control and 

ScCO2 (Submerged in PBS) sterilised dPHVs is shown in Table 6.1. PHV 1, 2 and 3 

out of the six control dPHV specimens tested were competent, with leakage flow 

rates of <0.84 mL.s-1. The leakage flow rates of the samples that were not 

considered competent (PHV 4, 5 and 6) ranged from 1.065-5.395 mL.s-1.  

Five out of six ScCO2 (Submerged in PBS) sterilised dPHVs were not considered 

competent, with leakage flow rates ranging from 1.623-15.757 mL.s-1. ScCO2 
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(Submerged in PBS) sterilised dPHV 3 was considered to be competent, with a 

leakage flow rate of <0.84 mL.s-1.  

These findings correlated with the observations of the test fluid 0.9 % (w/v) saline 

regurgitation during testing, whereby the samples that were observed to have a 

prominent flow of regurgitation were found to have a higher leakage flow rate.  

 

Table 6.1 Arterial Diameters, Leakage Flow Times, Leakage Flow Rates and 
Competency of Control and ScCO2 (Submerged in PBS) Sterilised dPHVs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.5.2 Biomechanical Performance II: Expansion Characteristics  

The expansion characteristics of the dPHV root pulmonary arteries in terms of 

percentage dilation in response to applied pressure are shown in Figure 6.11.  

It was observed that some samples that were found to be regurgitant during 

competency testing exhibited a greater percentage dilation in response to applied 

pressure. As shown in Figure 6.11 A, control dPHVs 5 and 6 trended with a greater 

percentage dilation with increasing pressure. ScCO2 (Submerged in PBS) dPHVs 1, 
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3 and 4 also trended with a greater percentage dilation with increasing pressure 

(Figure 6.11 B).  

The starting pressures between all samples tested were different due to the 

varying levels of PBS at the start of testing. Although pressure was then applied in 

similar and regular intervals during testing, the final pressure values were 

different as a result of the differing starting pressures. A true comparison of the 

percentage dilation of ScCO2 (Submerged in PBS) sterilised and control dPHVs at 

each pressure level could not be made as a result of the varying final pressures at 

each increment. Therefore, the trends in the percentage dilation of ScCO2 

(Submerged in PBS) sterilised and control dPHVs in response to applied pressures 

were observed to compare the expansion characteristics between these groups. As 

shown in Figure 6.12, there were no obvious differences in the pulmonary artery 

percentage dilations of  ScCO2 (Submerged in PBS) sterilised dPHVs in comparison 

to the dPHV controls.  

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 6.11 Percentage Dilations of Control (A) and ScCO2 (Submerged in 
PBS) (B) Individual dPHV Samples 

A 

B 
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Figure 6.12 Percentage Dilation Comparison of Control and ScCO2 
(Submerged in PBS) dPHVs  

 

6.5.3 Biomechanical Performance: Suture Retention Testing  

Suture retention testing of all dPHV wall and myocardium specimens showed 

failure as a cut spreading from the suture  in a circumferential direction (Figure 

6.13). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.13 Representative Images of Pulmonary Artery Wall and 
Myocardium During Suture Pull-Out Testing . Images show the start (A, D) 
middle (B, E) and end (C, F) of pulmonary artery wall (A-C) and myocardium (D-F) 
suture-retention testing.  

 

A B C 

D E F 
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The maximum suture pull-out force (N) and resistance to tearing (N/mm) of dPHV 

artery and myocardium specimens are presented in Figure 6.14. 

The mean maximum suture pull-out force for control dPHV artery and ScCO2 

(Submerged in PBS) artery specimens was 5.99 ± 2.42 N and 6.44 ± 2.96 N (mean ± 

95 % C.I), respectively. The mean suture pull-out force for control dPHV 

myocardium and ScCO2 (Submerged in PBS) myocardium specimens was 4.58 ± 

1.50 N and 4.71 ± 1.30 N, respectively. There were no significant differences found 

between the groups (p>0.05).  

The mean resistance to tearing for control dPHV artery and ScCO2 (Submerged in 

PBS) artery specimens was 2.15 ± 0.79N/mm and 2.39 ± 1.14 N/mm, respectively. 

The mean resistance to tearing for control dPHV myocardium and ScCO2 

(Submerged in PBS) myocardium specimens was 0.85 ± 0.31 N/mm and 0.83 ± 

0.25 N/mm, respectively. Again, there were no significant differences found 

between the groups.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.14 Maximum Suture Pull-Out Force (A) and Resistance to Tearing 
(B) of Control and ScCO2 (Submerged in PBS) Sterilised dPHV Artery and 
Myocardium Specimens  
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6.6 Discussion  

ScCO2 (Submerged in PBS) sterilised dPHVs displayed similar suture-retention 

characteristics to the control dPHVs. This suggested that the dPHV wall and 

myocardium retains the dPHV mechanical properties following sterilisation with 

ScCO2. This fits in with the results of control and ScCO2 (Submerged in PBS) 

sterilised dPHV wall uniaxial tensile testing, where no changes in the tensile 

parameters in the axial orientation, and only an increase in the elastin phase slope 

in the circumferential orientation was observed (Chapter 5). 

Desai et al. (2018) used the static leakage flow test to investigate the effect of 

decellularisation on the biomechanical properties of human pulmonary roots. The 

decellularised tissue was prepared using a specifically designed method as 

reported by Vafaee et al. (2018), that was also used throughout this study (section 

6.4.1). It was found that one out of eight untreated human PHVs were considered 

fully competent. The competent and incompetent human PHVs had a mean leakage 

flow rate of ≤ 1.28 mL.s-1 and > 1.28 mL.s -1, respectively (Desai et al., 2018). All of 

the human dPHVs tested were not considered competent as they had a mean 

leakage flow rate of > 1.28 mL.s-1. The competency of biological heart valve roots is 

mediated by the coordinated actions of the annulus, the leaflets, and the artery 

wall. The pulmonary heart valve root is composed of thin myocardium located on 

the right side of the heart, and consequentially, the annulus of the pulmonary heart 

valve root is not fully supported during testing which prevents the full coaptation 

of leaflets. Thus, it was hypothesisted that the results shown by Desai et al. (2018) 

was due to the lack of annulus support of the human PHV roots during testing. 

When repeated with an annulus ring to provide support to the human PHV roots, it 

was found that five out of eight untreated native PHVs were competent with 

leakage flow rates ≤ 1.28 mL.s-1. From the human dPHV roots retested with 

annulus support, it was found that only one out of the four human dPHV roots was 

considered competent, but the mean leakage flow rate of all of the human dPHVs 

was < 2.5 mL.s-1. Therefore, it is clear that the annulus ring provided support to the 

size and structure of the PHV roots during testing, restoring the physiological 

geometry of the annulus of the PHV and thus reducing regurgitation. Annulus 

support was not provided to the dPHV roots during testing in this study, and 

similar results to those presented in Desai et al. (2018) (without annulus support) 
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were found, where three out of six control dPHVs and one out of six ScCO2 

(Submerged in PBS) dPHVs were considered competent (leakage flow rate < 1.28 

mL.s-1) . Due to the lack of annulus supported provided to the dPHVs during testing 

and the novel nature of this research, it was difficult to ascertain whether ScCO2 

(Submerged in PBS) sterilisation did impact the functional properties of dPHVs, as 

opposed to insufficient leaflet coaptation. However, four out of six ScCO2 

(Submerged in PBS) sterilised dPHVs had a low leakage flow rate of < 2.5 mL.s-1, 

which was comparable to the control dPHVs, where four out of six dPHVs also had 

a low leakage flow rate of < 2.5 mL.s-1.  

In this study, there were no distinct differences in the percentage dilation trends 

between the two groups.  This finding suggests that ScCO2 (Submerged in PBS) 

sterilisation of dPHVs did not further impact the circumferential expansion 

properties of dPHV pulmonary arteries. However, samples that were identified as 

regurgitant during competency assessment in general displayed a greater 

percentage dilation with increasing pressure. This applied to both control dPHVs 

and ScCO2 (Submerged in PBS) dPHVs. Desai et al. (2018) also reported similar 

findings whereby the competency results correlated with the percentage dilation 

trends of the groups tested, although  the results reported were for human PHV 

tissue. Decellularised human PHVs that were not considered competent displaying 

an increase in the percentage dilation in comparison to the competent native 

untreated human dPHVs (Desai et al., 2018). The decellularisation protocol applied 

requires the removal of excess fat and connective tissue, and scraping of the 

adventitial layer of the valve root to allow diffusion of 0.1 % SDS, nuclease and 

protease inhibitors. It is possible that the adventital layer, which is important in 

providing structural support to the pulmonary artery wall, was disrupted during 

this procedure which impacted both competency and dilation characteristics. A 

similar decellularisation protocol was applied to tissue within the present study 

which could have potnetially disrupted the adventitial layer, impacting both 

competency and dilation chracteristics of the dPHVs.  

It is possible that dPHV hydrodynamic behaviour can be influenced by the 

circumferential expansion of the pulmonary artery, where excessive dilation of the 

pulmonary artery wall can lead to PHV regurgitation (Chaturvedi and Redington, 

2007). During this study, observations of the dPHV roots during competency 
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testing were made. Slightly transparent bulges appeared at the annulus, 

particiularly in the dPHV roots that were not considered competent. This suggests 

that excess fat and connective tissue was removed from the pulmonary artery 

inconsistently, disrupting the adventitial layer which had a consequential effect on 

the competency and dilation biomechanical performance. The excessive dilation of 

the pulmonary artery due to protruding bulges forming during competeny 

assessments may have added aditional pressure in the lumen of the dPHV root 

which the leaflets cannot support, resulting in improper leaflet copation.  

Further in vitro testing is yet to be performed to assess the impact of ScCO2 

(Submerged in PBS) sterilisation on dPHV mechanical properties. Desai (2019) 

evaluated the functional performance of native and dPHVs under physiological 

flow conditions, which gives an indication of the dPHV hydrodynamic 

performance. This was assessed in terms of the transvalvular pressure difference 

and forward flow performance, which is expressed as valve effective orifice area 

(EOA), and the regurgitant volumes. In order for the testing of the samples to be 

successful, the instrumentation was modified to allow secure mounting of the PHV 

roots to the equipment. The myocardium skirts of the dPHVs used during the study 

were not trimmed and were therefore used as anchor points for mounting of the 

dPHV root onto the equipment.  The myocardium skirts of the dPHVs used during 

this study were trimmed, as described in section 2.2.2.3, and therefore were not 

compatible with the equipment used to assess the functional performance of the 

ScCO2 (Submerged in PBS) sterilised and control dPHVs. 

In a limited number of studies, biaxial tensile tests have also been used to establish 

the mechanical properties of heart valves. Dynamic biaxial testing is more relevant 

for the mechanical characterisation of valve leaflets as it is more relevant to their 

in vivo physiological conditions (Hasan et al., 2014). Grashow et al. (2006) detailed 

a commonly applied biaxial test for valve leaflets. Tensile loads are applied to the 

specimen at regions of the specimen edges, stretching the specimen in two distinct 

directions. It was also advised that this procedure should occur whilst the sample 

is immersed in phosphate buffered saline (PBS) at physiological temperature 

(Hasan et al., 2014). Huang, H.Y. et al. (2012) conducted a study where biaxial 

mechanical testing was utilised to characterise the biaxial mechanical responses of 

porcine aortic and pulmonary valve leaflet tissues. Sample deformation and strain 
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axes during the mechanical characterisation was also established. The results from 

this study provided evidence that aortic valves exhibit stronger anisotropic 

mechanical behaviour than that of the pulmonary valves when less than 18 % 

strain equibiaxial stretching is applied. In contrast to this, the pulmonary valves 

exhibit stronger anisotropic mechanical behaviour than that of the aortic valves 

when more than 28 % strain equibiaxial stretching is applied. The mechanical 

behaviours were then related to collagen fibre microstructures of the aortic and 

pulmonary valves used in this study. The orientation of the circumferentially 

aligned collagen fibres was determined to dictate these highly anisotropic 

properties of the heart valve tissues. However, a limitation associated with biaxial 

tensile testing is that damage may be introduced to test specimens during 

clamping. 

Overall, ScCO2 (Submerged in PBS) sterilised dPHVs demonstrated similar 

functional and biomechanical characteristics to control dPHVs.  
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Chapter 7 : Discussion  

7.1 General Discussion  

Heart valve replacement surgery is often a necessity for patients with 

dysfunctional heart valves. Current valve replacement options include mechanical, 

bioprosthetic and biological (allograft or autograft) heart valves. The implantation 

of mechanical heart valves require the life-long use of anticoagulation therapy due 

to introducing a high thromboembolic risk. Bioprosthetic heart valves may be 

selected for surgical implantation in the elderly and women of child-bearing age as 

the need for anticoagulants is averted. However, bioprosthetic heart valves are 

subject to material fatigue and can also initiate a pro-inflammatory response which 

can cause progressive calcification, leading to graft failure and therefore, surgical 

reintervention (Harris et al., 2015). Allograft heart valves have inherent properties 

ideal for the native-like function of the graft. However, allografts are limited in 

availability (Lisy et al., 2017). Additionally, mechanical, bioprosthetic and 

biological heart valve replacement options may eventually require surgical 

reintervention in paediatric patients as they may outgrow the heart valves as a 

result of poor structural and functional regenerative capabilities. Thus, there is a 

clinical requirement for a novel heart valve replacement option that can provide 

long-term positive clinical outcomes by addressing the limitations of current 

options.  

A decellularisation protocol for xenogeneic heart valves has previously been 

developed, potentially offering a promising alternative graft material for heart 

valve replacement (Booth et al., 2002; Luo et al., 2014; Wilcox et al., 2005). 

Decellularised xenogeneic tissue has characteristics required to perform as an 

optimum heart valve replacement option, such as durability, non-immunogenicity, 

non-thrombogenicity, and ability to grow and remodel owed to the inherent 

native-like ECM structure (Luo et al., 2014; Paniagua Gutierrez et al., 2015; Vafaee 

et al., 2018). These characteristics enable decellularised xenogeneic heart valves to 

potentially last the recipient’s lifespan. Xenogeneic tissue is also available as an 

unlimited resource giving it the advantage over allogeneic tissues. Porcine aortic 

heart valves that were decellularised in a similar manner to the decellularised 

porcine pulmonary heart valves utilised during this study have demonstrated 
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regenerative potential when implanted into a sheep model (Paniagua Gutierrez et 

al., 2015). 

Decellularised allograft heart valves currently in clinical use rely on aseptic 

conditions during procurement and production and antibiotic or chemical 

disinfection to assume sterility (da Costa, F.D. et al., 2006; Waqanivavalagi et al., 

2020). However, medical devices are required to provide a sterility assurance level 

of at least 10 -6  to prevent the introduction of  pathogens when implanted into 

patients (von Woedtke and Kramer, 2008). Therefore, a sterilisation method 

suitable for decellularised tissue heart valves needs to be identified to provide the 

required sterility assurance level (as a medical device), improve production 

efficiency, ultimately enhancing clinical translation. Treatment processes 

traditionally employed for the sterilisation of medical devices, or high level 

disinfection of human tissue grafts include ionising radiation such as gamma 

radiation and e-beam, and chemical methods such as PAA, glutaraldehyde, and 

ethylene oxide (Hogg et al., 2015; Luo et al., 2014; Somers et al., 2009). However, 

such methods have been documented to detrimentally impact proteinaceous tissue 

material properties (Cao, Q. et al., 2013; Scheffler et al., 2008). Traditional 

sterilisation methods have thus been disregarded for the processing of 

decellularised heart valves.   

Therefore, the overarching aim of this study was to identify a novel sterilisation 

method appropriate for use with a previously developed decellularised porcine 

pulmonary heart valve.   

The replicability and consistency of the previously established low concentration 

detergent based decellularisation method (Luo et al., 2014; Vafaee et al., 2022) was 

assessed prior to investigating the effects of sterilisation methods on the tissue. 

This stage was included to ensure consistent inter-operator production of 

decellularised heart valve conduits, and provide appropriate biological and 

biomechanical baseline data prior to introduction of alternative sterilisation 

processes. A batch of decellularised porcine pulmonary heart valves that had less 

than 50 ng of double stranded DNA per mg of tissue (dry weight), an absence of 

visible nuclei, retained ECM integrity, in vitro biocompatibility, and overall 

similarity of biomechanical properties in comparison to native tissue were 

successfully produced, which demonstrated process reproducibility.  



218 
 

Prior to clinical translation, medical devices derived from xenogeneic sources are 

required to be sterilised to meet the levels defined in BS EN 556-1 (BSI, 2001a). As 

stated in standard BS EN 556-1, less than 1 in 1 million medical devices that have 

been sterilised may contain a viable pathogen (BSI, 2001a). The identification and 

application of a suitable sterilisation process is required for decellularised porcine 

pulmonary heart valves to meet this sterility assurance requirement of medical 

devices without compromising the functional properties of the tissue scaffolds. 

Validation of sterilisation efficacy of the sterilisation methods investigated was 

beyond the scope of the present study. Therefore, the current study should be 

deemed a feasibility study to evaluate the compatibility of the chosen sterilisation 

methods with decellularised heart valves. Current sterilisation methods have been 

shown to have a detrimental impact on tissue graft microstructure and 

biomechanical strength (Matuska and McFetridge, 2015). This is due to ECM 

structural damage induced by oxidative degradation, thermal denaturation and/or 

cross-linking and chain scission (Deborde et al., 2016; Mazor and Zilberman, 

2017). The ECM structural network contains biological cues for cellular infiltration 

and tissue growth.  Retention of the biological composition and biomechanical 

properties are collectively crucial for the favourable integration and performance 

of the graft in vivo. The impact to these tissue properties must be considered when 

selecting a sterilisation method. Additionally, the feasibility of the sterilisation 

method to be applied to the medical device during mass production must also be 

regarded.  

Gamma irradiation sterilisation has been used for the sterilisation of allografts and 

commercially available decellularised xenografts derived from bone, dermis and 

cornea (Capella-Monsonís and Zeugolis, 2021). This is because gamma irradiation 

is a terminal sterilisation method and is widely available in medical device 

manufacturing as ISO 11137 has been published to support establishing the 

appropriate gamma irradiation sterilisation dose (Capella-Monsonís and Zeugolis, 

2021; ISO, 2006; Song and Ott, 2011). However, there is general consensus that 

gamma irradiation sterilisation compromises the mechanical stability of 

collagenous scaffolds (Freytes et al., 2008). The industry standard gamma-

irradiation sterilisation dose for devices that come into contact with skin and 

tissue is 25 kGy (Mazor and Zilberman, 2017). It is of interest to use irradiation 

doses lower than 25 kGy to retain tissue graft mechanical stability. Helder et al. 
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(2016) exposed decellularised porcine aortic heart valves to gamma irradiation in 

doses of 1,500 Gy and 3,000 Gy. In vitro investigations revealed evidence of 

contamination of 1,500 Gy irradiated cusps and significant reduction in stiffness 

and tensile strength of the decellularised porcine aortic cusps exposed to both 

doses in comparison to the untreated controls. Despite these findings, in vivo 

experiments were carried out using 3 juvenile sheep which received 1,500 Gy and 

3,000 Gy gamma irradiated decellularised porcine aortic heart valve implantation 

into the right ventricular outflow tract.  Both doses showed signs of regurgitation 

and stenosis following two months and signs of infection were demonstrated by an 

abundance of neutrophils in the explanted valve irradiated with 1,500 Gy gamma 

irradiation. Based on these findings, Helder et al. (2016) proposed that a balance 

cannot be obtained between achieving irradiation mediated sterilisation without 

inducing detrimental damage to decellularised porcine heart valves.  Although, 

sterility effectiveness of the selected doses should have been investigated in 

greater depth prior to implantation into the sheep since below commercially 

relevant doses were being investigated.  The current market is also facing a supply 

shortage of cobalt-60 required for gamma irradiation which cannot meet the 

growing demand for medical device sterilisation (Wiens, 2018). Therefore, 

alternative methods of medical device sterilisation need to be explored.  

As traditional methods of sterilisation are evidenced to be unsuitable for 

decellularised heart valves, the novel sterilisation methods CuCl2 and H2O2, and 

ScCO2 under standard (packaged and processed in Poly-Tyvek pouches) and 

submerged conditions were selected as candidate sterilisation methods within this 

study. Existing research indicates that these sterilisation methods do provide the 

required sterility level (Leow-Dyke et al., 2017; White, A. et al., 2006) . CuCl2 and 

H2O2 is a cost-effective sterilisation method that can potentially be performed on 

site. Chemical formulations containing a combination of CuCl2 and H2O2 have not 

yet been used as a sterilisation agent by tissue banking or tissue engineering 

despite the well documented bactericidal and virucidal activity of copper ions 

potentiated by H2O2 (Sagripanti and Kraemer, 1989; Sagripanti et al., 1993). 

However, this has recently gained interest by NHS BT tissue bank for  

decellularised (dCELL) human dermis sterilisation. Investigations conducted by 

Leow-Dyke et al. (2016, 2017) have shown that CuCl2 and H2O2 solutions with 

demonstrated bactericidal and sporicidal activity had no effect on the biological 
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and biomechanical properties of dCELL human dermis, while biocompatibility was 

retained. To date, the work conducted by Leow-Dyke et al. (2016, 2017) is the only 

account of exposing biological tissues to CuCl2 and H2O2 formulations, providing 

scope for the potential advantages of exploring this sterilisation method on other 

tissues. This study provided the basis for the use of CuCl2 and H2O2 formulations 

for investigation within the present study as dPHV is also composed of soft, 

delicate tissue. Although understandably, the ideal formulation specific to dPHV 

tissue required optimisation within the present study to allow sterilisation to be 

achieved at less harsh conditions of pH 7, 37 °C.  

Within the past few years, ScCO2 has gathered attention due to research 

continuously providing evidence promoting ScCO2 sterilisation of sensitive 

biomaterials. When applied with additives such as PAA and H2O2, ScCO2 can 

achieve a SAL of 10 -6 in tissues and biomaterials under moderate conditions. The 

retention of tissue ECM structure, biomechanical properties and good 

biocompatibility has been demonstrated in porcine heart valves and rat lungs, and 

the retention of biological cues within ECM hydrogels was reported (Balestrini et 

al., 2016; Hennessy et al., 2017; White, Lisa J. et al., 2018). ScCO2 has a low viscosity 

and surface tension which facilitates penetration of complex tissues and porous 

materials (McHugh and Krukonis, 2013). This feature enables ScCO2 to be 

considered a terminal sterilisation method which is essential to provide an  ‘off-

the-shelf’ packaged graft that is safe for implantation. These advantageous features 

collectively provided evidence to include ScCO2 sterilisation for investigation 

within this study.  

Initial macroscopic observations indicated that ScCO2 sterilisation carried out 

under the standard process resulted in the undesired compression of the dPHV 

valve conduits. This was most likely due to the lack of structural support provided 

in the presence of high pressure application. Whereas, the gross geometry of the 

dPHV grafts was preserved following ScCO2 sterilisation under submerged 

conditions, and CuCl2 and H2O2 sterilisation. It is possible that the observed change 

to the macroscopic geometry could have downstream implications on the in vivo 

valve function as the graft tubular structure required for uninhibited blood 

circulation was lost. The resultant compressed artery can lead to valvular 

dysfunction, as well as the onset of morbidities such as hypertension and 
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atherosclerosis (Han, 2012). As described in Chapter 6, the pulmonary artery of 

the dPHV root plays a role in sufficient leaflet coaptation by transmitting stress 

from the leaflets to the pulmonary artery during systole (Desai et al., 2018; 

Hopkins, R.A., 2003; Sutton et al., 1995). The deformed heart valve root can 

therefore result in incomplete leaflet expansion which may lead to accelerated 

valve degeneration due to increased flexural strains (Smith, D.B. et al., 1999). 

Although a potential solution is to insert a cylindrical structure such as a conical 

tube into the lumen of the graft during standard ScCO2 sterilisation processing, it is 

not clear how this would further impact the structure as this has not yet been 

investigated.  

The macroscopic observations tied together with the observations from 

histological examination, which revealed the compression of the leaflet fibrous 

network treated with ScCO2 under standard conditions in comparison to the decell 

control. It is plausible that this could potentially inhibit sufficient recellularisation 

in vivo as the interfibrillar pore sizes may be too compact for cells to successfully 

migrate into (Jana, Soumen et al., 2019). Given the novel nature of CuCl2 & H2O2 

sterilisation, preliminary experiments were conducted to determine the optimum 

CuCl2 and H2O2 combination concentration in addition to the optimum time 

exposure for sufficient sterilisation without inducing major changes to the tissue 

histoarchitecture. The chosen concentration combination of 1 mg/L CuCl2 and 1 % 

H2O2 with 3 hours exposure performed well as a prompt sterilant without inducing 

major ECM changes in the preliminary experiments and was therefore selected to 

expose a full batch of dPHVs to in order to conduct further biological and 

biomechanical analysis. However, upon further analysis CuCl2 and H2O2 

sterilisation treatment induced detrimental damage to the leaflet ventricularis, 

with what appeared to be loose irregular elastin fibres. These results were 

contrasting to the findings made by Leow-Dyke et al. (2016), who reported that 

CuCl2 and H2O2 sterilisation using the aforementioned concentrations did not 

detrimentally impact dCELL dermis histoarchitecture. SEM analysis also 

demonstrated damage to the ECM surface microscopic structures which was not 

observed in tissue exposed to ScCO2 treatment. Oxidative effects of hydroxyl 

radicals on soft tissue ECM, such as protein cross-linking, are well documented. It 

is hypothesised that structurally specific oxidative modifications occur via 

hydroxyl radical and tyrosyl radical mediated pathways. Oxidants react with 
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collagen, leading to the formation of ditrosyrine as a result of tyrosine residue 

oxidation. Dityrosine has been demonstrated to cross-link proteins, impacting the 

protein structure and therefore pose implications on function (Balasubramanian 

and Kanwar, 2002; Souza et al., 2000). Oxidative stress can lead to increased 

expression of matrix metalloproteinases which degrade ECM components, release 

bioactive fragments to the site of degeneration further exacerbating a pro-

inflammatory response which can lead to fibrosis, calcification, and eventually 

graft regeneration (Deborde et al., 2016; Greenberg et al., 2021).  Christian et al. 

(2014) exposed bovine pericardium to in vitro oxidising conditions using 1 % H2O2 

which was reported to significantly deteriorate collagen histoarchitecture and 

increase susceptibility to collagenase degradation after 7 days. Bovine pericardium 

that was modified via covalent attachment of the oxidant scavenger 3-(4-hydroxy-

3,5-di-tert-butylphenyl) propyl amine (DBP) was resistant to oxidation-induced 

structural damage. Therefore, the detrimental impacts of CuCl2 and H2O2 

sterilisation on heart valve histoarchitecture can potentially be refined by 

exploring the use of oxidant scavengers.  

Although ScCO2 processing incorporates oxidising agents to achieve sterility, 

degradation of ECM components was not apparent following histological 

examination. However, there was found to be a significant reduction in antibody 

labelling for collagen IV (a basement membrane constituent) in the leaflet 

specimens treated with ScCO2 under both conditions in comparison to the CuCl2 

and H2O2 treated specimens. The most-likely mechanism that underlies the 

observed changes is the presence of residual chemical constituents from the 

NovaKill additive solution following ScCO2 sterilisation. Similar results were 

reported by Luo et al. (2014) and Holland, James D. R. et al. (2021). While the 

nature of the mechanisms underlying these observations remain unknown, it has 

been hypothesised that PAA treatment was the most likely origin of the collagen IV 

loss from the basement membrane (Holland, James D. R. et al., 2021; Luo et al., 

2014). Following ScCO2 sterilisation under submerged conditions, the dPHV 

specimens remained submerged in the PBS containing PAA additive solution for up 

to one week (until the sterilised dPHVs were received back from NovaSterilis). The 

submerged ScCO2 processing conditions were explored under the hypothesis that 

the local concentration of oxidising agents would not be too high. PAA 

supplementary solution was not washed from the tissue after ScCO2 sterilisation 
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under normal conditions (dPHVs packaged and processed in Poly-tyvek pouches), 

instead an extraction cycle (ScCO2 treatment at 1,410 psi and 35 °C for 1 hour in 

the absence of NovaKill additive) was performed to remove PAA. It has since been 

acknowledged by NovaSterilis that residual PAA may be present despite the 

performance of an extraction cycle (Bednarski et al., 2020; Bennet et al., 2021). As 

such, NovaSterilis have recently developed a PAA quantification kit to quantify 

residual PAA concentrations. Although there were other means of quantifying PAA, 

it was likely that PAA was present on the specimens following ScCO2 processing as 

the scent of acetic acid was noticeable. Furthermore, it was not within the scope of 

the present study to quantify residual PAA concentrations at this stage. CuCl2 and 

H2O2 sterilised dPHVs were rinsed and stored in fresh PBS immediately after 

sterilisation treatment, preventing the non-essential exposure of the tissue to 

oxidising agents for an elongated time period which ultimately could have 

protected the basement membrane from oxidative degradation. Quantification of 

active oxidising agent levels in the dPHVs sterilised with ScCO2 under both 

conditions and CuCl2 and H2O2 would provide further insight into the mechanism 

proposed for the observed ECM degradation. 

It is possible that the observed reduction in collagen IV labelling in ScCO2 sterilised 

dPHVs may propose a detrimental impact the ability of PHVs to regenerate in vivo. 

Collagen IV is believed to play an important role in tissue endothelialisation 

(Herbst et al., 1988). Collagen IV provides anchor-points for cell-attachment 

proteins such as laminin and fibronectin. Contrasting to the proposed mechanism 

for the loss of collagen IV labelling, fibronectin was unaffected following ScCO2 

sterilisation under both conditions, similarly to CuCl2 and H2O2 sterilisation. This 

suggests that collagen IV was still potentially present, but the conformation of the 

target epitope was modified by the presence of PAA containing NovaKill reagent in 

such a way that the antibody used for collagen IV binding can no longer detect it, 

resulting in what was shown to be a loss of basement membrane. Fibronectin is an 

multifunctional glycoprotein that aids in the regulation of cell behaviour through 

interacting with growth factors, cell surface receptors such as integrins and other 

ECM proteins, as well as providing a fibrillar matrix around cells (Michalski et al., 

2020). This suggests that the ability of decellularised PHVs to promote and support 

regeneration of the ECM in vivo may not have been compromised. However, this 

remains inconclusive as the retention of specific ECM components following ScCO2 
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sterilisation has not yet been explored within the literature. Vafaee et al. (2018) 

found that decellularised human aortic and pulmonary wall and leaflet specimens 

that retained collagen IV, laminin and fibronectin following decellularisation 

showed evidence of tissue integration and recolonisation in vivo using a mouse 

subcutaneous implant model. Laminin levels in dPHV tissue following sterilisation 

were not analysed within the present study. However, immunohistochemical 

labelling of laminin would have provided further insight into the impact of the 

sterilisation methods on the basement membrane integrity. This would have also 

provided further evidence into whether ECM oxidative damage occurred following 

sterilisation, or if the antibody specific target epitopes used for collagen IV 

labelling were potentially altered by oxidative reactions in such a way that 

fibronectin and laminin remained unaffected.  

Although the collagen IV content appeared reduced following ScCO2 sterilisation, 

gross collagen concentration was generally greater following ScCO2 sterilisation 

under both conditions. This is most likely explained by the wider ScCO2 

applications, one of which is an extraction method. Non-polar molecules such as 

residual lipids can be solubilised by ScCO2 in the presence of polar cosolvents such 

as ethanol, whilst polar ECM proteins remain preserved. The solubility of highly 

non-polar ECM proteins increase with an increase in treatment pressure required 

by CO2 to reach supercritical state. These conditions required for optimal non-

polar molecular extraction can be manipulated to enhance this function (Gafarova 

et al., 2020; Wang, C.-H. et al., 2020). As such ScCO2 sterilisation has also been 

explored by many research groups to be employed as a decellularisation method. 

Chou et al. (2020) applied ScCO2 at temperatures and pressures up to 40 °C and 

5076 psi, respectively, with 75 % ethanol as a cosolvent to successfully extract 

cellular materials from porcine dermal layers. Thus, the extraction capabilities of 

ScCO2 treatment may have removed residual soluble ECM molecules that remained 

following decellularisation. This can account for a difference in the relative 

proportion of dPHV tissue biological components, resulting in what appears to be 

an increase in collagen content. 

Collagen content remained unaltered following CuCl2 and H2O2 sterilisation. 

Similarly, Leow-Dyke et al. (2016) found that CuCl2 concentrations ranging from 

0.1 mg/ L – 10 mg/L combined with H2O2 concentrations ranging from 0.01 % - 1 
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% were not associated with any hydroxyproline content alterations. In line with 

intact collagenous network observations,  it was suggested that there was no 

collagen denaturation associated with the CuCl2 and H2O2 treatments. However, 

histological analysis revealed CuCl2 and H2O2 sterilisation did impact the dPHV 

ECM histoarchitecture, whereas the histoarchitecture of ScCO2 treated tissue 

remained undamaged.  

Differential scanning calorimetry was employed to analyse the dynamic tissue 

collagen structure following sterilisation treatments. There was found to be a 

significant reduction in the collagen denaturation temperature of dPHVs following 

treatment with ScCO2 under both conditions and CuCl2 and H2O2, although the 

difference was not greater than 4 °C in comparison to the untreated controls. This 

suggests that there may have been rearrangements to the collagenous tertiary 

structure as the thermal energy required to denature and uncoil collagen was 

altered. A mechanism proposed for these findings is that the collagenous fibre 

network could become unorganised, either as a result of  dehydration or the 

extraction of other ECM components (Antons et al., 2018; Casali et al., 2018). The 

susceptibility of ECM components to oxidative degradation is also well known and 

has been acknowledged within this study. Both sterilisation methods investigated 

within this study incorporated the use of H2O2 due to the high oxidising capacity 

required to inactivate microbial cells and spores (Wardle and Renninger, 1975).  

Although hydroxyl radicals are actively involved in achieving sterility of tissue 

grafts, intramolecular hydrogen bonds found between collagen fibrils can become 

disrupted following hydroxyl radical interactions, destabilising the 

macromolecular structure (Rabotyagova et al., 2008; Streeter and de Leeuw, 

2011). Consistent with the collagen quantification findings and the intact collagen 

histoarchitecture, it is plausible that the extraction of soluble ECM components 

and/or residual cellular material could have resulted in a tertiary collagen 

structural rearrangement following ScCO2 treatment. Hennessy et al. (2017) found 

that the peak denature temperature of aortic valve leaflets treated with ScCO2 

under standard conditions was 69.58 °C which was close to the peak denature 

temperature of native untreated aortic heart valves at 65.75 °C. However, the 

statistical significance of this finding cannot be verified as the thermal 

denaturation temperature of replicate samples was not assessed. With regards to 

the alterations to tissue thermal stability following CuCl2 and H2O2 sterilisation, 



226 
 

slight oxidative degradation is the most likely cause as it is known that cuprous 

and cupric ions can mediate site specific cross-linking, carboxylation and 

fragmentation of collagen when combined with H2O2 (Hawkins, C.L. and Davies, 

1997). This correlates with the modified histological observations of the leaflet 

following CuCl2 and H2O2 treatment. Directly quantifying denatured collagen 

content following ScCO2 and CuCl2 and H2O2 sterilisation treatment should be 

approached in future investigations to give a better indication of the severity of 

potential damage induced.  

Biocompatibility was not adversely impacted by the sterilisation methods 

investigated within this study. The L929 immortalised mouse fibroblast cell line 

used in cytotoxicity assessments was selected in accordance to ISO standard 

10993-5 (2009), which details cytotoxicity testing using established cell lines that 

should be applied to medical devices to determine biocompatibility. However, the 

L929 cell line is not relevant to heart valve tissue. Balestrini et al. (2016) used 

contact cytotoxicity assessments to demonstrate the biocompatibility of ScCO2-

treated decellularised rat lungs with rat microvascular lung endothelial cells and 

human A549 cells (a type II epithelial-like cell line). Leow-Dyke et al. (2016) also 

found that 1 mg/L CuCl2 and 1 % H2O2 treated dermis was biocompatible using in 

vitro contact cytotoxicity assessments with human skin fibroblasts.  

In conjunction with the retention of fibronectin, biocompatibility may indicate that 

the sterilisation methods investigated in the present study may be able to support 

dPHV recellularisation post-implantation. However, the present study is limited to 

in vitro biocompatibility assessments. Further analysis is essential to investigate 

the impact of the sterilisation methods on the dPHVs capabilities to support cell 

attachment and migration, required for graft regeneration in vivo.  

Uniaxial tensile testing was used to determine the impact of ScCO2 sterilisation 

under both conditions and CuCl2 and H2O2 sterilisation on the dPHV wall and 

leaflet material properties. All sterilisation methods investigated within this study 

had some impact on the uniaxial tensile testing parameters. CuCl2 and H2O2 

sterilisation was found to have a negative impact on the mechanical strength of 

dPHVs. It is possible that the disrupted leaflet ECM architecture, as shown by 

histological analysis, may have been a demonstration of disordered ECM fibre 

organisation which can disrupt the tissue biomechanical function. ScCO2 
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processing of dPHVs appeared to preserve the mechanical integrity of the tissue as 

they showed similar or greater elastin phase slope, collagen phase slope and UTS 

in comparison to the untreated dPHV controls. Similar findings were reported by 

Balestrini et al. (2016), Halfwerk et al. (2018) and Hennessy et al. (2017), 

demonstrating the compatibility of ScCO2 sterilisation of various other tissue types 

such as lung, pericardium and aortic heart valves, respectively. Balestrini et al. 

(2016) found no significant difference in the failure strain but an increase in the 

stiffness of ScCO2-treated decellularised rat lung matrices, although only at non-

physiological levels of stretch. Halfwerk et al. (2018) found no significant 

difference in tensile strength but reported that the stiffness was significantly 

higher in ScCO2 processed decellularised porcine pericardium in comparison to the 

native tissue. Hennessy et al. (2017)  found an increase in the ultimate tensile 

strength of ScCO2 treated decellularised porcine aortic heart valve leaflets in 

comparison to non-sterilised decellularised aortic heart valve leaflet controls. 

However, the mechanisms underlying these findings remain unclear. It was 

proposed by Balestrini et al. (2016) that ECM cross-linking may have occurred as a 

result of the high pressures and chemical environment that tissues are exposed to 

during ScCO2 sterilisation, which could provide long-term protection to the 

integrity of ScCO2 treated tissues by preventing hydrolysis often observed during 

storage (Balestrini et al., 2016).  

Although ScCO2 did not reduce the tensile strength of dPHVs, there were still 

significant  increases in some of the uniaxial tensile testing parameters with no 

indication into how the biomechanical function may be impacted as a result. Due to 

limitations during this study, ScCO2 processing of dPHVs whilst submerged in PBS 

was the only sterilisation method selected for further biomechanical analysis. This 

was justified by the retention of the gross dPHV macroscopic geometry following 

sterilisation which is essential for physiological performance in vivo, the largely 

retained biological components, and the uniaxial tensile testing parameters were 

most similar to the untreated dPHVs. Although it was acknowledged that further 

biomechanical testing on dPHVs sterilised with ScCO2 under standard conditions 

and CuCl2 and H2O2 would have provided more depth to this study, and should be 

the subject of future studies. 
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Replacement heart valves are typically sutured to the annulus that remains in situ 

following the removal of the native valve. The failure of the suture attachment, 

which can be due to the replacement heart valve material not being strong enough 

to withstand physiological pressures in vivo can lead to severe health 

complications (Pierce et al., 2016). Thus, suture-retention characteristics were 

analysed to further investigate the impact of ScCO2 (Submerged in PBS) 

sterilisation on the dPHV material properties. ScCO2 (Submerged in PBS) sterilised 

dPHVs displayed similar suture-retention characteristics to the decell control 

dPHVs.  

Competency testing was performed to assess leaflet coaptation under a static back 

pressure. The anatomical configurations of the whole heart valve root coordinates 

the tissue competency, with the leaflets, artery wall and annulus synchronously 

actioning leaflet coaptation. Therefore, increased elasticity and/or stiffness to the 

artery wall or leaflets can result in a regurgitant heart valve by impacting correct 

leaflet coaptation (Desai et al., 2018; Sabbah et al., 1986). The results from the 

competency testing in the present study were inconclusive and did not add 

relevant knowledge required to ascertain the impact of ScCO2 sterilisation under 

submerged conditions on the competency of dPHVs. This was because of a flaw 

highlighted within the experimental method in that annulus support was not 

provided to the thin myocardium component of the dPHV root. The conditions 

used therefore did not resemble the heart valve anatomical configuration in vivo. 

This may have impeded the results by presenting as a confounding factor in the 

regurgitation rates recorded within this study. Desai et al. (2018) found that 

human decellularised PHVs had a high leakage rate of > 1.28 mL/s without annulus 

support which was corrected by the incorporation of an annulus ring on the 

human decellularised PHVs, after which the human decellularised PHVs 

competency was comparable to native human PHVs in terms of withstanding the 

physiological static pressure with minimal back flow. The addition of annulus 

support can mimic the support to the dPHV provided by the heart. The repetition 

of competency testing of the sterilised dPHV specimens and the untreated dPHV 

controls with the addition of annulus support, alongside further in vitro functional 

performance analysis should be investigated in future studies. 
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The expansion of the pulmonary artery component of the dPHV root is also 

essential for the physiological function of the dPHV graft when implanted. The 

expansion characteristics are important to investigate as stress-induced damage to 

the graft may occur following overexpansion. This study demonstrated that the 

expansion characteristics of dPHVs sterilised with ScCO2 under PBS submerged 

conditions were qualitatively similar to the expansion characteristics of untreated 

dPHVs. However, statistical analysis could not be performed due to the variations 

in the starting pressures of each specimen. The methodology used to analyse the 

artery expansion characteristics therefore requires refinement to allow the 

retrieval of raw data suitable for statistical analysis.  

 

7.2 Future Work 

The present study demonstrated that all of the sterilisation methods investigated 

did invoke some alterations to dPHVs. Observations such as changes to the ECM 

histoarchitecture, reduction in collagen IV labelling intensity, increase in collagen 

content, decrease in collagen denaturation temperature, and increase or decrease 

in the biomechanical properties imply that the ECM components were impacted by 

the sterilisation methods investigated. However, the mechanisms underlying these 

changes are not yet fully elucidated. Understanding the nature of these changes 

may provide insight into how well the graft can function in vivo, and if necessary 

how the sterilisation process can be refined to prove better compatibility with the 

tissue.  

While CuCl2 and H2O2 sterilisation appeared unfavourable for dPHV sterilisation, 

the potential of this sterilisation method was demonstrated throughout this study. 

Further refinement of the candidate CuCl2 and H2O2 concentration combinations 

may allow the selection of a better suited sterilant for dPHVs that enables the 

retention of the tissue biological and biomechanical properties whilst sufficiently 

removing bioburden. Leow-Dyke et al. (2016) identified a range of CuCl2 and H2O2 

concentrations that had proven compatibility with dCELL human dermis as 

demonstrated by retained morphology, functionality and biocompatibility. It is 

plausible that this can also be achieved for heart valve tissues by repeating the 

biological and biomechanical analysis following the exposure of dPHVs to a range 

of CuCl2 and H2O2 concentrations.  
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Confirmation of oxidative damage to the ECM fibrillar collagen following 

sterilisation could be achieved through qualitative and quantitative denaturation 

collagen analysis. However, a limitation within the present study was that the 

intricate sample preparation process, from retrieval of the native porcine PHV root 

to the decellularisation process completion, made it difficult to produce enough 

dPHV samples within the same batch for comparative analysis. Hwang et al. (2017) 

have described the use of a unique and novel collagen hybridising peptide (CHP) 

that has been proven to specifically  bind to denatured collagen. The peptide’s 

biochemical composition and the absence of binding sites renders it incompatible 

to bind with intact collagen and other ECM biomolecules. In conjunction with 

immunohistochemistry, SEM and second harmonic generation imaging, the use of 

CHP has been shown to provide valuable insight into the visualisation, location and 

intensity of denatured collagen molecules in tissues. This would address the 

sample size limitation by enabling the analysis of smaller sample sizes. On the 

other hand, Holland, James D. R. et al. (2021) used an established biochemical 

assay to quantify denatured collagen content by applying readily available 

resources. Damaged collagen content was assessed by subjecting tissue specimens 

to enzymatic digestion using α-chymotrypsin which selectively digests denatured 

collagen molecules, releasing quantifiable hydroxyproline after acid hydrolysis of 

the supernatant.  However, this method would not have given indication into the 

location of the denatured collagen in the tissue. Nonetheless, both methods for 

denaturated collagen content analysis would provide invaluable indication into the 

impact of the sterilisation methods on ECM collagenous integrity.  

Paired comparisons of whole dPHV root biomechanical parameters with and 

without sterilisation would address the inherent biological variation limitation and 

give a better indication into how the sterilisation method impacts the 

biomechanical performance of dPHVs. Desai et al. (2018) found that the paired 

competency and circumferential dilation comparison of native and decellularised 

human PHVs were not significantly different, providing evidence that the test 

methods would not destroy the specimens biomechanical configuration for 

subsequent testing. Within the present study, affirming sterility of the unprocessed 

specimens that were produced in aseptic conditions was essential to prevent 

microbial contamination of specimens which could potentially impact the tissue 

integrity and therefore function. The mechanical testing of unprocessed dPHVs 
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should be strategised to ensure that subsequent sterilisation would occur in a 

short time-frame as to eliminate any potential contaminants before the tissue 

could be impacted.   

The extensive in vitro functional performance evaluations that all prosthetic heart 

valves have to conform to prior to in vivo testing has been highlighted in ISO 5840-

1 (2021). In accordance to this standard, future studies should be undertaken to 

further define the in vitro hydrodynamic performance, durability and leaflet 

kinematics of sterilised dPHVs in comparison to untreated dPHVs. Desai et al. 

(2018) described the use of a pulsatile flow simulator to evaluate the 

hydrodynamic performance of native and decellularised human heart valve roots. 

The simulator used allowed the application of physiological ventricular pressure 

and flow waveforms as well as video recordings of leaflet motion. It was reported 

that decellularised human pulmonary heart valve roots demonstrated low 

transvalvular pressure gradients and leaflet kinematics comparable to the native 

tissue.  Cyclic testing of heart valve grafts is essential to determine the lifespan of 

the tissue under simulated physiological conditions. An in vitro real-time fatigue 

assessment method for biological heart valve roots has been developed, refined 

and performed by Desai et al. (2022). During the testing, native and decellularised 

porcine aortic heart valve roots were subject to 120 bpm under physiological 

cyclic pressures for up to 1.2 million cycles, where no fatigue differences between 

the two groups was found. This testing allowed the characterisation of the 

decellularised heart valve long-term performance in line with the requirements 

highlighted in ISO 5840 (5840-1, 2021). Modifications to the apparatus and 

physiological conditions used during testing that conform to the distinctions 

between aortic and pulmonary heart valve roots can potentially allow this test 

method to be effective for analysing the long-term durability of sterilised 

decellularised porcine pulmonary heart valve roots. The inclusion of such 

evaluations in future studies would give indication into how sterilisation can 

further support long-term durability. 

The role of macrophages in decellularised biological scaffold regeneration has 

been well documented by Brown, B.N. et al. (2012),  Paniagua Gutierrez et al. 

(2015) and Vafaee et al. (2022). It is recognised that macrophages can adopt both 

the proinflammatory phenotype, known as M1, and reparative anti-inflammatory 
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phenotype known as M2. Paniagua Gutierrez et al. (2015) found that decellularised 

porcine aortic heart valves implanted into the RVOT of pigs demonstrated self-

regenerative capabilities after 15 months which was paired with the presentation 

of M2 macrophages in high abundance in the repopulated valves. Vafaee et al. 

(2022) explored the cellular population of decellularised porcine PHV roots 

following implantation into the right ventricular outflow tract of sheep. The 

porcine PHVs were decellularised using a method incorporating low concentration 

SDS (0.1%) and proteinase inhibitors, similar to that used within this study. At 1-3 

months post-implantation, it was found that the repopulation of decellularised 

tissues with stromal and progenitor cells was orchestrated by MAC 387+ 

infiltrating macrophages recruited from blood monocytes which then recruited 

tissue resident CD 163+/MAC 387− M2 macrophages in the tissue remodelling 

response. A higher M2:M1 ratio has also been associated with positive remodelling 

outcomes (Brown, B.N. et al., 2012; Brown, B.N. et al., 2009). M1 and M2 

phenotypes respectively express CD80/CCR7 and CD163/CD206  cell surface 

markers, allowing immunohistochemical characterisation of the expression and 

localisation of pro or anti-inflammatory macrophages  (Lock et al., 2019). The 

immunomodulatory effect of decellularised tissues can also be analysed by using 

enzyme-linked immunosorbent assay (ELISA) to measure the concentration of pro 

and/or anti-inflammatory cytokines, chemokines and growth factors released by 

immune cells in response to the tissue (Brown, B.N. et al., 2012; Lock et al., 2019).  

Although the immunoreactivity of tissues decellularised using a method similar to 

that used within this study has been evidenced to demonstrate good 

immunoreactivity, sterilisation can potentially change the collagen conformation 

and reveal unrecognised sites that can invoke an adverse immune response 

(Chakraborty et al., 2020; Paniagua Gutierrez et al., 2015; Vafaee et al., 2018). The 

aforementioned analytical methods can give insight into this.  

Assmann et al. (2013) reported the accelerated autologous in vivo recellularisation 

of decellularised aortic rat conduits conditioned with fibronectin prior to 

implantation into rat models for 8 weeks. It is reasonable to imply that the 

retention of dPHV fibronectin labelling intensity following sterilisation was a 

promising indication of the sterilised dPHV tissue regenerative capabilities. 

Numerous cell sources such as VICs, VECs, MSCs and SMCs have been used to 

explore heart valve regeneration (Jana, S. et al., 2016). The in vitro recellularisation 
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potential of porcine heart valve leaflets decellularised using a method comparable 

to that used within this study was investigated by Wilcox et al. (2005). It was found 

that α-SMA positive SMCs attached onto and migrated into the leaflet matrix over a 

4 week period. α-SMA-positive cells have also been evidenced to be involved in 

decellularised heart valve tissue remodelling (James et al., 2015). These studies 

justify the use of SMCs to investigate the in vitro recellularisation potential of 

decellularised heart valve matrices. Future studies should establish an in vitro 

culture system by firstly determining the cytocompatibility and uniform ECM 

surface adhesion of the optimum SMC primary cell density. A long-term in vitro 

culture system of up to 4 weeks should then be used to establish cell viability and 

migration using cytotoxicity assays and histological analysis previously described 

within this study, as well as immunohistochemical labelling of cell specific markers 

to confirm the cell phenotype throughout the study.  

 

7.3 Conclusion 

Current heart valve replacement options are associated with numerous limitations 

that can be addressed by the implementation of a novel decellularised heart valve 

option that can meet clinical needs. Decellularised porcine heart valves pose an 

unlimited resource of various sized tissues that may have the ability to promote 

tissue regeneration and growth along with the patient.  

The aim of this study was to identify a novel sterilisation method that would be 

compatible for use with decellularised porcine pulmonary heart valves. The ideal 

sterilisation method would minimally impact the ECM components and 

architectural arrangement, biochemical composition, biocompatibility and 

biomechanical properties of the decellularised heart valves.  

Although CuCl2 and H2O2 treatment has gained interest by tissue banks for tissue 

sterilisation applications, CuCl2 and H2O2 sterilisation cannot be considered a 

terminal sterilisation method. Sterilisation treatment with 1 mg/L CuCl2 combined 

with 1 % H2O2 was not considered a suitable sterilisation method for dPHVs due to 

histoarchitectural alterations of the leaflets, a reduction in collagen thermal 

stability in addition to a loss of tissue mechanical strength. However, further 
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investigation is required to formulate the optimal CuCl2 and H2O2 sterilant 

concentration combination that is compatible with dPHV tissue.  

The NovaProcess® used during this study was an established methodology that 

has been refined by NovaSterilis to sufficiently terminally sterilise tissue grafts and 

biomaterials without adversely impacting the biological and biomechanical 

properties. ScCO2 sterilisation under standard conditions resulted in the 

unanticipated compression of the dPHV root macroscopic structure and was 

therefore not suitable for further biomechanical assessments.  Additionally, ScCO2 

sterilisation treatment under standard and submerged conditions resulted in a 

significant reduction in collagen IV immunolabelling along with a reduction in 

collagen thermal stability. Although, the mechanisms underlying these alterations 

remain unclear as fibronectin immunolabelling was retained along with the ECM 

histoarchitecture, biochemical composition and tissue biomechanical properties.  

In vitro cytotoxicity assessments demonstrated that both sterilisation methods 

investigated did not induce a cytotoxic response.  

In summary, preliminary results reported within this study indicate that ScCO2 

processing under submerged conditions may be a promising method for the 

terminal sterilisation of dPHVs. Further analysis is required to address the 

discrepancies highlighted within this study, ScCO2 sterilised dPHV 

immunoreactivity and regenerative capabilities, and further biomechanical  

characterisation of ScCO2 sterilised dPHVs.  
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Appendix A: Equipment and Materials 

Supplementary Table 1. Chemicals and Reagents Used Throughout This 
Study.  

Chemical/Reagent Supplier 

1,9 dimethylene blue Sigma-Aldrich 

Absolute ethanol (200 Proof), molecular 
biology grade 

Thermo Fisher Scientific Ltd. 

Alpha (α) chymotrypsin Sigma-Aldrich 

Alternative: SDS powder Sigma-Aldrich 

Aprotinin (10000 KIU.mL-1) Nordic Pharma 

ATPLite-M assay Perkin-Elmer 

Benzonase® Nuclease HC, Purity > 90 % Merck Chemicals 

Calcium chloride (dihydrate) Sigma-Aldrich 

Calf thymus DNA (5 mg lyophilized) Sigma-Aldrich 

Chloramine T hydrate Sigma-Aldrich 

Chondroitin sulphate B Sigma-Aldrich 

Citric acid (monohydrate) VWR International 

Collagen gel N/A 

Cyanoacrylate contact adhesive Sigma 

Dako Fluorescence mounting medium Dako 

DAPI stain (4',6-Diamidino-2-
phenylindole Dihydrochloride) 

Sigma-Aldrich 

Diaminoethanetetra-acetic acid disodium 
salt (EDTA) 

Fisher Scientific Ltd 
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Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Disodium ethylenediaminetetraacetic 
acid (EDTA) 

Thermo Fisher Scientific 

Disodium ethylenediaminetetraacetic 
acid (Na2 EDTA) 

Thermo Fisher Scientific 

di-sodium hydrogen orthophosphate 
(anhydrous) 

Millipore 

DNeasy kit Qiagen 

DPX mountant Atom Scientific 

Dulbecco’s PBS with Ca2+ & Mg2+ Sigma 

Dulbecco’s PBS without Ca2+ & Mg2+ Sigma 

Dulbecco's Modified Eagle Medium 
(DMEM) 

Sigma 

Eosin Y Merck Millipore 

Ethanol Fisher Scientific 

Ethanol Thermo Fisher Scientific Ltd. 

Ethylene diamine tetra-acetic acid 
(EDTA) disodium salt 

Thermo Fisher Scientific 

Ethylenediaminetetraacetic acid Thermo Fisher Scientific 

Foetal bovine serum Seralab 

Foetal bovine serum (FBS) Sera Lab 

Formic acid 95-97% (w/v) Sigma-Aldrich 

Gentamycin solution Sigma 

Giemsa solution Sigma 
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Glacial acetic acid VWR International 

Glasgows Minimal Essential Medium 
(GMEM) 

Sigma 

Hydrochloric acid VWR International 

Hydrochloric acid (6 M) VWR International 

L-Cysteine hydrochloride (10 G) Sigma-Aldrich 

L-cysteine hydrochloride anhydrous Sigma-Aldrich 

L-Glutamine (200mM) Sigma 

Low melting point agarose Invitrogen 

Magnesium chloride hexahydrate VWR 

Mayer’s Haematoxylin Atom Scientific 

Neutral buffered formalin Atom Scientific 

Papain Applichem 

PBS (Dulbecco ‘A’ ) tablets Oxoid 

p-dimethylaminobenzaldehyde Sigma-Aldrich 

Penicillin (5000U/ml) / Streptomycin 
(5mg/ml) 

Sigma 

Peracetic acid (38 – 40 %) Merck 

Perchloric acid (60 %) VWR International 

PBS containing calcium and magnesium Sigma-Aldrich 

Propan-1-ol VWR International 

RNase A (17,500 U) Qiagen 
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Scott’s tap water substitute 10x 
concentrate 

Atom Scientific 

Sodium acetate (trihydrate) Thermo Fisher Scientific Ltd 

Sodium chloride Thermo Fisher Scientific Ltd. 

Sodium di-hydrogen orthophosphate 
monohydrate 

VWR International 

Sodium dodecyl sulphate (SDS) Solution 
(10 %) 

Invitrogen 

Sodium formate Alfa Aesar 

Sodium hydroxide Thermo Fisher Scientific Ltd 

Sodium hydroxide (6 M) VWR International 

Sodium hydroxide pellets Sigma-Aldrich 

Steri-Strip SkinClosure 3x75mm Medisave 

Thioglycollate medium USP Oxoid 

Trans-4-hydroxy-L-proline Alfa Aesar 

Trizma base (Tris) Sigma-Aldrich 

Trypsin Sigma 

Trypsin inhibitor Sigma 

Tryptose Phosphate broth Sigma 

UltraPure DNase/ RNase free distilled 
water 

Invitrogen 

Xylene Atom Scientific 
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Supplementary Table 2. Equipment Used Throughout This Study.  

Equipment Supplier 

Automatic pipettes Any 

Balance Any 

Block Heater Labnet International Inc. 

Centrifuge MSR 

Class II safety cabinet N/A 

Dissection kit N/A 

Freeze dryer Thermo Scientific 

Heater-stirrer various 

Histology water bath Barnstead Electrothermal 

Hog hair brush (approx. 15 mm) Any 

Hot wax oven Raymond A Lamb 

Hotplate R.A. Lamb 

Incubator various 

Incubator Panasonic 

Inverted microscope Olympus UK 

Magnetic stirrer Stuart scientific 

Micro plate spectrophotometer Thermo Scientific 

Microtome Leica 

Nalgene 500 mL PP wide mouth jar Thermo Fisher Scientific Ltd. 

Nanodrop spectrophotometer Labtech 
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Orbital shaker (10 mm orbit) Grant-bio 

pH meter Jenway 

Plate reader Hidex 

Shaking oven Stuart Scientific 

Small vacuum autoclave Priorclave Ltd 

Stainless steel sieve Any 

Table shaker IKA 

Tissue processor Leica 

Water bath Grant 

Wax dispenser Raymond A Lamb 

Whirly mixer Thermo Fisher Scientific 

 

 

Supplementary Table 3. Labware and Consumables Used Throughout This 
Study.  

Material Supplier 

Bijou tubes Scientific Laboratory 

Supplies 

Cotton Wool Any 

Duran bottles (0.25, 0.5, 1 and 2 L) Scientific Laboratory 

Supplies 

Feather S35 microtome blade Fisher Scientific 

Fine tip stainless steel forceps R.A. Lamb 

Flat bottomed 96 well plate Scientific laboratory supplies 

Histology moulds Raymond A Lamb 
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Long hair brush No6 R.A. Lamb 

Micro tube 1.5ml, loop cap - 

Simport 

VWR International 

Narrow neck 60 mL glass medicine 

bottles with metal lid 

FBS media stores 

Para film Fisher Scientific 

Pipette man Various 

Plastic histology cassettes Thermo Fisher Scientific Ltd. 

Polypropylene universal (sure seal, 

30 mL) 

Scientific Laboratory 

Supplies 

Qualitative filter paper circles N/A 

Serological pipette (25 mL) Sarstedt 

Single use filter unit 0.22 μm 33 

mm 

Merck Millipore 

Six well tissue culture plates Thermo Fisher Scientific Ltd. 

Sterile containers (60, 150 and 250 

mL) 

Scientific Laboratory 

Supplies 

Sterile syringe (50 mL) Terumo 

Superfrost Microscope Slide SLS 

Superfrost Plus Microscope Slide SLS 

Syringe filter unit (0.22 μm) Millipore 

Tissue culture plate (6 well) Nunc 

TopSeal 96 well plate Perkin Elmer 

White, 96 well Optiplate Perkin Elmer 

 

 




