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Abstract  

The availability of pulmonary homografts with improved biomechanical properties, tissue 

stability, reduced calcification and improved durability for right ventricular outflow tract 

(RVOT) reconstruction is desired. In paediatric patients, a valve with growth potential will be 

advantageous. Extending the post-mortem ischaemic time will enlarge the donor pool. 

Cryopreservation of homografts remains the gold standard, but it damages the extracellular 

matrix (ECM) and reduces the cellularity, contributing to early valve degeneration. 

Decellularization of homografts might reduce immunogenicity, promote recellularization and 

tissue remodeling, maintain mechanical stability and improve clinical outcomes. The 

decellularization process should not compromise the durability and strength of the homograft, 

and alternative stabilization of the scaffold might be required. The current study evaluated the 

effect of the further processing of pulmonary homografts, following a 48 h cold ischaemic post-

mortem harvesting time, on the structural integrity and function when implanted in the RVOT 

position in the juvenile ovine model.  

 

Sheep pulmonary homografts (n = 30) were subjected to 48 h cold ischaemia to simulate the 

clinical homograft donor circumstances, and equally divided into three groups. Homografts in 

group 1 were cryopreserved, decellularized in group 2 and decellularized, GA-fixed and 

detoxified in group 3. Decellularization consists of a multi-detergent and enzymatic protocol 

with numerous washout steps, and additional fixation and detoxification were done with EnCap 

technology. The study was divided into three parts. In study 1, the histological (DAPI, H&E, von 

Kossa, Modified von Gieson, SEM, TEM) and mechanical (TS and YM) properties of the 

processed homografts (n = 15, 5 per group) were compared. Study 2 involved implantation of 

cryopreserved and decellularized pulmonary homografts (n = 5 per group) in the RVOT of 

juvenile sheep for 180 days, monitored with echocardiography and compared on histology, 

mechanical properties and calcification after explantation. Study 3 involved the same parameters, 

however, decellularized and decellularized plus EnCap treated homografts (n = 5 per group) 

were implanted and compared. 
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Cryopreserved homografts demonstrated collapsed and disrupted/fractured collagen with cells 

and cellular remnants. Homografts in the decellularized group were acellular with large 

interfibrillar spaces and a loosely arranged collagen network, while decellularized plus EnCap 

treated homograft were acellular with a compacted collagen network. Decellularization did not 

reduce tensile strength and tissue stiffness, but EnCap treatment did increase tissue stiffness. 

Implanted cryopreserved homografts demonstrated significant regurgitation due to leaflet 

thickening and retraction, loss of interstitial cells, calcification and increased tissue stiffness. 

Decellularized homografts showed increased annulus diameter with trivial regurgitation, 

excellent haemodynamics, remained soft and pliable, recellularized extensively with young 

fibroblasts exhibiting rough endoplasmic reticulum, and mitigated calcification. Decellularized 

and EnCap treated homografts became rigid and stenotic, showed poor haemodynamic 

characteristics, development of bacterial endocarditis and premature death, no leaflet 

recellularization, and fibrous encapsulation.  

 

Cryopreserved homografts remain the valve of choice for RVOT reconstruction surgery, 

however, cryopreservation causes cell death and collagen disruption, and loss of cellularity and 

calcification during implantation, which will result in early valve degeneration. Our proprietary 

decellularization protocol proved to be effective for complete decellularization of pulmonary 

homografts with a post-mortem ischaemic time of 48 h, while maintaining a well-organized 

collagen matrix and tissue strength and stiffness. Implanted decellularized homografts 

repopulated extensively without signs of inflammation, maintained structural integrity and 

strength, calcification was mitigated, and the potential for remodeling and growth in size with 

somatic growth was observed. Additional fixation of the decellularized homograft scaffold will 

be counterproductive in growing individuals, and should only be performed on adult size 

homografts where valve growth is not required. GA-fixation restricts valve repopulation with 

host cells and tissue remodeling, and defies the purposes and advantages of decellularization. 

Additional fixation may not be necessary when using decellularization methods that achieve 

complete acellularity without altering the ECM structure and mechanical properties of 

homografts. 
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Successful decellularization of donor homograft heart valves and other collagenous tissues holds 

exciting new prospects and possibilities for tissue processing, and can open a new era in supply 

of substitution valves and tissues with improved properties and advantages to medical patients in 

South Africa. 

 



 

xii 

 

Keywords (10) 
 

Cryopreservation, pulmonary homografts, ischaemic time, valve degeneration, decellularization, 

recellularization, tissue remodeling, calcification, right ventricular outflow tract, tissue 

stabilization 

 

 

 

 

 

 

 

 

 



 

1 

 

Chapter 1 - Introduction 

1.1 Background and problem identification 

Heart valve disease (HVD) can cause conditions such as regurgitation and stenosis, which can 

lead to heart failure, sudden cardiac arrest and death. According to the 2017 Global Burden of 

Disease (GBD) report, calcific aortic disease accounted for the loss of 1.5 million disability-

adjusted life years (DALYs), while mitral valve disease accounted for 1.1 million DALYs lost, 

accounting for 0.12 % of total DALYs lost from all diseases in 2017 (Kyu et al., 2018; Yadgir et 

al., 2018). Pulmonary valve stenosis, characterised by the obstruction in blood flow from the 

right ventricle to the pulmonary arteries, is a common congenital heart defect that occurs in 6 to 

8 of every 10, 000 live births (Idrizi et al., 2015). Compared to coronary heart disease the 

prevalence of HVD is low; however, the impact that HVD has on the healthcare systems is 

disproportionately large due to the long-term follow-up, significant examination and treatment 

costs associated with HVD (Coffey et al., 2016). Surgical intervention is necessary to either 

repair or replace leaking or stenotic valves. In cardiac surgery, the replacement of patients’ 

diseased heart valves with either mechanical or biological valve prostheses remains the main 

option of treatment for end-stage HVD. However, mechanical substitutes have limitations, 

including; 1) the need for lifelong anticoagulation, 2) long-term complications, and 3) the 

inability to grow in size (Steinhoff et al., 2000; Harris et al., 2015).  

 

Gordon Murray was the first to report on the clinical use of a fresh aortic valve homograft, 

harvested from a cadaver, in 1956. This homograft was implanted in the descending thoracic 

aorta to help alleviate the consequences of native aortic valve insufficiency, with partially 

successful haemodynamic results (Murray, 1956). Although these valves were a significant 

advancement at the time, long-term outcomes differed substantially between patients and many 

valves eventually failed because of progressive fibrosis and calcification. The failure of these 

valve homografts was especially the case with infants and young child recipients, where the ideal 

would be a valve that can grow in size and repair itself (Hopkins et al., 2009). Availability, 

optimal storage methods, reliable transportation and the risk of transmission of infectious 

diseases remain limiting factors in the use of homograft valves. 
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Combined with the rapid progress in the development and manufacturing of artificial prosthetic 

valves, this resulted in a decline in the use of homograft valves despite its recognised advantages.  

Cryopreservation techniques for the long-term storage of human valve allografts were introduced 

in 1976, and made it possible for allografts to be procured, reliably sterilized and made available 

in adequate numbers for clinical use (Angell et al., 1976). Cryopreservation as a storage method 

was further developed in the 1980s and, together with improved organ and tissue donation 

programs, resulted in increased availability and usage of homografts worldwide (Gulbins et al., 

2003). 

 

Most tissue banks accept 12-24 hours of post-mortem warm ischaemic time and/or 48 

hours of post-mortem cold ischaemic time in their protocols, and previous studies by our 

research group has confirmed that increasing the post-mortem harvesting time of homografts 

beyond 24 h prior to cryopreservation could increase the potential donor pool and address 

homograft shortages (Appendix A, co-authored publications (Smit et al., 2015) and (Bester et al., 

2018)). The study by Smit et al., (2015) showed that the increase in ischaemic harvesting time 

(time between death and harvesting of the heart valve) of ovine pulmonary homografts from 24 h 

to 48 h and even 72 h prior to cryopreservation did not affect the tissue strength of the pulmonary 

homografts. On hematoxylin and eosin (H&E) staining, the extracellular matrix (ECM) was 

shown to be intact.  When these homografts were implanted in the right ventricular outflow tract 

(RVOT) of juvenile sheep, good haemodynamic function and normal valve function could be 

observed during a 150-day follow-up period. In the study by Bester et al., (2018), ovine 

pulmonary homografts were harvested after a 48 h post-mortem period prior to being 

cryopreserved. The post-mortem time of 48 h was chosen to stimulate a reasonable window of 

opportunity for obtaining donor consent in human cadaveric donor programs in South Africa 

(mean = 33h) (Botes et al., 2012). These homografts were then implanted for up to 180 days in 

the RVOT position of juvenile sheep. The extended post-mortem harvesting time did not 

negatively affect the long-term performance of the transplanted valves, however, transmission 

electron microscopy demonstrated that cryopreservation did damage the collagen scaffold 

(Bester et al., 2018). When a post-mortem harvesting time of ≥ 24 h is used, the cells remaining 

in and on the homograft would be mainly non-viable (Smit et al., 2015), which could lead to 

unwanted immune reactions in the recipients and premature conduit failure. The cellular debris 
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that results from apoptotic and necrotic cells present on the homograft after processing and 

storage leads to calcification and chronic inflammation, which promotes valve failure (Hopkins 

et al., 2009). 

 

Cryopreserved pulmonary homografts remain the gold standard for RVOT reconstruction 

procedures (Romeo et al., 2018) and the replacement of the native pulmonary valve in Ross 

procedures (Hechadi et al., 2013). Research into alternative processing methods of these 

homografts is driven by the significant incidence of valve degeneration and failure, especially in 

children and young adults (Selamet Tierney et al., 2005) and their limited availability in 

paediatric sizes (Goffin et al., 2000). Good clinical results have been reported, despite a lack of 

treatment of recipients of homografts with immunosuppressive drugs; however, the early failure 

of these valves does occur through suspected immune reactions (Welters et al., 2002; Baskett et 

al., 2003).  

 

More recently, different processing techniques including the decellularization of homograft heart 

valves were developed, improving the usage, durability and long-term performance of these 

valves through reduced immunogenicity (Cebotari et al., 2011). Decellularization removes all of 

the host cells and nuclear material from homograft valves and should leave behind only the intact 

extracellular matrix and associated proteins. CryoValve® SG (CryoLife, Inc, Kennesaw, GA, 

USA) pulmonary human heart valves are decellularized homografts that are used clinically for 

RVOT reconstruction. Results compare favourably with cryopreserved homografts (Burch et al., 

2010), however, better haemodynamics were observed in the CryoValve® SG group due to the 

decreased antigenicity (Brown et al., 2010). A wide variety of decellularization protocols have 

been proposed by numerous institutions, all claiming to have good results. The majority of these 

protocols use a combination of non-ionic detergents (TritonX-100), ionic detergents (sodium 

dodecyl sulphate (SDS), deoxycholic acid (DOA)), enzymes (Trypsin, DNAse, RNAse), 

antibiotics, chelating agents (ethylenediaminetetraacetic acid (EDTA)) and mechanical agitation 

(stirring, shaking, sonication) (Dohmen and Konertz, 2009). Compared to exonuclease, the use 

of endonuclease, such as Benzonase, that cleave nucleotides mid-sequence is more effective in 

fragmenting DNA in preparation for its removal (Crapo et al., 2011; Dijkman et al., 2012). A 

novel decellularization and sterilization method that is based on a multi-detergent approach, and 
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makes uses of SDS, DOA and TritonX-100, was previously developed by our research group and 

used for the decellularization of bovine pericardium. Synergism was observed when using the 

combination of these detergents, with complete decellularization and intact collagen and elastin 

(Laker et al., 2020). 

 

Converse and colleagues demonstrated that decellularization does not reduce the cross-linking of 

collagen as determined by differential scanning calorimetry, but does reduce the 

glycosaminoglycan (GAG) content with resultant increased extensibility and changes in 

relaxation behaviour of the pulmonary valve leaflets (Converse et al., 2012). Removal of cellular 

components from implants might limit the immunological response from the recipient, but tissue 

strength has to be maintained (Erdbrugger et al., 2006). Therefore, additional fixation and 

stabilization of the collagen scaffold following decellularization might be required. Xenograft 

heart valves like commercial porcine valves are tanned with glutaraldehyde (GA) to increase 

tissue strength and minimize immunological reactions caused by cellular components, but they 

tend to calcify severely (Manji et al., 2015). Furthermore, the toxicity associated with free 

aldehyde groups that remain after GA-fixation hinders the endothelialization of the donor 

homograft with host cells and is associated with inflammatory cytokine release from activated 

macrophages (Umashankar et al., 2012). The additional treatment of GA-fixed homografts with 

agents such as polyethyleneglycol (PEG) or propylene glycol (PG) can address this issue, as 

these agents react with free aldehyde groups of GA, inactivates and masks platelet receptor sites 

and mitigate calcification (Jeong et al., 2013). EnCap technology describes the fixation of 

biological tissue with GA and the subsequent treatment of the GA-fixated tissue with a high 

concentration liquid polyol like PG or glycerol to mitigate calcification of tissue (Seifter and 

Frater, 1995).  

 

The current study was therefore undertaken to evaluate the effect of the further processing of 

pulmonary homografts, following a 48 h cold ischaemic post-mortem harvesting time, on the 

structural integrity and function when implanted in the RVOT position of the juvenile ovine 

model. The study evaluated whether the processing with a novel decellularization and 

sterilization method, with proven synergy (Laker et al., 2020), combined with the use of 

Benzonase will obtain an acellular homograft with maintained structural integrity and restricted 
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calcification when implanted in the RVOT position of juvenile sheep. In addition, the effect of 

additional GA-fixation, including a detoxification process (EnCap technology) on the structural 

integrity and calcification of the decellularized homografts was also investigated. These 

processes were compared to conventional cryopreservation of pulmonary homografts following a 

48 h ischaemic post-mortem harvesting time. 

 

1.2 Aims and objectives 

The aim of this study was to compare the clinical performance of differently processed 

pulmonary homografts in the Right Ventricle Outflow Tract (RVOT) of juvenile sheep, 

following a post-mortem cold ischaemic harvesting time of 48 hours. 

 

The objectives of this study were: 

i. To evaluate the baseline morphological differences and mechanical properties of 

cryopreserved, decellularized, and decellularized, GA-fixed and detoxified sheep 

pulmonary homografts following a post-mortem cold ischaemic harvesting time of 48 h 

(Chapter 3). 

ii. To implant the cryopreserved, decellularized, and decellularized, GA-fixed and 

detoxified sheep pulmonary homografts in the RVOT position of juvenile sheep and 

monitor the clinical performance of the homografts with echocardiography over a study 

period of 180 days (Chapter 4 and 5). 

iii. To evaluate the gross macroscopic appearance, structural integrity and histology of 

explanted cryopreserved, decellularized, and decellularized, GA-fixed and detoxified 

sheep pulmonary homografts (Chapter 4 and 5). 

iv. To evaluate the calcification of explanted cryopreserved, decellularized, and 

decellularized, GA-fixed and detoxified sheep pulmonary homografts (Chapter 4 and 5). 

v. To evaluate and compare the mechanical properties of cryopreserved, decellularized, and 

decellularized, GA-fixed and detoxified sheep pulmonary homografts before and after 

implantation in the RVOT position of juvenile sheep (Chapter 3, 4 and 5). 
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1.3 Structure of the thesis 

This thesis is compiled in publishable manuscript-format according to the guidelines set by the 

University of the Free State, and is comprised of six chapters and appendices which (excluding 

the current chapter) are summarised as follows:   

 

 Chapter 2: Literature overview 

This chapter consists of an in-depth review of the relevant literature on pulmonary homografts 

and processing methods used for homografts and other aspects relevant to this study.  

 

 Chapter 3: Comparison of the impact of cryopreservation, decellularization and 

decellularization, glutaraldehyde-fixation and detoxification as processing techniques 

on the strength and structure of juvenile ovine pulmonary homografts. 

This chapter consists of a manuscript describing the baseline morphological differences and 

mechanical properties of cryopreserved, decellularized, and decellularized, GA-fixed and 

detoxified sheep pulmonary homografts following a post-mortem cold ischaemic harvesting time 

of 48 h. 

 

 Chapter 4: Comparison of function and structural integrity of cryopreserved 

pulmonary homografts versus decellularized pulmonary homografts after 180 days 

implantation in the juvenile ovine model 

This chapter consists of a manuscript describing the clinical performance of cryopreserved 

compared to decellularized pulmonary homografts, following a post-mortem cold ischaemic 

harvesting time of 48 h, in the RVOT position of juvenile sheep with a post-implantation follow-

up time of 180 days. At the end of the study period, the valves were explanted and compared 

histologically and also based on mechanical strength and calcium content. 

 

 Chapter 5: Comparison of function and structural integrity of decellularized 

pulmonary homografts versus decellularized, glutaraldehyde-fixed and detoxified 

homografts after 180 days implantation in the juvenile ovine model. 
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This chapter consists of a manuscript describing the clinical performance of decellularized and 

decellularized, GA-fixed and detoxified pulmonary homografts, following a post-mortem cold 

ischaemic harvesting time of 48 h, in the RVOT position of juvenile sheep with a post-

implantation follow-up time of 180 days. At the end of the study period, the valves were 

explanted and compared histologically and also based on mechanical strength and calcium 

content. 

 

 Chapter 6: Summary, conclusion and future recommendations 

This chapter describes the conclusions drawn from this study. The limitations of the study are 

discussed, and recommendations for future studies are made.  

 

 Appendices 

Additional co-authored articles, which share points of contact with this study but do not form 

part of the thesis, are presented in Appendix A. Animal Ethics Approval is given in Appendix B. 

 

1.4 References 

The references used in this section are included in the final reference list at the end of this thesis. 

However, the references used in each manuscript are given at the end of each manuscript. The 

Harvard reference style is used throughout the thesis.  
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Chapter 2 - Literature review 

 2.1 Introduction to the heart valves and heart valve disease 

The human heart contains four valves. The tricuspid valve controls blood flow to the right 

ventricle and the mitral valve controls the blood flow to the left ventricle. The pulmonary and 

aortic valves control the blood flow out of the ventricles to the lungs and body, respectively. In a 

sequence of opening and closing as the heart contracts and relaxes, blood is moved uni-

directionally in a forward direction and prevented from flowing backward. The mitral and 

tricuspid valve leaflets are anchored into place on the papillary muscles by chordae tendineae, 

which are strands of mostly collagen and elastin, preventing the valve leaflets from opening in 

the wrong direction and into the atria (Ho, 2002; Dahou et al., 2019). The aortic and pulmonary 

valves are both tri-leaflet valves consisting of three semilunar leaflets without any additional 

anchoring and rely on their tissue structure to withstand the pressures exerted by blood flow 

(Fitzgerald and Lim, 2011; Ayoub et al., 2016) (Figure 2.1).  

 

Figure 2.1: Schematic diagram of the gross anatomy of the heart (A) and the heart valves (B). (Adapted from Dahou 

et al., (2019)). 

 

Heart valves can get damaged or diseased, and become stenotic (restricting the one-way flow of 

blood) or start regurgitating (allowing blood to flow backward), requiring surgical repair or 

replacement.
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Diseased valves can either be surgically repaired by several different available techniques, 

including the implantation of a supporting ring into the valve annulus (Karas et al., 2007), or by 

replacing the valve with an artificial mechanical valve, a bioprosthetic valve from xenogeneic 

origin (Lever, 2005) or a human allograft valve from a tissue donor (Lisy et al., 2017). 

 

The pulmonary valve is the least likely of the heart valves to be affected by acquired 

disease; therefore, most disorders associated with this valve are congenital (Fitzgerald and 

Lim, 2011). Pulmonary valve stenosis, characterised by the obstruction in blood flow from 

the right ventricle to the pulmonary arteries, is a common congenital heart defect that 

occurs in 6 to 8 of every 10, 000 live births (Idrizi et al., 2015). Patients with congenital 

heart disease involving a right ventricular outflow tract (RVOT) obstruction or 

insufficiency requires reconstruction of the RVOT (Gerestein et al., 2001). A method for 

reconstruction was described by Ross and Somerville in 1966 and involves the insertion of 

a homograft conduit between the right ventricle and the pulmonary artery (Ross and 

Somerville, 1966). Although retrospective studies indicated that this procedure has 

promising outcomes in terms of long-term survival (Gerestein et al., 2001; Brown et al., 

2005), stenosis or insufficiency might develop, which causes elevated right heart pressures 

and progressive heart failure. Therefore, re-interventions and replacements of the 

homografts may be necessary (Kaza et al., 2009). 

 

Aortic valve disease is one of the leading causes of cardiovascular mortality (Krishnamurthy et 

al., 2017). Compared to right ventricular outflow conduit exchange, there is a higher risk of 

repeat aortic valve replacement in children when using homografts for aortic valve replacement 

(Gulbins et al., 2003). The pulmonary valve is used in the Ross procedure, where a patient’s 

pulmonary valve is used as an aortic valve substitute, followed by the implantation of a 

homograft in the pulmonary position (Ross, 1991). This procedure is especially advantageous in 

paediatric patients, where aortic homograft degeneration occurs rapidly compared to in older 

patients, and who benefit from the increase in autograft diameter with somatic growth (Etnel et 

al., 2018). 
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 2.2 Pulmonary heart valves: Structure, composition and function 

 2.2.1 Structure 

The structure of the pulmonary and aortic valve appears similar with semilunar-shaped valve 

leaflets, but the pulmonary valve does not have a ring-like annulus consisting of tough, fibrous 

tissue. The leaflets are distally attached to the pulmonary trunk at the sinotubular junction and 

proximally to the infundibular muscle at the ventriculoarterial junction, anatomically forming the 

valve annulus (Saremi et al., 2014). 

 

The leaflets are attached to one another and the annulus at the commissures. The annulus 

maintains the proper shape of the valve. The free edge of each leaflet is called the lunule and is 

thickened where it makes contact with the free edge of the adjacent leaflet. The angulated apex 

of each leaflet’s free edge has another thickening called the nodule, and the leaflets bulge 

inferiorly into the outflow tract of the right ventricle (Figure 2.2). 

 

The wall of the pulmonary trunk directly adjacent to the three leaflets is slightly dilated, forming 

a space between the trunk wall and the leaflets called the pulmonary sinus or sinus of Valsalva 

(Sundjaja and Bordonin, 2019). The sinotubular junction separates the pulmonary sinuses from 

the tubular component of the pulmonary trunk. 

 

 

Figure 2.2: Posterior view of the structure of the pulmonary valve. (With permission from Shen et al., (2018)). 
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 2.2.2  Pulmonary valve composition 

Pulmonary valve leaflets comprise three distinct tissue layers, namely the ventricularis (facing 

the right ventricle), spongiosa (middle valve layer) and fibrosa (facing the pulmonary artery), 

and each layer is enriched in a different extracellular matrix (ECM) component. The ventricularis 

and fibrosa layers are covered by endothelial cells, forming a cell monolayer that protects the 

valve (Stephens et al., 2012b). Structural elements within these three layers are arranged in a 

very systematic orientation, leading to mechanical and physical leaflet properties that differ 

significantly when measured in different directions (anisotropic). Several structural features 

enable the leaflets to be extremely soft and pliable when unloaded, and inextensible when high 

transvalvular pressure is applied when the valve is fully closed (Ibrahim et al., 2017) (Table 2.1). 

 

Table 2.1: Key elements of the heart valve leaflet. (Adapted from Ibrahim et al., (2017)). 

Element Layer Function 

Collagen Fibrosa and 

spongiosa 

Contributes to tensile and mechanical strength, for example, 

provides stiffness required for adjustment during diastole 

Elastin Ventricularis Provide strength and flexibility, allowing valve recoil in systole 

and valve extension in diastole 

Glycosaminoglycans Spongiosa Absorbs shock, accommodates shear forces in leaflet layers 

Valvular interstitial 

cells 

Fibrosa, Spongiosa, 

Ventricularis 

Matrix synthesis, remodeling 

Valvular endothelial 

cells 

Outer surface of 

leaflets 

Create a non-thrombogenic interface, control behaviour of 

valvular interstitial cells (permeability and crosstalk with 

paracrine signals) 

 

The fibrosa is mostly composed of large amounts of collagen fibers, organized into large bundles 

and is predominantly aligned along the circumferential direction of the leaflets. This alignment 

of the fibers makes the leaflets much stiffer along their circumferential than their radial direction. 

The fibers are surrounded by glycosaminoglycans (GAG) and proteoglycans, as well as a 

network of elastic fibers, helping to maintain the microstructure of the valve leaflet during 

systole. This collagen layer also has a visibly corrugated appearance with many folds on the 

surface of the leaflets when they are not under tension (Combs and Yutzey, 2009). 
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The ventricularis layer of the leaflets faces the inflow of the valve (right ventricle). The 

ventricularis still contains significant amounts of collagen but is largely composed of radially 

aligned elastic fibers. The collagen fibers are more loosely aligned and are not orientated in any 

specific direction, making the ventricularis layer more flexible than the fibrosa. The elastin 

protein in the elastic fibers can stretch out when stressed; however, when the stress is released it 

returns to its original shape (diastole) (Schoen, 2008). 

 

The spongiosa layer is located between the fibrosa and ventricularis layers of the leaflet. It is 

primarily composed of water, GAGs and proteoglycans, but also contains loosely arranged 

collagen and elastin fibers, which connect the fibrosa and ventricularis (Misfeld and Sievers, 

2007) (Figure 2.3). 

 

Figure 2.3: Schematic diagram of trilaminar leaflet structure of semilunar valves, showing the fibrosa, 

spongiosa and ventricularis layers, with macroscopic visible corrugations of the fibrosa layer (A) and the 

composition of the different layers of the leaflet (B). (Adapted from Korossis, (2018) and Aikawa and Schoen, 

(2014)). 
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The different layers of a leaflet can vary in thickness from the attachment area around the base of 

the leaflet (valve annulus level) to the free edge and coaptation area between leaflets. The fibrosa 

is the thickest of the three layers at the basal attachment area, becoming thinner and is gradually 

overtaken by the spongiosa, which is the main component of both semilunar and atrioventricular 

leaflets at their free edges. Venules and arterioles are also found in the thicker basal regions of 

leaflets, where they facilitate supplementary oxygen and nutrient transport in regions where 

normal diffusion is inadequate to nourish and sustain cells (Korossis, 2018). 

 

 2.2.3 Pulmonary valve function 

When the right ventricle muscle contracts during systole, the pulmonary valve is pushed open by 

the increased blood pressure. The valve functions as a unidirectional valve, allowing 

deoxygenated blood to flow out of the heart and into the pulmonary artery to the lungs to be 

oxygenated. When the pressure inside the heart drops, the leaflets close and prevents the blood 

from flowing back into the heart. During systole, the pulmonary sinuses prevent the leaflets from 

flattening against the walls of the sinuses or pulmonary trunk, as this will restrict the valve to 

close adequately during diastole (Stephens et al., 2012a; Sundjaja and Bordonin, 2019). 

 

With an abundance of collagen fibers, the fibrosa layer is the primary structural and major load-

bearing layer of the pulmonary leaflet, offering the mechanical integrity of the leaflet (Korossis 

et al., 2005). The collagen aligns in a certain way during the backflow of diastole and allows the 

valve leaflet to elongate as it closes. This alignment of the collagen fibers in the fibrosa gives the 

closed valve enough strength to withstand the backward flow of the blood in the pulmonary 

artery, prevent any regurgitation and ensure optimal coaptation during closure (Schoen, 1997; 

Schoen, 1999). 

 

As the leaflets stretch in diastole to completely close the valve, the elastin in the ventricularis 

layer also extends to enlarge the coaptation area of the leaflets and ensure effective valve closure. 

When the ventricle contracts during systole and the pressure from the backflow are released, the 

elastin recoils, causing the leaflets to fold up and open the valve to allow blood to flow into the 

pulmonary artery (Ayoub et al., 2016). 
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Shear stresses are caused by the differential movements of the fibrosa and ventricularis layers of 

the leaflet, and the shock of the valve closure. The spongiosa layer helps to lubricate these 

movements as the hydrophilic GAGs and proteoglycans absorb water and swell to form a 

deformable gel, providing a natural shock-absorption mechanism along the coaptation region of 

the leaflets, while also helping to align the collagen during valve movement (Korossis, 2018). 

 

 2.3 Homograft valves 

Ross and Barratt-Boyes introduced the use of homograft valves into clinical practice in 1962 

(Barratt-Boyes, 1965; Ross, 1965). These valves had superior performance compared to the 

mechanical valves that were available at the time. Besides mechanical heart valves, these 

homografts were the only successful biological heart valve prosthesis at the time. The advantages 

of these homograft valves include a low rate of thromboembolic events and, therefore, no need 

for anticoagulation therapy, also these valves had superior haemodynamic properties compared 

to the mechanical valves of the time (Gulbins et al., 2003). Initially, fresh homografts were used, 

but their availability was very unpredictable, and new methods of processing and storage had to 

be devised.  

 

 2.3.1 Ischaemic harvesting time for homografts  

When human heart valves (homografts) are donated for transplantation, the hearts must be 

procured, transported and processed before they are stored. The warm ischaemic period begins at 

the time of cessation of blood flow and ends at organ recovery or when the body is refrigerated 

and is a very important factor in the ultimate viability of tissues. As the warm ischaemia 

lengthens, metabolic alterations occur, including the accumulation of toxic cell products, ion 

shifts, cell membrane depolarization, and eventual cell death (Dawson and Brockbank, 1997). 

Minimal irreversible cellular injury occurs in valves exposed to 12 h or less of warm ischaemia 

(Crescenzo et al., 1993), and longer ischaemic times may provide the ideal conditions for 

opportunistic organisms to proliferate in the tissue with a resultant increase in cellular damage. 

 

Cold ischaemia begins at refrigeration (4oC) of the body, and ideally, the heart should be 

procured within 12-24 h after death. This reduction in tissue temperature is the simplest way to 

slow down the rate of tissue deterioration, whereby aerobic glycolysis, ATP consumption, and 
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degradative enzyme activity are limited. Once a heart is procured, it is rinsed, placed in cold 4oC 

physiological solution and transported. Reducing the tissue temperature aids in slowing down the 

metabolic activity and functions of valvular cells, and deterioration of the tissue (Dawson and 

Brockbank, 1997). 

 

Gall and co-workers strongly advocated the harvesting of homografts either from beating heart 

transplant donors or within 24 h after death from non-beating donors to ensure maximum 

viability of homografts at the time of implantation. Arguing that viability is one of the factors 

that will influence the durability of a homograft, as determined by the freedom from structural 

deterioration (Gall et al., 1998). 

 

Over the years, many have disputed the importance of tissue viability, because of no substantial 

evidence that viable cells do persist, produce collagen and repair the damaged extracellular 

matrix of the valve. Viable cells, if present, might merely be an indication of optimal standards 

of collection, processing and tissue preservation prior to implantation. Smit and co-workers 

showed that when extending the cold ischaemic time to 48 h before harvesting pulmonary 

homografts, no differences in tissue strength and extracellular matrix appearance were 

demonstrated. Furthermore, no differences in inflammatory reactions and haemodynamic 

performance occurred when implanted in a juvenile sheep model (Smit et al., 2015). A 

retrospective clinical study in Norway found that extending the ischaemic time in non-beating-

heart donors to 48 h has no negative effects on the homograft when compared to an ischaemic 

time of less than 24 h and that the reintervention rate in patients with homografts with >24 h 

ischaemic times was lower (Axelsson and Malm, 2018).  

 

 2.3.2 Fresh storage of homografts 

Until the late 1970s, homografts were freshly stored in a storage medium with an antibiotic 

cocktail for 6-8 weeks at 4˚C in a refrigerator, after which valves had to be discarded if not used 

(Gall et al., 1995). The nutrient medium enhanced the viability of the fibroblasts in the allograft, 

but the viability and elastic properties slowly declined during cold storage, which restricted the 

storage time and limited the availability of homografts significantly. 
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Parker and co-workers stored valves in glycerol, however, it also led to a decrease in viability 

and changes in the histological appearance of the cusp tissue and subsequent decrease in 

elasticity. Complete sterilization could also not be achieved, and an additional sterilization 

treatment with antibiotics was required. Storage in glycerol did offer an alternative method for 

cold storage in a nutrient medium, however, it did not provide any additional practical 

advantages, and new and improved storage methods had to be found (Parker et al., 1978). 

 

 2.3.3 Cryopreservation of homografts 

Cryopreservation techniques as an alternative storage method for human valve allografts were 

developed in 1976 (Angell et al., 1976), and brought about a whole new revolution in tissue 

banking. Although somewhat expensive, it became the method of storage used by most tissue 

banks worldwide for homograft heart valves. This storage method allowed storage of valves for 

up to 5-10 years, thus creating a bank of available valve sizes. Decontamination of valves was 

done with an antibiotic cocktail, and cocktails used were and still are diverse in terms of the 

number, combination, and concentrations of antibiotics used by different banks. Incubation 

temperatures and duration also differ significantly between tissue banks (Heng et al., 2013).  

 

The addition of glycerol and later dimethylsulfoxide (DMSO) as a cryoprotectant to the storage 

medium, led to valves being frozen at a controlled rate of -1˚C/min to -80˚C and stored in the 

vapour phase of liquid nitrogen. Initially, it appeared like the ECM was kept relatively intact and 

cell viability maintained when using this method. However, later research studies suggested that 

structural damage to the collagen and elastic fibers of the ECM might occur (Wollmann et al., 

2011). Bester and co-workers found that the process of cryopreservation causes more damage to 

the ECM than extending the post-mortem harvesting time of homografts. Cryopreservation led to 

the collagen of homografts becoming fractured (Bester et al., 2018). Significant reduction in cell 

viability following long-term storage in liquid nitrogen has also been reported, but this is largely 

attributed to the freezing and storage protocols used (Boroumand et al., 2018), and not the 

duration of storage (Heng et al., 2013). 

 

Earlier it was believed that the presence of living endothelial and fibroblast cells in freshly stored 

or cryopreserved homograft valves were advantageous in the remodeling and regeneration 
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potential of the extracellular matrix. Contrary to this belief, it is now widely considered that 

these cells are instead recognized by the recipient as foreign material, which induces an 

inflammatory response or an immune-mediated rejection of the implant (Mariani et al., 2019). 

 

These living cells and cellular remnants are highly immunogenic and have been associated with 

fibrosis, structural deterioration and ultimate failure in a significant proportion of transplanted 

homografts (Dohmen and Konertz, 2009). Many attempts have been made to modify homograft 

tissue to minimize or avoid the immune response of the recipient to the antigenic or pro-

inflammatory triggers, without much success. Glutaraldehyde (GA) is widely used in 

bioprosthetic valves, especially for xenografts, for cross-linking and stabilization of connective 

tissue and minimizing host immune reactions. Viability of tissue is detrimental to graft 

durability, and fixation of the tissue does render the tissue nonviable. GA is toxic, prevents 

repopulation of the extracellular matrix with host endothelial or interstitial cells and leads to 

structural deterioration, calcification and inevitable valve failure (Umashankar et al., 2012; Manji 

et al., 2015).  

 

 2.4 Tissue engineering 

With the worldwide shortage in the availability of transplantable biological material ranging 

from structural tissues (skin, cartilage, and bone) to complex organs (heart, liver, kidneys and 

pancreas), the concept of tissue engineering of such tissues has gained increased attention of 

researchers. In principle, it involves the reconstitution of biological or artificial 3D scaffolds of 

the tissue or organ to be replaced, which are then seeded with autologous cells from the recipient 

either in vitro or in vivo (Steinhoff et al., 2000). Tissue engineering involving cardiac tissue has 

mainly focused on aortic and pulmonary valves, blood vessels and the myocardium (Mendelson 

and Schoen, 2006). While current devices used in heart valve replacement surgery has its own 

limitations such as anticoagulation control (mechanical valves) and calcification and structural 

deterioration of tissue and bioprosthetic valves, the advantages of tissue-engineered valves could 

include non-thrombogenicity, resistance to infection, cellular viability and reduced calcification 

(Mendelson and Schoen, 2006). 
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Scaffolds used in tissue engineering could either be synthetic (composite biodegradable 

polymers) or biological (collagen, elastin, fibrin, glycoproteins), and from either animal 

(xenograft) or human (homograft) origin (Lam and Wu, 2012). Artificial or synthetic scaffolds 

are commonly used as a structure to support cell cultures, and for the control of cell growth in 

the repair of impaired tissues or organs. The scaffold only acts as a temporary support during cell 

regeneration and is required to gradually biodegrade during or after the healing process, 

whereafter new tissue with the desired shape and properties is produced. Once the scaffold has 

degraded, it needs to be removed from the body to mitigate the possible side effects of such 

foreign materials if it remains in the body (Eltom et al., 2019). 

 

Biological materials mainly consist of a collagen structure combined with a complex 

extracellular matrix, consisting of proteoglycans, glycoproteins, elastin, metalloproteins with 

tissue cells and interstitial fluid embedded in it (Mendoza-Novelo and Cauich-Rodriguez, 2011).  

 

 2.4.1 Decellularization 

In recent years, the decellularization or removal of endothelial and fibroblast cells and nuclear 

material from biological materials has gained much interest. The decellularization process 

creates a biological scaffold with largely decreased immunogenicity/antigenicity and reduced 

risk of calcification (van Steenberghe et al., 2018). Decellularization can be achieved by using a 

combination of chemical and enzymatic compounds together with physical/mechanical agitation 

to destroy the cell membranes and remove all the nuclear material, cell debris and residual 

chemicals, leaving behind an acellular extracellular matrix (ECM) with a retained three-

dimensional architecture (Mendoza-Novelo and Cauich-Rodriguez, 2011). Such a scaffold will 

then serve as a template for cellular attachment and can potentially be repopulated by pre-seeded 

or endogenous circulating cells while retaining many of the mechanical and structural properties 

of native tissue (Figure 2.4) (Bourgine et al., 2013). All chemicals have to be removed from the 

tissue after treatment, as they could be toxic to the host cells following implantation of the 

scaffold, and residual enzymes can potentially invoke an adverse immune response by the 

recipient (Gilbert et al., 2006). 

 

 



Chapter 2: Literature review 

19 

 

Minimum criteria to define adequate decellularization of tissues have only very recently been 

established. Three quantifiable standards are currently accepted, namely: (1) < 50 ng double-

stranded DNA per milligram ECM dry weight, (2) < 200 base pair DNA fragment length, and (3) 

the lack of visible nuclear material following staining with 4′,6-diamidino-2-phenylindole 

(DAPI) or hematoxylin and eosin (H&E) (Crapo et al., 2011). Any decellularized tissue(s) 

should meet one or more of these criteria; otherwise, the decellularization protocol will be 

deemed ineffective. Ineffective decellularization can trigger the immune response of the recipient 

with resultant ingrowth of macrophages into the tissue and inhibition of the effective remodeling 

of the graft (Keane et al., 2012). Different decellularization methods will often negatively affect 

the structure and protein composition of the tissue, and differ in the effectiveness of removing 

cellular and nuclear material, lipids and carbohydrates (VeDepo et al., 2017). 

 

Figure 2.4: Schematic representation of the decellularization and recellularization of tissue. Removal of cells 

and nuclear material from the native extracellular matrix (ECM) leads to a decellularized but intact ECM that should 

retain growth factors, collagen, laminin, glycosaminoglycans and other factors that promote the recellularization of 

the scaffold. Recellularization can occur through (1) the in vitro seeding with the recipients own cells followed by 

the implantation of the scaffold into the recipient or (2) the direct implantation of the scaffold into the recipient 

followed by the in vivo recruitment of host cells. (Adapted from Bourgine et al., (2013)). 
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The use of a hypotonic solution, followed by a hypertonic solution can induce osmotic shock, 

resulting in cell lysis. However, using this method as the sole method for decellularization is not 

recommended, as it is not effective in removing cell remnants (Meyer et al., 2006; Somers et al., 

2012). Additional chemical and/or enzymatic treatments can be employed. Enzymatic treatments 

involve the cleavage of peptide bonds with trypsin, or the hydrolysis of bonds of the RNA or 

DNA chains with nucleases (RNase or DNase) (VeDepo et al., 2017). Compared to detergents, 

trypsin is more disruptive to ECM proteins such as collagen; however, it is better in preserving 

GAG content (Crapo et al., 2011). Endonuclease, such as Benzonase, cleave nucleotides mid-

sequence and is more effective than exonuclease in fragmenting DNA in preparation for its 

removal (Crapo et al., 2011; Dijkman et al., 2012). 

 

A wide variety of chemical treatments have been investigated, and a combination of some of 

them seems appropriate, especially for heart valve tissue. A non-ionic detergent like TritonX-100 

is very effective in disrupting the lipid-lipid and lipid-protein interactions, without affecting the 

protein-protein interactions. Ionic detergents like sodium dodecyl sulphate (SDS) and sodium 

deoxycholate (DOA) solubilizes cytoplasmic and nuclear cellular membranes, thus helping to 

remove nuclear remnants and cytoplasmic proteins from the ECM. It can, however, also denature 

proteins, thereby disrupting native tissue structure, remove GAGs and damage collagen, and 

great attention has to be given to the concentrations eventually used (Gilbert et al., 2006; Crapo 

et al., 2011; VeDepo et al., 2017). 

 

Detergent and enzymatic methods are the most widely used methods for decellularization. 

However, there is a risk of damage to proteins of the ECM and possible toxicity of the 

chemicals. Physical methods that can be used for the decellularization of heart valves include the 

use of freeze-thaw or high hydrostatic pressure (Gilpin and Yang, 2017). These methods 

maintain the ECM proteins and mechanical properties; however, remnant DNA may remain 

(Xing et al., 2015). Early conduit degeneration is caused by calcification due to the presence of 

phospholipids. Alcohols such as methanol and ethanol are more effective in removing lipids than 

lipase (Flynn, 2010; Brown et al., 2011). Several decellularization techniques can be combined 

to complement one another to retain the desired characteristics of the decellularized tissue. A 

multi-detergent approach making use of SDS, DOA and TritonX-100 was previously developed 
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by our research group and was used for the decellularization of bovine pericardium. Synergism 

was observed when using the combination of these detergents, with complete decellularization 

and intact collagen and elastin (Laker et al., 2020). 

 

 2.4.2 Decellularization protocols designed for heart valves 

Wilson and co-workers decellularized canine arteries in a multistep detergent extraction process 

using hypotonic and hypertonic solutions and digestion with a nuclease enzyme, with the 

implants showing no inflammation but minimal recellularization after six months (Wilson et al., 

1995). Bader and co-workers introduced a single-step detergent-based method for 

decellularization of porcine aortic valves (Bader et al., 1998). The presence of cell remnants 

could still not be excluded; however, a confluent layer of endothelial cells was reported 

following cell seeding after three days in static in vitro conditions. Korossis and co-workers also 

introduced a single-step detergent treatment using 0.03 % or 0.1 %, w/v SDS in a hypotonic or 

isotonic buffer, concluding that SDS and hypotonic buffer delivered complete acellularity 

(Korossis et al., 2002). The use of TritonX-100 and SDS were compared, and cusps were almost 

free of cells when treated with SDS; however, cells were still present after treatment with 

TritonX-100 (Naso and Gandaglia, 2018). 

 

Rieder and co-workers decellularized porcine aortic and pulmonary roots with either trypsin, 

SDS, or a new method using 0.25 % tert-octylphenyl-polyoxyethylene in combination with 

DOA, followed by RNA and DNA digestion. The decellularization procedures with trypsin and 

SDS were effective in cell removal and susceptible to recellularization with human cells, 

however, the porcine matrix treated with 0.25 % tert-octylphenyl-polyoxyethylene/sodium-

deoxycholate followed by nuclease digestion presented an excellent scaffold for recellularization 

with human cells (Rieder et al., 2004). 

 

Cebotari and co-workers decellularized human heart valves with a protocol based on digestion 

with trypsin, demonstrating a reduction in DNA of more than 98 % and a well maintained three-

dimensional network of collagen fibers in the leaflets (Cebotari et al., 2002). Using a similar 

trypsin-based decellularization protocol, Steinhoff and co-workers also reported almost complete 
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removal of cells, but signs of inflammatory reactions leading to calcifications were observed 

after three months implantation in a sheep model  (Steinhoff et al., 2000). 

 

The effects of decellularization with 1 % DOA, 1 % SDS, or 0.05 % trypsin/0.02 % EDTA on 

the cusps, wall and myocardial ring of pulmonary valves were compared. Cusps were completely 

decellularized with all three methods, while only DOA and SDS were able to completely remove 

all cells from the valve wall and ring of the myocardium, with superior preservation of ECM 

proteins and the morphological integrity. Enzyme treatment resulted in the destruction of the 

basement membrane. Decellularization of pulmonary homografts with detergents like DOA and 

SDS instead of enzymes better preserve the morphological and biomechanical properties of the 

scaffold (Tudorache et al., 2007). 

 

Buratto and co-workers reported on their investigations using the detergent taurodeoxycholate as 

a potential agent for the decellularization of heart valves. Porcine aortic roots were decellularized 

using TritonX-100 and taurodeoxycholate, followed by nucleic acid digestion with a non-specific 

endonuclease (Benzonase). Efficient decellularization was achieved and the valve structure was 

largely maintained, while morphology was mildly altered. Collagen fibers in the fibrosa appeared 

swollen and laminin immunodetection was reduced. GAGs and elastin distribution were well 

maintained, and basement membrane components Collagen IV and Fibronectin were largely 

intact. Transvalvular gradients and regurgitant volumes were, however significantly increased 

following testing in a pulse duplicator. The study concluded that taurodeoxycholate is a 

promising detergent for use in heart valve tissue engineering, but that it does influence the 

hydrodynamic performance of valves negatively (Buratto et al., 2011). 

 

Haupt and co-workers compared three decellularization protocols: 1) Detergents (1 % SDS, 1 % 

TritonX-100, 1 % DOA) and 0.2 % EDTA with removal of nucleic acids using RNase and 

DNase; 2) 0.05 % Trypsin and 0.02 % EDTA; 3) Accutase solution followed by an enzymatic 

step (RNase and DNase) for complete removal of nucleic acids. Incomplete decellularization for 

the Trypsin/EDTA treatment (group 2), disrupted architecture and degraded ultrastructure in 

groups 2 and 3, and complete removal of all DNA fragments with intact material architecture for 

the porcine pulmonary valves in group 1 was observed (Haupt et al., 2018). 
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Compared to cryopreserved pulmonary homografts, a significant reduction in the immune 

response and better haemodynamic performance after the clinical use of up to 18 months, was 

reported for pulmonary homografts decellularized using 1 % DOC or 1 % SDS. However, 

standardized decellularization in all samples was not achieved with DOC, with residual cell 

persistence in some treated scaffolds (da Costa et al., 2007).  

 

Various methods that have been used for the decellularization of heart valves are summarized in 

table 2.2. 
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Table 2.2: Methods for the decellularization of heart valves. (Adapted from VeDepo et al., (2017) and Gilpin and Yang, (2017)). 

Category Method Mode of Action Agent/Technique General effectiveness General effect on valve ECM 

Chemical and 

enzymatic 

Anionic 

detergent 

 
Solubilize cell and 

nucleic membranes, 

tend to denature 

proteins 

SDS or DOA 

Lack of visible cell 

nuclei, ~ 95 % DNA 

removal 

Increased areal strain and peak stretch ratio; 

decreased flexural stiffness; preservation of 

GAGs; may disrupt ECM fiber structure 

Non-ionic 

detergent 
TritonX-100 

Lack of visible cell 

nuclei 

Increased areal strain and peak stretch ratio; 

decreased flexural stiffness; loose ECM 

network; histological reduction of GAG, 

laminin, fibronectin and collagen  

Enzymatic and 

chelating 

agents 

Cleaves peptide bonds 

on the C-side of 

Arginine and lysine 

Chelating agents bind 

metallic ions and 

disrupt cell adhesion to 

ECM 

Trypsin + EDTA Incomplete cell removal 

Decreased mechanical properties; 

histological tissue damage and loss of 

basement membrane; histological reduction 

of GAG, laminin, fibronectin and collagen 

Osmotic shock 

Cell lysis by osmotic 

shock, disrupt DNA-

protein interactions 

Hypotonic/hypertonic 

Tris buffer 

Many visible cell 

remnants 

Histological reduction in MHC antigens 

loss of non-collagen proteins 

Sequential 

antigen 

removal 

Solubilize lipophilic 

and hydrophilic 

proteins 

Dithiothreitol, 

potassium chloride, 

amidosulfobetaine-14 

Lack of visible cell 

remnants and reduced 

antigenicity 

Preservation of Young’s modulus and 

ultimate strength, preservation of collagen 

and elastin, decreased GAGs 

Sterilization 

based 

methods 

Glycol 

radiation 

Destabilizes cell 

membranes, destruction 

of DNA, causes cell 

injury through ROS 

PEG + gamma 

irradiation 

Lack of visible cell 

nuclei; > 92 % cusp 

DNA removal 

Preserve leaflet ultrastructure, removal of 

α-Gal antigen 

Mechanical 
Supercritical  

carbon dioxide 

Pressure can burst cells, 

supercritical fluid 

facilitates chemical 

exposure and removal 

of cellular material  

(ethanol – cell lysis by 

dehydration, solubilize 

and removes lipids) 

CO2; ethanol 

Lack of visible cell 

nuclei; 90 % 

phospholipid removal 

Stiffening of tissue, tissue dehydration 
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Table 2.2: Methods for the decellularization of heart valves (continued).  

Category Method Mode of Action Agent/Technique General effectiveness General effect on valve ECM 

Combinations 

Multi-

detergent 

Solubilize cell and 

nucleic membranes, 

tend to denature 

proteins 

TritonX-100 + sodium 

cholate 
~30 % DNA removal 

Increased extensibility and decreased 

stiffness; GAG reduction; preservation of 

elastin and collagen components 

TritonX-100 + DOA 

Lack of visible cell 

nuclei; 98 % DNA 

removal 

Histologic preservation of structure and 

ECM components 

Multi-

detergent and 

osmotic shock 

and alcohol 

Solubilize cell and 

nucleic membranes, 

tend to denature 

proteins; Cell lysis by 

osmotic shock, disrupt 

DNA-protein 

interactions; 

Cell lysis by 

dehydration, solubilize 

and removes lipids 

Osmotic 

shock + TritonX-

100 + NLS 

salt + ethanol 

Lack of visible cell 

nuclei; >97 % dsDNA 

removal 

Increased areal strain and peak stretch ratio; 

decreased stress relaxation; reduced GAG 

content 

Enzyme and/or 

detergent 

and/or osmotic 

shock 

combinations 

Solubilize cell and 

nucleic membranes, 

tend to denature 

proteins; Cleaves 

peptide bonds on the C-

side of Arginine and 

lysine; Cell lysis by 

osmotic shock, disrupt 

DNA-protein 

interactions 

 

Trypsin + SDS 

Lack of visible cell 

nuclei; 96 % DNA 

removal 

Reduction of GAG and α-Gal antigen; 

preservation of mechanical properties 

Trypsin + DOA 
Visible cell remnants; 

98 % DNA removal 
Histologic disruption of ECM components 

Trypsin + osmotic 

shock + TritonX-100 
Lack of visible cells Misalignment of collagen fibers 

Trypsin + osmotic 

shock 
Visible cell remnants 

Histologic loss of collagen; GAG 

reduction; decreased mechanical strength 

ECM: extracellular matrix; SDS: sodium dodecyl sulphate; DOA: sodium deoxycholate GAG: glycosaminoglycan; NLS: N-lauroylsarcosine sodium salt; 

dsDNA: double-stranded DNA; EDTA: ethylenediaminetetraacetic acid; α-Gal: galactose-α(1,2)-galactose; PEG: polyethylene glycol; ROS: Reactive oxygen 

species; MHC: major histocompatibility complex. 
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 2.4.3 Impact of decellularization on valve tissue properties 

Decellularization of valve leaflets with a single-step enzymatic trypsin/EDTA process 

demonstrated loss of cells and ECM components with an increase in time of exposure to the 

enzyme. Biomechanical data demonstrated a similar time-dependent loss of tissue integrity and a 

gradual weakening in mechanical strength. Half the total GAGs as well as the salt- and acid-

soluble fraction of collagen were lost after 24 h of incubation (Schenke-Layland et al., 2003). 

Decellularization with trypsin caused severe ultrastructural damage and alterations to the ECM 

(Kasimir et al., 2003), while the flexural behaviour of leaflets was negatively affected because of 

the disruption of the crimping structure of the collagen fibers (Liao et al., 2008). 

 

Single-step usage of TritonX-100 is more effective in removing cell remnants from thicker 

tissues such as valve conduits, however, it also increases leaflet extensibility (decreased flexural 

stiffness), leads to a loose collagen network and the reduction of major GAG content, laminin, 

fibronectin and collagen (Liao et al., 2008). 

 

Using detergents like SDS or DOA alone to achieve decellularization, Korossis et al., (2002) 

reported full valve competence under physiological pressure of 120mm mercury (Hg) and 

physiological leaflet kinematics, while another study reported that the collagen architecture of 

the ECM was well preserved when using a similar SDS method (Erdbrugger et al., 2006). 

Disruption of the fiber structure of the ECM was reported by Kasimir et al., (2003), as well as a 

decrease in flexural stiffness (Liao et al., 2008). 

 

The use of multi-detergents (SDS and TritonX-100) for decellularization resulted in an increase 

in extensibility and a decrease in stiffness of the leaflets (Naso and Gandaglia, 2018), while 

TritonX-100 combined with DOA produces good preservation of the ECM structure (Kasimir et 

al., 2003). The combination of multiple detergents can result in an increased loss of ECM 

proteins (reduction in GAGs) (Naso and Gandaglia, 2018). Previously, a novel method for 

decellularization and sterilization of bovine pericardium developed by our research group, 

combined TritonX-100, DOA and SDS for the decellularization of bovine pericardium. Results 

indicated that successful decellularization was achieved and the collagen and elastin were not 

affected. However, the GAG content decreased (Laker, 2018). 
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 2.4.4 Factors affecting successful cell repopulation and valve performance 

 2.4.4.1 Detergent residues in the decellularized scaffold 

The anionic detergent SDS is very frequently used in decellularization protocols. Despite 

numerous reports of being highly effective in achieving cell-free extracellular matrices, 

conflicting results were reported on the ability of such scaffolds to repopulate. Porcine aortic 

valve leaflets decellularized using 0.1 % SDS were completely inhibited to reseeding with 

human endothelial cells in vitro (Rieder et al., 2004). However, pulmonary valve leaflets were 

reseeded in vitro with caprine endothelial cells following decellularization with 0.5 % SDS, and 

in vitro cell adhesion and migration of porcine myofibroblasts occurred on porcine aortic valves 

treated with 0.1 % SDS (Naso and Gandaglia, 2018).  

 

Effective removal of SDS from xenograft scaffolds after decellularization by numerous washing 

steps, irrespective of the concentration used, appeared to be extremely difficult. Prolonged 

washing reduced the presence of SDS in the washing solutions, but it remained present and 

detectable even if concentrations as low as 0.01 % is used.  SDS could still be detected even after 

intense washing (10 steps of 24 hours each), and complete removal of the detergents from the 

tissue was never achieved (Cebotari et al., 2010). The presence of residual SDS in the ECM and 

continuous leakage from the scaffold poses potential cytotoxicity of the scaffolds once 

implanted, impacting negatively on successful cellular repopulation and growth. SDS, DOA and 

taurodeoxycholic acid are also known to have a significantly degrading effect on elastin, making 

it more sensitive to the action of metalloproteinases and degradative enzymes and lowering the 

tensile strength of the fibers (Naso and Gandaglia, 2018). 

 

 2.4.4.2 Cellular debris in decellularized scaffolds 

It is widely accepted that the process of decellularization, whatever method is used to 

decellularize tissue, plays an important role in creating a biologically inert matrix. The ECM, 

however, still has the potential to attract inflammatory mediators and can induce activation of 

platelets that can lead to the formation of thrombi and stimulate an inflammation reaction 

(Kasimir et al., 2005), which is especially evident when using xenografts. Xenograft porcine 

conduits will initiate the sequential deposition of IgG when coming in contact with human 

plasma, as well as activation of the classical complement pathway, followed by adhesion and 
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activation of polymorphonuclear leukocytes (PMNs) leading to an immune response (Bastian et 

al., 2008). The presence of several antigens in xenograft tissue, and in particular alpha-Gal 

epitope, is responsible for lifelong stimulation of the immune system with the production of anti-

alpha-Gal antibodies in humans (Rieben et al., 2000). Besides the alpha-gal antigen, another 31 

proteins were identified in bovine pericardium as putative xenogeneic antigens that are capable 

of eliciting a T cell-dependent antibody response, as revealed by IgG production. Their 

involvement in immune responses to xenografts after implantation in humans could have 

implications for the use of bovine pericardium as a biomaterial in bioprostheses and tissue 

engineering applications, as well as xenotransplantation in general (Griffiths et al., 2008). When 

xenogeneic tissue gets recognized, the complement cascade is activated, triggering endothelial 

cell dysfunction, platelet aggregation and vascular thrombosis. If not efficiently removed by the 

decellularization process, these antigens may remain present on the membrane remnants that are 

trapped between the ECM fibers, and still cause immune reactions from the implant recipient 

(Leventhal et al., 1995). 

 

Similarly, the use of fresh and homovital homografts has been associated with the eventual 

rejection of the conduit by the recipient due to the viable endothelial cells resulting in 

pronounced humoral and cellular immune responses (Methe et al., 2007). The donor cells that 

are present in the cryopreserved homografts may also provoke an immune response from the 

recipient. Cryopreserved homografts that contain donor cells have been shown to express A and 

B blood group antigens (Feingold et al., 2009), however, the immunological response to 

mismatched ABO blood group antigens and homograft longevity is still unclear. ABO 

mismatching has been shown to not influence long-term graft outcomes (Jashari et al., 2004), 

while a recent study by Dekens et al., (2019) propose that, especially in younger patients, ABO 

blood group compatibility between the host and donor could assist in improving homograft 

durability. When using cryopreserved homografts containing donor cells, human leukocyte 

antigen (HLA) mismatching is also associated with accelerated homograft failure, especially in 

children (Baskett et al., 2003).  

 

Furthermore, the cells present in the homograft become apoptotic and necrotic after processing 

and storage, and the cellular debris leads to calcification and chronic inflammation, which 
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promotes valve failure (Hopkins et al., 2009). Cellular debris that are not successfully removed 

after the decellularization of homografts could have similar effects. These donor-reactive 

immune responses associated with fresh and cryopreserved homografts are considered a major 

contributor to allograft valve failure (Lisy et al., 2017). Therefore, decellularization must ensure 

the complete removal of donor cells and cell remnants from the homograft to prevent immune 

responses from the recipient and subsequent conduit failure. A study by Rieder et al., (2005) 

described that porcine and human pulmonary scaffolds differ in their residual potential to attract 

monocytic cells when decellularized. The decellularized porcine pulmonary valve is not a 

completely non-immunogenic scaffold, whereas the decellularization of the human pulmonary 

heart valve strongly diminished the migration of monocytes towards the valve tissue. These 

remaining immunological reactions in the decellularized xenografts and a lack thereof in the 

decellularized homograft tissue might be a result of the alpha-Gal epitope, showing an important 

difference between xenografts and homografts (Konakci et al., 2005). Furthermore, the complete 

removal of all nucleic acid residues is important, as it can potentially initiate the calcification 

process in implanted scaffolds (Naso and Gandaglia, 2018). 

 

 2.4.5 Remodeling and Growth Potential of decellularized homografts 

Remodeling of scaffolds involves the creation of a cell-free extracellular matrix, followed by its 

repopulation by host cells in vivo without any signs of calcification, while the haemodynamic 

properties of the valves should be maintained and there is no need for antithrombotic therapy. In 

vivo animal studies using decellularized scaffolds have provided promising results, where the 

inner surfaces of implanted valves were covered with endothelial cells, interstitial cells were 

present, the vessel walls showed some detectable monocytes and immature collagen was 

demonstrated throughout the heart valve following three months of implantation (Erdbrugger et 

al., 2006).  

 

Complete recellularization of implanted decellularized valve scaffolds has not yet been achieved, 

with only the walls being repopulated and only endothelial recellularization of the leaflet surface. 

Despite the reduction in antigenicity, incomplete recellularization of valve leaflets will ultimately 

lead to similar valve failure because of the inability for repair and remodeling of the valve matrix 

(VeDepo et al., 2017). Endothelial cells play an important role in valve haemodynamics and to 
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provide a non-thrombogenic layer over the valve surface, while interstitial cells are crucial for 

remodeling of the ECM by ensuring tissue durability and growth characteristics (Liu et al., 

2007). Recellularization of the decellularized scaffold with both endothelial and interstitial cells 

to create a tissue-engineered valve that resembles the native valve remains a challenge. 

 

Native valves will physiologically increase in annular size as the individual grows in size. The 

ideal implanted heart valve or scaffold should have similar growth potential as that of 

transplanted autologous valves, to allow paediatric patients an extended period free of 

reoperation. An increase in valve annulus diameter without central regurgitation in implanted 

valves would indicate growth of the implant in the growing recipient, whereas only stretching of 

the valve would be evident by a decreasing coaptation area and eventually central leaking of the 

valve, as revealed by echocardiography (Erdbrugger et al., 2006).  

 

Several animal studies have suggested an increase in valve annulus diameter of implanted 

decellularized homografts compared to cryopreserved homografts or bovine jugular vein grafts 

(Dohmen et al., 2006; Navarro et al., 2010), but it has not yet been proven in humans. Although 

the research group in Hanover, Germany has reported that decellularized fresh allogeneic valves 

did show the ability to adaptive growth when compared to conventional cryopreserved allografts 

and glutaraldehyde-fixed bovine jugular vein valves, only the improved freedom from 

explantation were statistically significant, with comparable incidence of stenosis and 

regurgitation (Boethig et al., 2019). Da Costa and colleagues also reported comparable excellent 

clinical and haemodynamic results for cryopreserved and decellularized pulmonary and aortic 

homografts used for RVOT reconstruction in Ross procedures (da Costa et al., 2018; Etnel et al., 

2018), and low incidence of structural valve deterioration and conduit failure in RVOT 

reconstruction of other congenital abnormalities (da Costa et al., 2017) in young children, but no 

real growth of the valve annulus was ever observed. 

 

 2.4.6 Stabilization of Tissues or Scaffolds 

Bioprosthetic heart valves are crosslinked with GA to reduce tissue antigenicity and prevent 

tissue degradation. GA form stable crosslinks with collagen through a Schiff base reaction of the 
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aldehyde with an amine group of the hydroxylysine/lysine in collagen (Figure 2.5) (Shah and 

Vyavahare, 2008).  

 

 

Figure 2.5: Cross-linking of collagen with glutaraldehyde. (Adapted from Jorge-Herrero et al., (2005)). 

 

A disadvantage of GA-fixation is the incomplete stabilization of GAGs (Lovekamp et al., 2006). 

Similarly to commercially available bioprosthetic valves that are treated with a cross-linking 

agent/s prior to storage and implantation, decellularized scaffolds can be treated with GA or 

other cross-linkers before implantation. GA-fixation serves to stabilize the collagen matrix and 

decrease antigenicity, inhibits autolysis, gives a prolonged shelf-life and allows surgeons to have 

products of various sizes readily available (Jana et al., 2014). GA-fixation also maintains 

thromboresistance and antimicrobial sterility, however, results in reduced cellular compatibility 

because of its toxicity, a reduction in the proliferative capacity of cells following repopulation 

(Mendoza-Novelo and Cauich-Rodriguez, 2011), and enhanced degradation and calcification of 

the tissue/scaffold (Jorge-Herrero et al., 2010). Cross-linking of artificial scaffolds also results in 

a lower porosity and smaller pore size, and a stiffer ECM in biological scaffolds, which has to be 

countered with additional acidic treatments to allow increased proliferation and migration of 

cells into the deeper layers (Jana et al., 2014). The free aldehyde groups of GA are associated 
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with cellular toxicity (Oryan et al., 2018), while conjugated GA may contribute to graft 

calcification (Lee et al., 2017; Padala, 2018). Washing and detoxifying with solutions that can 

bind the free aldehyde groups prior to implantation can improve durability and biocompatibility 

(Strange et al., 2015). Treating the GA-fixated biological tissue with a high concentration liquid 

polyol like propylene glycol (PG) or glycerol (EnCap technology) mitigates the calcification of 

the tissue  (Seifter and Frater, 1995).  

 

 2.5 Clinical experience with decellularized homografts 

Due to the shortage of human valves worldwide, using xenografts would be advantageous. 

However, the use of decellularized xenograft scaffolds in the clinical setting has been far less 

successful. In paediatric patients, early failure of tissue-engineered porcine heart valve 

SYNERGRAFTS has prompted the discontinuation of their implantation. These implants elicited 

a strong inflammatory response, and structural failure or rapid degeneration of the graft occurred 

within one year of implantation. Furthermore, there were indications of manufacturing problems 

as indicated by the presence of calcific deposits before implantation and incomplete 

decellularization (Simon et al., 2003). Decellularized human allografts have proven to be more 

successful in the clinical application, but some researchers report that there is no clear benefit 

when compared to cryopreserved valves (VeDepo et al., 2017). 

 

The use of CryoValve® SG (CryoLife, Inc, Kennesaw, GA, USA) decellularized pulmonary 

human heart valves for RVOT reconstruction compares favourably with cryopreserved 

homografts (Burch et al., 2010). A retrospective, nonrandomized, multi-centre cohort analysis 

involving seven implanting institutions in the US compared the use of CryoValve® SG to 

conventional cryopreserved homografts for patients undergoing Ross procedures and RVOT 

reconstruction (mean follow-up four years). Acceptable clinical outcomes that compared 

favourably with conventionally treated homografts were reported; however, better 

haemodynamic function was observed in CryoValve® SG group (possibly due to decreased 

antigenicity of these valves) which could improve long-term outcomes (Brown et al., 2010). 

Also, in patients aged younger than one year, freedom from conduit dysfunction was 

significantly higher when receiving CryoValve® SG valves compared to standard cryopreserved 

pulmonary homografts (Bibevski et al., 2017). 



Chapter 2: Literature review 

33 

 

Since 2005, a European group led by Haverich has implanted 131 decellularized pulmonary 

homografts with 100 % freedom from explantation at ten years follow-up, compared to 84.2 % 

freedom from explantation for cryopreserved homografts and 84.3 % freedom from explantation 

for GA-fixed bovine jugular vein conduits. Despite a statistically significant improvement in 

freedom from explantation and a freedom from reintervention rate of 98.3% for decellularized 

pulmonary homografts, no significant differences in stenosis or regurgitation between 

cryopreserved and decellularized homografts could be demonstrated (Boethig et al., 2019). 

Although the reported rate of freedom from infective endocarditis in patients receiving 

decellularized homografts was 100% (Sarikouch et al., 2016), it has to be emphasized that 

patients with active infective endocarditis were excluded from receiving decellularized 

allografts. This could have a major effect on the incidence of reoperations reported in the 

decellularized homograft group when compared to the cryopreserved homografts and bovine 

jugular vein groups. The decellularized homografts used by this group provided low gradients in 

follow-up and exhibited adaptive growth (Cebotari et al., 2011), but there is still no clear 

evidence of annular growth in the decellularized homografts, and definitive conclusions will 

require follow-up periods of longer than the current 10 years (Boethig et al., 2019). 

 

In a medium-term follow-up study of decellularized homografts implanted in children below 12 

years of age, da Costa and co-workers reported a 90.9% freedom from conduit reintervention at 8 

years, actuarial freedom from structural valve deterioration of 64.9% and no incidence of 

bacterial endocarditis. Some decellularized aortic allografts presented with spotty calcification in 

the walls, but no or minimal calcific deposits were observed in decellularized pulmonary 

allografts when compared to cryopreserved homografts (da Costa et al., 2017). In a later 

propensity-matched study by the same group, they found comparable results regarding actuarial 

freedom from allograft dysfunction, freedom from allograft reintervention, survival, and event-

free survival using cryopreserved and decellularized pulmonary allografts used in RVOT 

reconstructions in Ross procedures. The decellularization process using 0.1% SDS appears to be 

beneficial to allograft function from an immunologic standpoint, but may also be associated with 

detrimental effects such as reduction of beneficial inflammation and impairment of structural 

integrity, and longer follow-up than 5-8 years will be required (da Costa et al., 2018; Etnel et al., 

2018). 
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Currently, pulmonary autografts are the substitute of choice for aortic valve replacement, 

especially in paediatric patients and young adults. A group led by da Costa performed the first of 

its kind procedure by using decellularized aortic homograft replacements. Although early 

hospital mortality was 7 %, results were encouraging with a reported 100 % freedom from 

reoperation of the graft at three years (da Costa et al., 2010).  

 

 2.6 Study rationale 

Acquired and congenital heart valve disease requires surgical replacement or repair of heart 

valves. Currently, cryopreserved homografts and GA-fixed xenografts are routinely used in valve 

replacement surgery. The limited availability of cryopreserved homografts can be addressed by 

extending the post-mortem harvesting time for homografts past 24 h prior to cryopreservation or 

through the use of GA-fixed xenografts. Cryopreservation alters the ECM of homografts and is 

associated with calcification of these valves leading to early valve degeneration, especially in 

paediatric patients. GA-fixation of xenografts aims to mitigate the immunological response from 

the recipient, however, these immune reactions are not completely diminished and GA promotes 

calcification and degeneration of valves. Studies on the effect of GA-fixation on homografts are 

lacking. Decellularization of homografts (and xenografts) provides an alternative processing 

method for heart valves.  

 

Decellularization of homograft valves can contribute towards lowering the antigenicity 

associated with host cells and therefore enhance the durability of these valves. However, 

decellularization of biological tissues can induce some alterations in the mechanical properties 

and structural composition of the extracellular matrix, associated either with the denaturation of 

the collagen triple helix or to the loss of macromolecular substances such as glycoproteins and 

GAGs. Single-step detergent or enzymatic-based decellularization protocols can affect the 

flexural behaviour of valve leaflets because of the disruption of the crimp structure of collagen. 

Several decellularization techniques can be combined to complement one another to retain the 

desired characteristics of the decellularized tissue. Decellularized pulmonary homografts have 

successfully been used for RVOT reconstruction. 
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The decellularization of xenografts offers an alternative method as opposed to GA-fixation for 

lowering the immunological reactions from recipients. However, initial studies with 

decellularized xenografts showed that valve degeneration occurred. Based on these findings it is 

necessary to investigate additional fixation of decellularized grafts, especially in a homograft 

setting. Additional cross-linking of the connective tissue as stabilization can be included in the 

tissue engineering protocol. Several techniques and chemicals have been proposed by 

researchers, of which GA has been most widely studied and used. Despite being highly effective 

in creating additional cross-links, the presence of residual free aldehyde groups remaining in the 

tissue has been associated with degeneration and calcification of bioprostheses. These free 

aldehyde groups can be detoxified using PG and propylene oxide following GA tanning of 

biological tissue (EnCap technology).  

 

The current study was undertaken to investigate the effect of using our proprietary multi-

detergent and enzyme-based decellularization technique compared to cryopreservation on the 

structural integrity and clinical performance of pulmonary homografts, with a post-mortem 

ischaemic harvesting time of 48 h, in the RVOT of a juvenile ovine model. Additionally, the 

effect of GA-fixation and detoxification on the decellularized homograft (using EnCap 

technology) was also investigated.  

 

The aims and objectives of the study are given in chapter 1. The study was divided into three 

parts: 

1. Comparison of the impact of cryopreservation, decellularization and decellularization, 

glutaraldehyde-fixation and detoxification as processing techniques on the strength and 

structure of juvenile ovine pulmonary homografts. 

2. Comparison of function and structural integrity of cryopreserved pulmonary homografts 

versus decellularized pulmonary homografts after 180 days implantation in the juvenile 

ovine model. 

3. Comparison of function and structural integrity of decellularized pulmonary homografts 
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ABSTRACT 

Introduction: Increasing the post-mortem ischaemic harvesting time of pulmonary homografts 

to 48 h can increase the potential donor pool. Cryopreservation is routinely used for the 

preservation of these homografts, however, immunogenicity might arise from the presence of 

donor cells and cellular remnants in the homograft. Decellularization techniques might reduce 

immunogenicity, but might compromise the strength of the tissue. Additional fixation of 

decellularized homografts might be necessary to increase homograft durability and strength. This 

study aimed to evaluate the impact of cryopreservation, decellularization, and decellularization, 

glutaraldehyde (GA)-fixation and detoxification as processing methods on the strength and 

structure of juvenile ovine pulmonary homografts. 

Method: Pulmonary homografts from juvenile Dorper sheep were subjected to a post-mortem 

cold ischaemic harvesting time of 48 h, and then either cryopreserved (n = 5), decellularized (n = 

5) using a multi-detergent and enzymatic protocol or decellularized, GA-fixed and detoxified 

with EnCap technology (n = 5). Valve leaflet and wall tissue were evaluated on histological 

(DAPI, H&E, von Kossa, Modified von Gieson) appearance, scanning (SEM) and transmission 

(TEM) electron microscopy and mechanical properties [tensile strength (TS) and Young’s 

modulus (YM)]. 

Results: Sheep homografts were successfully decellularized, as confirmed with DAPI stain, 

nanodrop readings of below 50 ng/mg and gel electrophoresis with fragmented DNA bands < 

200 bp. Histology and TEM demonstrated large interfibrillar spaces in the extracellular matrix of 

leaflets and walls of decellularized homografts, in contrast with a collapsed collagen network in 

the cryopreserved group and a compacted and dense collagen network in decellularized plus 

EnCap treated group. Collagen in the cryopreserved group also appeared disrupted and fractured 

on TEM, but more uniform in the decellularized and decellularized plus EnCap treated groups. 

Endothelial coverage was still present in cryopreserved homografts after 48 h ischaemia and 

absent in the other two groups. Cells and cellular remnants were present in the interstitial layer of 

the cryopreserved group, but valves in the decellularized and decellularized plus EnCap treated 

groups were completely acellular on H&E and TEM. Decellularization did not reduce the TS and 

YM of the leaflet and wall tissue compared to cryopreservation. 
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Conclusion: Cryopreservation causes collagen breakage and disruption, which can lead to early 

valve degeneration. The multi-detergent and enzymatic decellularization protocol is effective for 

the complete decellularization of sheep pulmonary homografts, while maintaining a well-

organized collagen matrix and tissue strength and stiffness even without additional GA-fixation. 

GA-fixation makes the collagen network extremely dense and compacted. 

 

Keywords:  

Homografts, ischaemic harvesting, decellularization, cryopreservation, glutaraldehyde-fixation 

 

 

INTRODUCTION 

End-stage heart valve disease mandates the repair or replacement of a patient's diseased heart 

valve/s with either mechanical or biological valve prostheses. Mechanical prostheses 

demonstrate superior durability and longevity in patients, however, recipients require lifelong 

anticoagulation therapy. Bioprosthetic valves, on the other hand, do not require continuous 

anticoagulation therapy, but has limited durability and requires more frequent reoperation (Diaz 

et al., 2019). Bioprostheses include glutaraldehyde (GA)-fixed porcine valves or bovine 

pericardium mounted onto a frame, free xenograft valves or donor homograft valves. Currently, 

cryopreserved pulmonary homografts remain the valve of choice for replacement of the native 

pulmonary valve in the Ross procedure (Hechadi et al., 2013), as well as for reconstruction of the 

right ventricle outflow tract (RVOT) in children with congenital abnormalities (Romeo et al., 

2018). Unfortunately, early degeneration of these homografts occur in younger patients (Selamet 

Tierney et al., 2005) and there is a lack of availability, especially for smaller sized conduits 

suitable for neonates (Goffin et al., 2000). 

 

Ross, (1965) and Barratt-Boyes et al., (1965) were the first to describe the successful use of 

“fresh” or homovital homografts in the aortic position and pulmonary homografts for RVOT 

reconstruction, with acceptable homograft performance. The superior performance and increased 

long-term durability of cryopreserved allografts with maintained cellular viability, compared to 

valves stored at 4oC (Angell et al., 1989; O'Brien et al., 1991; O'Brien et al., 1995), 

unfortunately, led to an internationally accepted guideline that homografts from either beating 

heart or non-beating heart donors should be harvested and processed within 24 h after death to 



Chapter 3: Manuscript 1 

39 

 

retain maximum cell viability. These findings not only restricted the available post-mortem 

donor pool significantly, but the presence of cellular remnants in the extracellular matrix (ECM) 

evokes immunological reactions from the recipient, causing tissue degeneration and graft failure 

(Lopes et al., 2009). However, in contrast, Mitchell et al., (1998) reported the early death and 

loss of endothelial and interstitial cells in cryopreserved homografts following implantation, 

arguing that valve durability primarily relies on the retention of structural integrity and 

preservation of the extracellular matrix instead of cell viability. 

 

Various efforts have been made to address the shortages in homograft availability, and our 

research group has proven that the post-mortem ischaemic time can be extended safely to around 

48 h without affecting valve performance (Smit et al., 2015). Cryopreservation is currently the 

most frequently used and probably the best method for long-term storage of homografts 

(Kitagawa et al., 2001). Cryopreservation of homografts does, however, damage the collagen 

scaffold, irrespective of ischaemic harvesting time (Bester et al., 2018). The effect of 

cryopreservation on the collagen scaffold might be of greater importance in determining the 

long-term survival of the homograft, than the impact of extending the post-mortem ischaemic 

time prior to harvesting. The presence of donor cell antigens in cryopreserved homografts is also 

associated with adverse immunological response from the recipient, resulting in valve 

calcification and degeneration (Shaddy and Hawkins, 2002; Baskett et al., 2003; Ryan et al., 

2006).  

 

Decellularization processes can remove interstitial and endothelial cellular components from a 

homograft valve. This process can potentially lead to the creation of a valve with significantly 

reduced immunogenicity, potential viability and biological activity once implanted, and reduced 

calcification (Cebotari et al., 2011). CryoValve® SG (CryoLife, Inc, Kennesaw, GA, USA) 

pulmonary human heart valves were some of the first decellularized homografts to be used 

clinically for RVOT reconstruction and results compare favourably with cryopreserved 

homografts (Burch et al., 2010), however, improved haemodynamics was observed in the 

CryoValve® SG group, possibly due to decreased antigenicity of these valves after four years of 

implantation (Brown et al., 2010). A European group led by Haverich has implanted 131 

decellularized pulmonary homografts since 2005. A ten-year follow-up study found that 
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decellularized homografts had a 100 % freedom from explantation at ten years follow-up, 

compared to 84.2 % freedom from explantation for cryopreserved homografts and 84.3 % 

freedom from explantation for GA-fixed bovine jugular vein conduits. Also, the rate of freedom 

of infective endocarditis was 100 % in patients receiving decellularized homografts (Sarikouch et 

al., 2016). Although the decellularized homografts used by this group provided low gradients in 

follow-up and exhibited adaptive growth (Cebotari et al., 2011), a careful observation of their 

latest data shows no statistical difference in terms of stenosis and regurgitation when 

compared to the conventional cryopreserved homografts (Boethig et al., 2019). An early 

and midterm study by a group led by da Costa reported that decellularized aortic allografts 

replacements, the first of its kind, had 100 % freedom from reoperation of the graft at three years 

follow-up. The decellularized aortic valves retained structural integrity, low calcification rates 

and adequate haemodynamics (da Costa et al., 2010). 

 

Concerns have been raised on maintaining the strength of the conduit once the cellular 

components are removed (Erdbrugger et al., 2006). Furthermore, using multi-detergent enzyme-

based decellularization methods might also decrease flexural stiffness and disrupt the ECM 

structure (VeDepo et al., 2017), and reduce the glycosaminoglycan (GAG) content (Bourgine et 

al., 2013) which fills most of the extracellular space and provide mechanical support to the tissue 

(Korossis et al., 2002). Therefore, the additional fixation and stabilization of the collagen 

scaffold with GA might be required (Sheehy et al., 2018). Due to the shortages experienced in 

the supply of cryopreserved homografts for RVOT reconstruction, especially in smaller sizes for 

young children, valved bovine jugular vein grafts (ContegraTM, Medtronic Inc., Minneapolis, 

Minnesota, USA) have been introduced as an alternative conduit for the reconstruction of the 

RVOT. Despite being fixed and stored in GA, these grafts are routinely used with acceptable 

clinical outcomes (Breymann et al., 2004; Falchetti et al., 2019). However, the free aldehyde 

groups of GA are associated with cellular toxicity (Oryan et al., 2018), while conjugated GA 

may contribute to graft calcification (Lee et al., 2017; Padala, 2018). Washing and detoxifying 

with solutions that can bind the free aldehyde groups prior to implantation can improve 

durability and biocompatibility (Strange et al., 2015). EnCap technology describes the fixation of 

biological tissue with GA and the subsequent treatment of the GA-fixated tissue with a high 

concentration liquid polyol like propylene glycol (PG) or glycerol. The PG binds to the free 



Chapter 3: Manuscript 1 

41 

 

aldehyde group of the GA, blocking the free aldehyde group as a potential binding site for 

calcium and other minerals and thereby mitigating the calcification of the tissue (Seifter and 

Frater, 1995). In one study evaluating the performance of commercially stent-mounted GA-

preserved aortic homografts (not decellularized), it was concluded that better long-term 

performance of the homograft tissue compared to GA-fixed heterologous biological valves could 

be expected (Succi et al., 1986), but other studies using GA-fixed decellularized homograft 

valves are lacking. 

 

The aim of this study was to compare the morphology and mechanical properties of standard 

cryopreserved pulmonary homografts to decellularized pulmonary homografts and decellularized 

pulmonary homografts treated with EnCap technology, evaluating the impact of the processing 

method on ovine homografts harvested after 48 hours cold ischaemia. Our proprietary 

decellularization protocol with proven synergy was used (Laker et al., 2020). 

 

MATERIALS AND METHODS 

Study design 

Pulmonary homografts harvested from juvenile Dorper sheep (n = 15), with a post-mortem cold 

ischaemic harvesting time of 48 h, were divided into three groups: Group 1, cryopreserved (n = 

5), Group 2, decellularized (n = 5) and Group 3, decellularized plus EnCap treated (n = 5). 

Structural integrity and strength of leaflet and wall tissue after processing were evaluated and 

compared. Strength analysis included tensile strength (TS) and Young’s modulus (YM), and 

morphological evaluation included DAPI staining to confirm decellularization, H&E, von Kossa 

staining, modified von Gieson staining, scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). A schematic representation of the study design is given in Figure 1. 

The interfaculty Animal Ethics Committee of the University of the Free State (UFS-

AED2016/0101) approved the study.  
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Figure 1: Schematic diagram of the study design. 

 

Preparation of homografts 

Heart-lung blocks (n = 15) from freshly slaughtered juvenile Dorper sheep with a bodyweight of 

24-30 kg were collected from a local abattoir and subjected to 48 h ischaemia at 4oC before 

dissection and processing as previously described by Bester et al., (2018). Pulmonary homografts 

(n = 15) were harvested and washed in copious amounts of cold 4oC Ringers lactate solution 

(Fresenius Kabi / Intramed, Midrand, SA). Thereafter all homografts were sterilized overnight at 

4oC in 100 ml Medium199 (Whitehead Scientific, Johannesburg, SA) and an antibiotic cocktail 

consisting of 2.5 mg Amphotericin B (Bristol-Myers Squibb, Bedfordview, SA), 50 mg 

Piperacillin (Brimpharm SA (Pty) Ltd, Cape Town, SA), 50 mg Vancomycin (Gulf Drug 

Company, Mount Edgecombe, SA) and 25 mg Amikacin sulphate (Bodene (Pty) Ltd, trading as 

Intramed, Port Elizabeth, SA). Valves in Group 1 (n = 5) were cryopreserved the next day in 

100ml M199 + 11ml DMSO (Highveld Biological, Johannesburg, SA) in a Cryoson controlled 

rate freezer (Consarctic, Schöllkrippen, Germany) at a rate of -1oC/min to -140oC and stored in 

the vapour phase of liquid nitrogen (LN2) until evaluation. 

 

Decellularized homografts (Group 2, n = 5) were prepared according to our proprietary protocol 

(Bester et al., 2017; Laker et al., 2020). Briefly, homografts were subjected to osmotic shock in 

two changes of hypertonic 5% NaCl-solution and distilled water, repeated changes in a multi-
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detergent solution [0,5% SDS (Sigma-Aldrich, Johannesburg, SA), 1% Deoxycholic acid 

(Sigma-Aldrich, Johannesburg, SA), 1% Triton-X100 (Sigma-Aldrich, Johannesburg, SA)] in 

PBS, and followed by numerous washings in PBS and half strength antibiotic cocktail as used for 

sterilization of cryopreserved valves, under constant shaking. These steps were followed by 

enzymatic treatment with descending concentrations of Benzonase (Thermo Fisher Scientific, 

Johannesburg, SA) (Dijkman et al., 2012), repeated washing in PBS, delipidation in 70% ethanol 

and final storage in PBS with antibiotics. 

 

Additionally, decellularized homografts (Group 3, n = 5) were treated with EnCap technology 

and stored in propylene oxide (Sigma-Aldrich, Johannesburg, SA) (Seifter and Frater, 1995). 

EnCap technology includes GA-tanning of the collagen scaffold, binding of a polyol namely 

propylene glycol (Sigma-Aldrich, Johannesburg, SA) to the free aldehyde groups to lower 

toxicity, reducing the host inflammatory response and mitigate calcification. 

 

All homografts were confirmed to be culture-negative. To confirm the effective decellularization 

of the homografts in Groups 2 and 3, DNA quantification was done with DAPI staining, gel 

electrophoresis and nanodrop counts by the Cardiovascular Research Unit, UCT Medical School 

(Crapo et al., 2011). 

 

Evaluation of processed homografts 

Histological analysis 

Leaflet and wall tissue samples were collected in 4 % buffered Formalin, embedded in paraffin 

wax, sectioned and stained according to standard H&E, von Kossa and modified von Gieson 

staining protocols for histological evaluation (Mepham, 1991).  

 

Pulmonary leaflet and wall tissue samples for scanning and transmission electron microscopy 

were collected in 3 % GA and processed according to standard protocols for SEM and TEM 

evaluations  (Spurr, 1969). Tissue specimens for SEM were dried using the critical point method 

(Tousimis critical point dryer, Rockville, Maryland, USA, ethanol dehydration, carbon dioxide 

drying gas) and sputter-coated with gold (BIO-RAD, Microscience Division Coating System, 

London, UK; Au/Ar sputter coating @ 50-60 nm). A Shimadzu SSX 550 scanning electron 
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microscope (Kyoto, Japan, with integral imaging (SDF, TIF and JPG format)) was used to 

examine and photograph the tissue surface. 

 

Leaflet and wall samples for TEM were fixed in 3 % GA overnight, post fixated in Palade’s 

osmium tetroxide, and dehydrated in a graded acetone series. Dehydrated samples were 

impregnated/embedded in an epoxy (Spurr, 1969) to facilitate the creation of ultra-thin sections 

for the TEM evaluation. Ultra-thin sections were cut from the sample imbedded in the epoxy 

using a Leica ultra-microtome (Leica Ultracut UC7, Vienna, Austria). After sectioning, the 

samples were stained with uranyl acetate and lead citrate. Sections of the leaflet samples were 

evaluated by using a Philips (FEI, Netherlands) CM100 transmission electron microscope and 

photographed using an Olympus Soft Imaging System Megaview III digital camera, with Soft 

Imaging System digital image analysis and documentation software (Olympus, Tokyo, Japan). 

 

Mechanical properties 

Mechanical properties of pulmonary valve leaflet and wall samples were examined using a 

tensile strength testing apparatus (Lloyds LS100 Plus, IMP, Johannesburg, South Africa), 

according to the method described by Thubrikar et al., (1983). Tissue samples measured 5 x 10 

mm, with leaflets and pulmonary sinus wall samples cut in the circumferential direction. The 

tissue sample was fixed between clamps at both ends and gradually stretched (0.1 mm/s) by 

applying constant tension on the two ends, and the data recorded on a personal computer.  

 

Statistical analysis 

All values are expressed as median values with corresponding InterQuartile ranges. Statistical 

analyses were performed using GraphPad Prism version 8.3.1 (GraphPad Software, La Jolla, CA, 

USA, www.graphpad.com). The overall difference between the groups was assessed using a 

Kruskal-Wallis (KW) test. Significance was set as p < 0.05. 

 

RESULTS 

Successful decellularization of both the valve leaflets and pulmonary artery wall tissue in the 

decellularized (Fig.2C,D) and decellularized plus EnCap treated (Fig.2E,F) groups was achieved 

and confirmed with DAPI staining. 

http://www.graphpad.com/
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Figure 2: Representative images of DAPI stained sections of cryopreserved (n = 5) (A,B), decellularized (n = 5) 

(C,D) and decellularized plus EnCap treated (n = 5) (E,F) leaflet and wall tissue, demonstrating the absence of 

nuclei and cellular material in the decellularized groups. 

 

Gel electrophoresis (fragmented DNA bands < 200 bp) and nanodrop readings of below 

50 ng/mg for the same tissue samples was used to confirm and support the successful 

decellularization. Nanodrop readings for fresh homograft tissue prior to decellularization was 

204.8 ng/mg [200.8-212], and following decellularization no DNA was detectable via Nanodrop. 

The absence of DNA following decellularization of homograft tissue was also confirmed with 

gel electrophoresis (Fig.3). 
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Figure 3: Representative gel electrophoresis image demonstrating the absence of DNA material in leaflet, wall 

and muscle tissue of homografts after decellularization. [Standard (Std) = Lamba DNA; Control = Fresh 

homograft tissue]. 

 

H&E staining of leaflet samples from cryopreserved homografts after 48 h of ischaemia 

demonstrated the presence of an endothelial layer and uniform distribution of donor interstitial 

cells in the extracellular matrix (Fig.4A). Leaflets of valves in the decellularized and 

decellularized plus EnCap treated groups demonstrated well-preserved collagen matrices 

without any endothelial or interstitial cells (Fig.4D,G). No calcific deposits were visible in any 

of the samples on von Kossa staining (Fig.4B,E,H), while large amounts of elastin fibers (black 

arrows) are clearly demonstrated in the ventricularis region of the leaflets in all three groups on 

modified von Gieson staining (Fig.4C,F,I). The collagen in the cryopreserved group appeared 

more collapsed compared to fresh untreated tissue (Bester et al., 2018), more loosely arranged 

in the decellularized group and more compact and dense in the decellularized plus EnCap 

treated group. 
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Figure 4: H&E stain of the leaflet samples after 48 h ischaemia demonstrate the presence of endothelial and 

interstitial cells in the cryopreserved group (n = 5) (A), complete removal of cells in the decellularized group (n = 

5) (D) and decellularized plus EnCap treated group (n = 5) (G), with well-preserved collagen scaffolds. von Kossa 

staining showed no calcific deposits in any of the samples (B,E,H), while modified von Gieson stain demonstrated 

large amounts of elastin fibers (black arrows) in the ventricularis region in all three groups (C,F,I). Collagen in 

the cryopreserved group appears collapsed, loosely arranged in the decellularized group and dense and compact in 

the decellularized plus EnCap treated group. 

 

Similar results were demonstrated for the wall tissue as for the leaflets, with an endothelial cell 

layer (white arrow) and uniform donor interstitial cell distribution in the cryopreserved group 

(Fig.5A), and no cells present in the decellularized scaffold or decellularized plus EnCap 

treated group (Fig.5D,G) on H&E staining. No calcific deposits could be demonstrated with 

von Kossa staining in any of the three groups (Fig.5B,E,H), and dense distribution of elastin 

fibers (black arrows) were demonstrated in all three groups on Modified von Gieson staining 

(Fig.5C,F,I). Collagen in the walls of the cryopreserved group is again collapsed, loosely 

arranged in the decellularized group and dense and compacted in the decellularized plus EnCap 

treated group. 
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Figure 5: H&E of wall tissue with an endothelial cell layer (white arrow) and uniform distribution of interstitial 

cells in the cryopreserved group (n = 5) (A) and no cells present in the decellularized group (n = 5) (D) and 

decellularized plus EnCap treated group (n = 5) (G). No calcific deposits were demonstrated on von Kossa stain in 

any of the three groups (B,E,H), and normally distributed elastin fibers (black arrows) were present on Modified 

von Gieson stain in all three groups (C,F,I). Collagen in the cryopreserved group appears collapsed, loosely 

arranged in the decellularized group and dense and compact in the decellularized plus EnCap treated group. 

 

SEM demonstrated cell dehiscence, but uniform coverage of leaflets and wall tissue with 

endothelial cells in the cryopreserved group (Fig.6A,B). Leaflets and walls in both the 

decellularized (Fig.6C,D) and decellularized plus EnCap treated groups (Fig.6E,F) 

demonstrated exposed collagen networks without any endothelial cells and only basal 

membrane remnants (white arrows). 
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Figure 6: Representative scanning electron microscopy images demonstrating leaflets and wall tissue of 

cryopreserved homografts (n = 5) with uniform but loose endothelial cell coverage (A,B). Leaflets and walls of 

the decellularized valves (n = 5) (C,D) and decellularized plus EnCap treated valves (n = 5) (E,F) displayed 

exposed collagen networks without any cells and only basal membrane remnants (white arrows). 

 

TEM demonstrated the presence of cells and cellular remnants in the cryopreserved group  

(Fig.7A,B), and no interstitial cells present in the leaflets and wall tissue in the decellularized 

group (Fig.7C,D) or decellularized plus EnCap treated group (Fig.7E,F). Collagen bundles 

appeared more loosely arranged in the decellularized group (Fig.7C,D) and more compressed 

and dense in the decellularized plus EnCap treated group (Fig.7E,F). 
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Figure 7: Representative transmission electron microscopy images demonstrating the presence of interstitial cells 

and cell remnants in leaflets (A) and walls (B) in the cryopreserved group  (n = 5), and no cells in the leaflets or 

walls of homografts in the decellularized group (n = 5) (C,D) and the decellularized plus EnCap treated group (n = 

5) (E,F). Collagen bundles appeared loosely arranged in the decellularized group (C,D) and more dense in the 

decellularized plus EnCap treated group (E,F). 

 

The Young’s modulus of the decellularized leaflets does suggest more extensible leaflet tissue, 

but no statistically significant differences in the tensile strength or Young’s modulus of the 

leaflet or wall tissue (Table 3) between the three groups could be demonstrated. The stiffness of 

the leaflets in the decellularized plus EnCap treated group did increase when compared to that in 

the other two groups, however, the increase was not significant (p > 0.05). 
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Table 3: Baseline TS and YM of cryopreserved, decellularized unfixed and decellularized plus EnCap treated 

pulmonary homograft leaflets (n = 5) and wall tissue (n = 5). 

 

Variable Cryopreserved Decellularized 
Decellularized plus 

EnCap treated 
p-values 

Leaflet 

TS (MPa) 3.72 [3.12- 5.01] 1.83 [0.01-5.65] 4.96 [4.34-6.76] 0.23 

YM (MPa) 23.34 [14.12-28.87] 22.10 [0.10-55.27] 41.11 [27.76-52.52] 0.40 

Wall 

TS (MPa) 1.80 [1.35-2.65] 1.89 [1.57-2.38] 1.90 [1.18-2.09] 0.96 

YM (MPa) 1.97 [1.22-3.18] 2.32 [1.82-2.88] 2.21 [1.99-3.58] 0.75 

Data presented as median [InterQuartile range], the difference between groups determined with the Kruskal-Wallis 

(KW) test and significant differences (p < 0.05) are indicated with *. [TS = tensile strength; YM = Young’s 

modulus]. 

 

DISCUSSION 

Histological evaluation of the cryopreserved homografts with H&E demonstrated the presence of 

an endothelial layer and uniformly distributed interstitial cells, but the collagen scaffold appeared 

collapsed (Fig.4A and Fig.5A). However, a limitation of H&E staining is the inability to 

differentiate between morphologically intact cells and non-viable cells (Radosevich et al., 1985; 

Radosevich et al., 1993). SEM demonstrated a confluent endothelial cell layer on the leaflet and 

wall tissue of cryopreserved homografts even after 48 hours of ischaemia (Fig.6A,B). These 

endothelial cells presented with prominent nuclei and collapsed extranuclear areas, indicative of 

non-viable cells (Bester et al., 2018). Shenke-Layland and co-workers described the presence of 

limited collagen-containing structures in the ventricularis of cryopreserved valve leaflets after 

thawing, with significantly altered and deteriorated collagenous and elastic fiber structures as a 

result of crystal ice formation in the extracellular matrix during cryopreservation (Schenke-

Layland et al., 2006). This corresponds with our findings on TEM, where the collagen in the 

cryopreserved group appeared disrupted and damaged, with interstitial cells and cellular 

remnants (Fig.7A,B). These cellular remnants that remain in the ECM can activate the immune 

response from the recipient to the homograft, and together with the damaged and ruptured 

collagen will result in early valve degradation (Lopes et al., 2009).  
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Removing all the cellular content and DNA material from a homograft valve through 

decellularization results in an implant that significantly reduces the immunologic response from 

the recipient (Bibevski et al., 2017). Decellularized valve leaflets and wall tissue demonstrated 

complete acellularity with H&E staining (Fig.4D and Fig.5D), however, decellularization of 

leaflets using sodium dodecyl sulphate (SDS) has been shown to result in a dense extracellular 

matrix network and small pore sizes, which might make recellularization of the matrix with 

interstitial cells more difficult (Liao et al., 2008). Our devised decellularization process relies on 

combining osmotic shock as an initial step to induce cell lysis with detergents (SDS, deoxycholic 

acid and TritonX-100) and Benzonase, which reduced the concentrations and time of exposure of 

the tissue to the detergents and the enzyme, thereby reducing the damage to the collagen fibers 

and extracellular matrix (Zhou et al., 2010; Converse et al., 2012; Somers et al., 2012). Ethanol 

was used to remove lipids (Flynn, 2010; Brown et al., 2011). The decellularization method used 

in this study resulted in collagen fibers that were more loosely organised with larger spaces 

between the fibers (Fig.4D, 5D). SEM confirmed the complete removal of the endothelial cells 

on the leaflet and wall tissue of the decellularized valves, with only exposed collagen layers and 

remnants of basal membrane remaining (Fig.6), while TEM also demonstrated the loosely 

arranged collagen network (Fig.7C,D). The decellularization method proved effective in 

achieving complete acellularity, and the larger interfibrillar spaces could be very beneficial for in 

vivo recellularization once implanted, while maintaining tissue strength when compared to 

cryopreservation (Table 3). 

 

Converse and co-workers used a multi-detergent and enzymatic washout decellularization 

protocol, and differential scanning calorimetry (DSC) showed that this method does not reduce 

the cross-linking of collagen, and thereby retains the strength of the tissue. However, the 

decellularization protocol they used did reduce the GAG content, with resultant increased 

extensibility and changes in the relaxation behaviour of the pulmonary valve leaflets (Converse 

et al., 2012). The method currently used did lead to a reduction of the GAG content when used 

for the decellularization of bovine pericardium (Laker et al., 2018). GAG content was not 

evaluated in the current study and the effect of this decellularization method on the GAG content 

of pulmonary homografts should be investigated. However, the decellularization process did not 

significantly affect the stiffness of the homograft leaflet and wall tissue compared to 
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cryopreserved tissue (Table 3). Although the Young’s modulus of decellularized leaflets does 

suggest more extensible leaflet tissue after decellularization, the lack of significance may be 

due to the small number of samples tested. The comparable strength and Young’s modulus of 

the decellularized leaflet and wall tissue to that of cryopreserved tissue could be attributed to the 

dehydration effect of ethanol in the delipidation step. 

 

Due to the concerns that the decellularization process might negatively affect the strength of the 

scaffold, the additional fixation and stabilization of the decellularized homografts were 

investigated. Additional fixation and detoxification of the decellularized valves were done using 

GA as a fixative and PG for detoxifying the GA-fixed homograft (EnCap technology) (Seifter 

and Frater, 1995). This process resulted in more compacted and dense collagen layers when 

compared to the leaflet and wall tissue in the cryopreserved and decellularized groups (Fig.4G, 

Fig.5G, Fig.7E,F), which might make recellularization of the matrix with interstitial cells more 

difficult (Liao et al., 2008). Additional fixation and detoxification of decellularized homografts 

using EnCap technology added additional cross-links and increased the Young’s modulus of 

leaflets, although not significantly. GA-fixation has an effect on the hydration properties of 

fixated tissue, impairing its ability to rehydrate, which is hypothesized to result from the reaction 

of GA with hydrophilic amine groups in collagen, reducing the tissue’s hydrating capacity and 

increasing stiffness.  

 

CONCLUSION 

Confluent layers of endothelial cells were still present on the leaflet and wall tissue of the 

cryopreserved group even after 48 h cold ischaemia, and our proprietary decellularization 

protocol proved to be effective in removing all endothelial and interstitial cells from the sheep 

homografts. The collagen matrix in the cryopreserved group was more collapsed, well organized 

but loosely arranged with larger interfibrillar spaces in the decellularized group, and much dense 

and compacted in the decellularized plus EnCap treated group. On ultrastructure, the collagen in 

the cryopreserved group appeared disrupted and fractured, but intact in the other two groups. 

Elastin appeared to be well preserved in all three groups after processing, with no visible calcific 

nodules in any of the groups. Tensile strength was well maintained in decellularized tissue when 

compared to cryopreserved tissue, but did increase in leaflet tissue after additional EnCap 
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treatment. The tissue stiffness in the decellularized plus EnCap treated group also increased. 

Dehydration and fixation during the delipidation phase were most likely responsible for 

maintaining the tensile strength of the leaflet and wall tissue after decellularization. We conclude 

that the leaflets and wall tissue of ovine pulmonary homografts remained strong enough after 

decellularization, and that additional fixation of the decellularized scaffold increased the leaflet 

stiffness, which will negatively affect the biomechanical behaviour of the homograft. 

 

Limitations of the study 

A limitation of this study is the small number of samples used. Tensile strength and Young’s 

modulus data should always be treated with caution, due to the difficulty of getting repeatable 

results when working with such small tissue samples and low numbers. 
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ABSTRACT 

Introduction:  Cryopreservation is widely used to preserve pulmonary homografts; however, 

availability and durability remain a big challenge, especially in young children. Increasing the 

post-mortem ischaemic harvesting time beyond 24 h will lead to an increase in the potential 

donor pool. However, the cryopreservation process damages the extracellular matrix (ECM), 

contributing to valve degeneration. Decellularization processes might not only reduce 

immunogenicity, but an intact ECM will promote host cell infiltration, contributing towards 

better clinical outcomes. This study compared the performance of cryopreserved versus 

decellularized pulmonary homografts in the right ventricle outflow tract (RVOT) of a juvenile 

ovine model. 

Method: Pulmonary homografts from juvenile Dorper sheep, subjected to a post-mortem cold 

ischaemic harvesting time of 48 hours, were cryopreserved (n = 5) or decellularized using a 

multi-detergent and enzymatic protocol (n = 5) and implanted in the RVOT of juvenile sheep for 

180 days. Valve performance was monitored clinically and echocardiographically, and at 

explantation valve leaflet and wall tissue were evaluated on histological (DAPI, H&E, von 

Kossa, Modified von Gieson) appearance, scanning (SEM) and transmission (TEM) electron 

microscopy, mechanical properties [tensile strength (TS) and Young’s modulus (YM)] and 

quantitative calcium content. 

Results: Implanted cryopreserved homografts demonstrated an increase in annulus diameter and 

developed significant 3/5 pulmonary regurgitation (PR), while the annulus diameter of 

decellularized homografts increased without PR and only trivial regurgitation. On macroscopic 

evaluation of explanted valves, the cryopreserved leaflets retracted and thickened, accounting for 

regurgitation. Decellularized valves remained thin and pliable with good leaflet coaptation. For 

cryopreserved valves, there was a loss of interstitial cells in the leaflet and wall tissue at 

explantation, while decellularized scaffolds displayed extensive and uniform ingrowth of host 

fibroblast cells. An intact collagen network could also be observed in the decellularized group. 

Calcific deposits were visible on von Kossa stain in the leaflets and wall tissue of explanted 

cryopreserved homografts, but not in decellularized grafts. TEM showed young fibroblasts 

repopulating leaflets and wall of decellularized scaffolds, with vacuoles and rough endoplasmic 
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reticulum present in the cytoplasm. YM of cryopreserved and decellularized wall tissue 

increased significantly from pre-implantation to explantation. 

Conclusion: Cryopreserved valves deteriorate over time due to loss of cellularity and 

calcification. In contrast, decellularized scaffolds demonstrated host cell repopulation, structural 

maintenance,  tissue remodeling and growth potential. 

 

Keywords: Homografts, decellularization, cryopreservation, cell repopulation, remodeling 

 

INTRODUCTION 

Cryopreservation can be used for the long-term storage and stabilization of viable cells and 

tissues for clinical application (Bakhach, 2009), and currently, most tissue banks worldwide 

employ some form of cryopreservation. Since the 1980s, cryopreserved pulmonary homografts 

are widely regarded as the conduit of choice for reconstruction of the right ventricle outflow tract 

(RVOT) in the repair of congenital defects and to replace the native pulmonary valve in Ross 

procedures in children and young patients (Takkenberg et al., 2002; Jashari et al., 2004; Romeo 

et al., 2018). Cryopreservation provides the advantage of extended storage time and improved 

durability of homografts when compared to fresh allografts stored at 4oC in antibiotic solutions 

(Takkenberg et al., 2002). Event-free survival of cryopreserved homografts in the pulmonary 

position ranging between 74 % at five years and 53 % at 10 years (Tweddell et al., 2000), and  

30 % to 40 % of homografts implanted are still functional after 20 years (Delmo Walter et al., 

2012). Unfortunately, small diameter implants result in early dysfunction post-surgery due to 

stenosis of the RVOT as a result of somatic growth of the patient or calcification of the leaflets 

or pulmonary walls (Schoen, 2008). Also, concerns have been raised regarding the limited 

availability of these homografts, especially in paediatric sizes (Goffin et al., 2000) and their early 

degeneration in young patients (Selamet Tierney et al., 2005). 

 

Studies using the juvenile ovine model showed that increasing the post-mortem ischaemic 

harvesting time of pulmonary homografts to 48 h prior to cryopreservation, does not influence 

the long-term valve function (Smit et al., 2015; Bester et al., 2018). The post-mortem time of 48 

h was chosen to simulate a reasonable window of opportunity for obtaining donor consent in 

human cadaveric donor programs in South Africa (mean = 33h) (Botes et al., 2012), thereby 
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increasing the donor pool and addressing shortages in homograft availability. However, with 

post-mortem harvesting times exceeding 24 h, the homografts contain non-viable cells (Smit et 

al., 2015). The cellular debris that results from apoptotic and necrotic cells present on the 

homograft after processing and storage may lead to calcification and chronic inflammation, 

which promotes valve failure (Hopkins et al., 2009). Also, the freezing-induced extracellular 

matrix (ECM) damage caused by ice crystal formation during standardized frozen 

cryopreservation may contribute towards the degeneration of allograft valves (Lisy et al., 2017). 

 

Decellularization methods can be used to process homografts. The decellularization process will 

reduce a recipient’s immune response to the implant due to the removal of cells (Numata et al., 

2004). Decellularization may not only reduce the immunogenicity associated with homografts, 

but may also contribute towards a reduction in calcification of homografts (da Costa et al., 2010; 

Lehr et al., 2011) and lead to improved haemodynamics (Brown et al., 2010). The 

decellularization processes must ensure that adequate biochemical properties (such as an intact 

ECM) remain and that mechanical tissue stability is not affected (Bourgine et al., 2013). 

Decellularization might damage the valve tissue less than cryopreservation, which causes 

disruption of the collagen matrix in the pulmonary homograft (Bester et al., 2018).  

 

The aim of this study was to compare the clinical performance and structural integrity of 

cryopreserved and decellularized pulmonary homografts following six months implantation in 

the RVOT of a juvenile ovine model. Homografts in both groups were subjected to a 48 h post-

mortem cold ischaemic time, and our proprietary decellularization protocol with proven synergy 

were used (Laker et al., 2020). 

 

MATERIALS AND METHODS 

Study design  

The study was a prospective analytical cohort experimental study. The evaluation of baseline 

data for cryopreserved and decellularized ovine pulmonary homograft tissue has previously been 

described (Manuscript 1). Pulmonary homografts from juvenile Dorper sheep (n = 10), with a 

post-mortem cold ischaemic harvesting time of 48 h, were divided into two groups and either 

cryopreserved (n = 5) or decellularized (n = 5) according to previously described protocols 
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(Bester et al., 2017; Laker et al., 2020). These homografts were then implanted as interposition 

grafts into the RVOT of juvenile Dorper sheep (n = 5 per group) for 180 days. Recipient animals 

were between 3-6 months of age and weighed between 24-32 kg, and each animal received an 

ear tag with a unique identification number. Recipients were monitored with echocardiography at 

implantation, and at one, three and six months prior to sacrifice. Following explantation, 

homografts were evaluated on macroscopic and radiographic appearance. Leaflet and wall tissue 

integrity were evaluated using strength analysis and morphology. Strength analysis included 

tensile strength (TS) and Young’s modulus (YM), and morphology included H&E, von Kossa 

staining, modified von Gieson staining, scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and quantitative calcium analysis. A schematic representation of the 

study design is given in Figure 1. The interfaculty Animal Ethics Committee of the University of 

the Free State (UFS-AED2016/0101) approved the study. All animal experiments and surgical 

procedures were performed in compliance with the Guide for the Care and Use of Laboratory 

Animals as published by the US National Institutes of Health (NIH, 2011). 

 

Figure 1: Schematic diagram of the study design. 
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Preparation of homografts 

Heart-lung blocks (n = 10) were harvested from freshly slaughtered juvenile Dorper sheep with 

body weights of between 24-30 kg and subjected to 48 h ischaemia at 4ºC before dissection and 

processing per the method described by Bester et al., (2018). 

 

Cryopreserved homografts (Group 1, n = 5) were processed, sterilized in 100 ml Medium 199 

(Whitehead Scientific, Johannesburg, SA) and an antibiotic cocktail [2.5 mg Amphotericin B 

(Bristol-Myers Squibb, Bedfordview, SA), 50 mg Piperacillin (Brimpharm SA (Pty) Ltd, Cape 

Town, SA), 50 mg Vancomycin (Gulf Drug Company, Mount Edgecombe, SA) and 25 mg 

Amikacin sulphate (Bodene (Pty) Ltd, trading as Intramed, Port Elizabeth, SA], cryopreserved 

using DMSO (Highveld Biological, Johannesburg, SA) as cryoprotectant and stored according to 

a standard protocol previously described (Smit et al., 2015) until implantation. 

 

Decellularized homografts (Group 2, n = 5) were prepared according to our proprietary protocol 

(Bester et al., 2017; Laker et al., 2020). Homografts were subjected to osmotic shock, repeated 

changes in a multi-detergent solution [0,5% SDS (Sigma-Aldrich, Johannesburg, SA), 1% 

Deoxycholic acid (Sigma-Aldrich, Johannesburg, SA), 1% Triton-X100 (Sigma-Aldrich, 

Johannesburg, SA)] and numerous washings in PBS and half-strength antibiotic cocktail used for 

cryopreserved homografts, under constant shaking. These steps were followed by enzymatic 

treatment with descending concentrations of Benzonase (Thermo Fisher Scientific, 

Johannesburg, SA) (Dijkman et al., 2012), repeated washing in PBS, delipidation in 70% ethanol 

and final storage in PBS with antibiotics until implantation. 

 

All homografts were confirmed to be culture-negative prior to implantation. To confirm effective 

decellularization of the homografts in Group 2, DNA quantification was done with DAPI 

staining, gel electrophoresis and nanodrop counts by the Cardiovascular Research Unit, UCT 

Medical School (Crapo et al., 2011). 
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Implantation and clinical performance of homografts 

Surgical procedure 

Prepared homografts were implanted into ten juvenile Dorper wether sheep (n = 5 per group) 

with body weights ranging between 24-32 kg. Recipient sheep were anaesthetized, intubated and 

ventilated. Cardiopulmonary bypass (CPB) was achieved through cannulation of the left carotid 

artery and right atrium, arterial and central venous lines inserted and the surgical procedure 

performed on a beating heart. The pulmonary artery was transected, the native pulmonary valve 

leaflets removed and the pulmonary homograft implanted as an interposition graft (Ali et al., 

1995; Flameng et al., 2006,) with end-to-end anastomoses with continuous 4/0 Prolene sutures in 

the main pulmonary artery. The animal was weaned off CPB, all incisions closed, extubated, 

chest drain and monitoring lines were removed, before moving the sheep to an overnight facility 

with a companion sheep. Analgesics and a broad-spectrum antibiotic were administered twice 

daily for five days post-operatively, and animals were followed for six months until sacrifice and 

explantation for further analysis of the homografts. 

 

Clinical performance of implanted valves 

Implanted homografts were evaluated for changes in annular dimensions, transvalvular gradients, 

pulmonary valve regurgitation, calcification and possible aneurysm formation over the study 

period, using echocardiographic data that were recorded immediately after homograft 

implantation, at 30 and 90 days post-surgery and just before sacrifice (day 180) using a GE 

Vivid-Q-mobile sonographic machine.  

 

Evaluation of explanted homografts 

Gross macroscopic appearance and microscopic analysis 

Evaluation of gross macroscopic appearance of valve leaflet and wall tissue was performed 

immediately after valves were explanted, and photographed. Radiographic pictures of 

homografts were taken for the detection of calcific nodules before dissection. Leaflet and wall 

tissue samples were collected in 4 % buffered Formalin, embedded in paraffin wax, sectioned 

and stained according to standard hematoxylin and eosin (H&E), von Kossa and modified von 

Gieson staining protocols for histological evaluation (Mepham, 1991). The histology of the 

explants was compared to that of similarly processed pre-implanted homografts. Cell counts 
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were performed on H&E images with ImageJ version 1.52t software (National Institute of 

Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/). Leaflet and wall tissue samples for 

scanning and transmission electron microscopy (SEM and TEM) were collected in 3 % GA and 

processed according to standard protocols for SEM and TEM evaluations (Spurr, 1969) (detailed 

method given in manuscript 1).  

 

Calcium quantification 

Quantitative calcium analyses were performed by the Eco-Analytica Laboratory, School for 

Environmental Sciences & Development, Northwest University, Potchefstroom, South Africa. 

Explanted samples were dried, weighed, hydrolyzed in 1 ml 50 % nitric acid + 50 µl hydrogen 

peroxide (H2O2) / dry sample at 90oC for 30-40 minutes, the extractable calcium content 

determined by atomic absorption spectrophotometry (Agilent ICP-MS 7500c, Chemetrix, 

Midrand, South Africa) and expressed as µg calcium per mg tissue (dry weight). 

 

Mechanical properties 

Mechanical properties of explanted pulmonary valve leaflet and wall samples were examined 

using a tensile strength testing apparatus (Lloyds LS100 Plus, IMP, Johannesburg, South Africa), 

according to the method described by Thubrikar and co-workers. Tissue samples measured 5 x 

10 mm, with leaflets and pulmonary sinus wall samples cut in the circumferential direction. The 

tissue sample was fixed between clamps at both ends and gradually stretched (0.1 mm/s) by 

applying constant tension on the two ends, and the data recorded on a personal computer 

(Thubrikar et al., 1983). The mechanical properties of the explants were compared to that of 

similarly processed pre-implanted homografts. 

 

Statistical analysis 

All values are expressed as median values with corresponding InterQuartile ranges. Statistical 

analyses were performed using GraphPad Prism version 8.3.1 (GraphPad Software, La Jolla, CA, 

USA, www.graphpad.com). The percentage change between Day 180 and Day 0 was calculated 

as (Day 180 – Day 0)/Day 0 * 100. The Wilcoxon Test was used to measure differences between 

paired groups, and the Mann-Whitney U Test was used to measure differences between unpaired 

https://imagej.nih.gov/ij/
http://www.graphpad.com/
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groups. Confidence intervals (CI) of 95 % of the difference between medians was calculated to 

test for the significance (p < 0.05). 

 

RESULTS 

Successful decellularization of both the valve leaflets and pulmonary artery walls was achieved 

and confirmed with DAPI staining. Additional gel electrophoresis (fragmented DNA bands < 

200 bp) and nanodrop readings of below 50ng/mg for the same tissue samples confirmed that the 

homografts were successfully decellularized (Manuscript 1). 

 

All animals were successfully operated on and survived until the end of the implantation period 

of 180 days. Echocardiography and doppler images revealed the development of significant 

homograft regurgitation of ¾ in four of the five animals in the cryopreserved group after 180 

days implantation (Fig.2A), and only trivial (1/4) regurgitation in two of the animals in the 

decellularized group (Fig.2B). No calcification could be identified on echocardiography, and no 

aneurysm formation was observed in any of the implants in both groups. 

 

Figure 2: Representative Doppler images of cryopreserved (n = 5) (A) and decellularized (n = 5) (B) pulmonary 

homografts after 180 days implantation in sheep. Moderate regurgitation is clearly evident in the cryopreserved 

group (black arrows). 

 

The increase in the annulus diameter in Group 1 (cryopreserved) from implantation (baseline) till 

day 180 was not significant, but for the homografts in Group 2 (decellularized) the increase in 

annulus diameter proved to be significant (p < 0.05). The measurement of the median change in 

annulus diameter over the study period in the two groups using echocardiography showed an 

A B

CRYOPRESERVED DECELLULARIZED
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increase in the annulus diameter by 20.0 % in the cryopreserved group and 43.75 % in the 

decellularized group; however, when comparing the change in annulus diameter between the two 

groups, the change was not significant (Table 1). 

 

Table 1: Comparison of increase in annular size (mm) between cryopreserved (n = 5) and decellularized (n = 5) 

pulmonary homografts over the six-month implantation period as measured on echocardiography.  

Group Baseline 180 day explant 

95 % CI Baseline 

vs. day 180 

explant 

% Change from 

Baseline 

95 % CI 

Group 1 vs. 

Group 2 

1 
14.00 

[13.00-15.50] 

18.00 

[15.50-18.00] 
-6.00; 0.00  

20.00 

[3.57-39.29] 
-57.14; 8.57 

2 
15.00 

[14.00-16.50] 

23.00  

[20.0-23.00] 
-9.00; -3.00*  

43.75 

[24.71-64.29] 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the control (baseline) and 

after 180 days of implantation, and the 95 % CI of the difference between the cryopreserved and decellularized 

groups (*p < 0.05). [Group 1 = Cryopreserved; Group 2 = Decellularized]. 

 

The median transvalvular gradient in the cryopreserved group increased over time by 70.0 %, 

while the median transvalvular gradient in the decellularized group increased by 60.0 %. The 

increase in the transvalvular gradient did not differ significantly between the two groups (Table 

2). 

 

Table 2: Comparison of changes in transvalvular gradients (mm Hg) over time between cryopreserved (n = 5) and 

decellularized (n = 5) pulmonary homografts, as measured on echocardiography.  

Group Day 0 Day 90 Day 180 PI 

95 % CI 

Baseline vs. day 

180 explant 

% Change 

from baseline 

95 % CI 

Group1 vs. 

Group 2 

1 
10.00 

[6.00-22.00] 

10.00 

[5.00-14.50] 

17.00 

[15.50-20.50] 
3/4 -10.00; 3.00;  

70.00 

[-8.50-171.4] 
-110.00; 211.10 

2 
10.00 

[7.00-16.50] 

8.00 

[4.50-10.00] 

15.00 

[9.00-16.00] 
1/4 -9.00; 11.00 

60.00  

[-42.22-123.3] 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the control (baseline) and 

after 180 days of implantation, and the 95 % CI of the difference between the cryopreserved and decellularized 

groups (*p < 0.05). [PI = Pulmonary Insufficiency; Group 1 = Cryopreserved; Group 2 = Decellularized]. 

 

On macroscopic inspection at explantation, leaflets of two of the valves in the cryopreserved 

group appeared very thin, but with visible nodules of calcification (Fig.3A), while leaflets from 
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the other valves appeared thickened and retracted (Fig.3B). Leaflets from valves in the 

decellularized group appeared pristine, very thin and almost translucent (Fig.3C), with only a 

slight sign of calcific deposit in one leaflet (Fig.3D). 

 

 

Figure 3: Representative images of gross morphology of cryopreserved (n = 5) (A,B) and decellularized (n = 5) 

(C,D) valves at explantation. Leaflets were thin (A) and slightly retracted (B) with calcific nodules (black arrows) 

in cryopreserved valves, and thin and translucent (C,D) in decellularized scaffolds. 

 

The wall tissue of valves in both the cryopreserved and decellularized groups appeared very 

soft and pliable without visible signs of calcification or abnormalities (results not shown). 

Calcific deposits were clearly visible on radiographic evaluation on leaflets from valves in the 

cryopreserved group (Fig.4A), while valves in the decellularized group demonstrated single 

calcium deposits (Fig.4B). No calcific nodules were observed in the sinus wall tissue of either 

of the two groups, but calcification on the suture lines was clearly evident in both groups. 

 

A B

DC

C
R

Y
O

P
R

E
S

E
R

V
E

D
D

E
C

E
L

L
U

L
A

R
IZ

E
D



Chapter 4: Manuscript 2 

72 

 

 

Figure 4: Representative radiographic images of calcific deposits (blue arrows) in valve tissue in the 

cryopreserved (n = 5) (A) and decellularized (n = 5) (B) groups. Calcification of the suture lines is clearly 

distinguishable (black arrows). 

 

H&E staining of explanted valves demonstrated substantial loss of interstitial cells from the 

spongiosa layer (white arrow) of the leaflets in the cryopreserved group (Fig.5A) and extensive 

ingrowth and uniform distribution of host cells in the decellularized group (Fig.5D). Collagen 

appeared collapsed in the cryopreserved group, and well preserved but with larger pores 

between the fibers in the decellularized group. Calcific deposits (black arrows) were clearly 

evident on von Kossa stain in the leaflets of the cryopreserved group (Fig.5F), with no visible 

signs of calcification in the leaflets of the decellularized group (Fig.5H). No clear evidence of 

the presence of elastin could be demonstrated with modified von Gieson staining in the leaflets 

of any of the two groups (Fig.5J,L). 
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Figure 5: H&E stain of the leaflets of explanted valves demonstrates substantial cell loss in the cryopreserved 

group (B), and extensive recellularization of host cells into the decellularized scaffold (D). Collagen in the 

cryopreserved group is more collapsed, and well preserved with large interfibrillar spaces in the decellularized 

group. von Kossa stain only showed calcification in the cryopreserved group (F) and not in the decellularized 

group (H), and no elastin could be shown with Modified von Gieson staining in any of the two groups (J,L) (n = 

5).  
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Similar results were obtained for the wall tissue as for the leaflets, with uneven distribution of 

cells in the cryopreserved group (Fig.6B) and extensive recellularization in the decellularized 

scaffold (Fig.6D) on H&E staining. Collagen in the wall tissue appeared collapsed in the 

cryopreserved group, but well preserved with large pores in the decellularized group. Calcific 

deposits (black arrows) could only be demonstrated on von Kossa staining in the cryopreserved 

group (Fig.6F), and elastin fibers were present in both groups on Modified von Gieson staining 

(Fig.6J,L). 
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Figure 6: Representative photographs of pulmonary wall tissue, showing uneven distribution and loss of 

interstitial cells on H&E in the explanted cryopreserved group (B), and extensive recellularization in the 

decellularized scaffold (D). Collagen in the cryopreserved group appears collapsed, and is well maintained with 

large interfibrillar spaces in the decellularized group. Calcific deposits (black arrows) were demonstrated on von 

Kossa stain only in explants in the cryopreserved group (F) and not in the decellularized group (H), and elastin 

fibers were present on Modified von Gieson stain in explants in both groups (J,L) (n = 5). 
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H&E images were used to determine cells counts. The cell counts of the cryopreserved 

homografts decreased significantly (p < 0.05) for both leaflet and wall tissue in the explants 

compared to pre-implanted homografts (Table 3). 

 

Table 3:  Cell counts based on H&E images of the leaflets and walls of cryopreserved pulmonary homografts after 

48 h ischaemia before implantation (n = 5) and when explanted after 180 days (n = 5). 

Variable Pre-implant 180 day explant 
95 % CI 

Pre-implant vs. explant 

Leaflet 456 [299.50-583.50] 95.00 [70.00-119.00] 194.00; 499.00* 

Wall 530 [355.50-572.00] 103 [71.00-145.00] 227.00; 478.00* 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the pre-implant and explant 

at day 180 (*p < 0.05). 

 

Decellularized homografts contained no cells at implantation. As indicated by the H&E images 

(Fig.5D and Fig.6D), the leaflets and wall tissue of the decellularized homografts were 

repopulated with host cells at explantation. Based on the cell counts, the leaflets and wall tissue 

of the explanted decellularized homografts contained significantly (p < 0.05) more cells than that 

of the cryopreserved homografts at explantation (Table 4).  

 

Table 4:  Comparison of cell counts of the leaflets and walls of explanted cryopreserved (n = 5) and decellularized 

pulmonary homografts (n = 5) based on H&E images. 

Variable Group 1  Group 2 
95 % CI 

Group 1 vs. Group 2 

Leaflet 95.00 [70.00-119.00] 177.00 [157.00-193.50] -107.00; -22.00* 

Wall 103.00 [71.00-145.00] 421.00 [358.00-473.00] -381.00; -235.00* 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the pre-implant and explant 

at day 180 (* p < 0.05). [Group 1 = Cryopreserved, Group 2 = Decellularized]. 

 

SEM demonstrated monolayer endothelial cell coverage of both the leaflets and walls in the 

cryopreserved group (Fig.7A,B) as well as in the decellularized group (Fig.7C,D), with only 

limited areas of exposed collagen networks (white arrow) visible. 
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Figure 7: Representative scanning electron microscopy (SEM) images demonstrating a monolayer of endothelial 

cells covering the leaflets and walls of cryopreserved valve explants (n = 5) (A,B) and decellularized valve 

explants (C,D), with small areas of exposed collagen (white arrow) visible in the walls of the decellularized group 

(n = 5). (Scale 200 µM (A,B) and Scale 100 µM (C,D)). 

 

TEM demonstrated the presence of living cells in the leaflets (Fig.8A,C) and walls (Fig.8B,D) 

of valves in both cryopreserved and decellularized homografts at explantation, with numerous 

vacuoles or vesicles (black arrows) present in the cytoplasm. However, the number of 

interstitial cells that repopulated the decellularized scaffold was significantly higher (p < 0.05) 

than those in the cryopreserved tissue (as seen on H&E, Table 4). 
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Figure 8: Representative transmission electron microscopy (TEM) images demonstrating the presence of living 

cells in leaflets and walls of explanted cryopreserved (n = 5) (A,B) and decellularized valves (n = 5) (C,D). 

Numerous vesicles (black arrows) were present in all the cells. 

 

On higher magnification (x 34000), new cells in the leaflets (Fig.9A) and walls (Fig.9B) of the 

decellularized scaffolds demonstrated the presence of rough endoplasmic reticulum (black 

arrows), however, no rough ER was visible in the cells in the cryopreserved group. 

 

 

Figure 9: Representative images of repopulated interstitial cells in the leaflet and wall tissue of decellularized 

scaffolds demonstrate rough endoplasmic reticulum (black arrows), responsible for the production of new collagen  

(n = 5) (A,B). (x 34000 magnification). 

A 

C

B

D

D
E

C
E

L
L

U
L

A
R

IZ
E

D
C

R
Y

O
P

R
E

S
E

R
V

E
D

LEAFLET WALL

A B

LEAFLET WALL



Chapter 4: Manuscript 2 

79 

 

The TS and YM of the explanted cryopreserved homografts leaflets and the TS of the wall tissue 

did not change compared to the pre-implantation values. However, a significant increase (p < 

0.05) was observed in the YM of the wall tissue on explantation (Table 5).  

 

Table 5: TS and YM of the leaflets and walls of cryopreserved pulmonary homografts after 48 h ischaemia before 

implantation (n = 5) and when explanted after 180 days (n = 5). 

Variable  Pre-implant 180 day explant 
95 % CI 

Pre-implant vs. 

explant 

Leaflets 
TS (MPa) 3.72 [3.12-5.01] 4.67 [2.56-7.17] -4.59; 3.09 

YM (MPa) 23.34 [14.12-28.87] 23.07 [14.99-38.10] -29.11; 15.46 

Walls 
TS (MPa) 1.80 [1.35-2.65] 1.72 [1.37-2.49] -0.98; 1.01 

YM (MPa) 1.97 [1.22-3.18] 5.15 [3.42-7.54] -6.09; -0.29* 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the pre-implant and explant 

at day 180 (*p < 0.05). [TS = tensile strength; YM = Young’s modulus]. 

 

The TS and YM of the explanted decellularized homograft leaflets and walls increased compared 

to the pre-implantation values. However, the only significant increase (p < 0.05) was observed in 

the YM of the explanted homograft wall tissue (Table 6).  

 

Table 6: TS and YM of leaflets and walls of decellularized pulmonary homografts after 48 h ischaemia before  

implantation (n = 5) and when explanted after 180 days (n = 5). 

Variable Pre-implant 180 day explant 
95 % CI 

Pre-implant vs. 

explant 

Leaflets 
TS (MPa) 1.83 [0.01-5.65] 6.06 [2.18-10.69] -10.68; 3.12 

YM (MPa) 22.10 [0.10-55-27] 50.73 [21.6-118.1] -118.00; 33.29 

Walls 
TS (MPa) 2.39 [1.73-3.71] 7.92 [1.29-12.64] -1.77; 10.63 

YM (MPa) 2.32 [1.82-2.88] 16.35 [8.67-24.05] -22.04; -6.095* 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the pre-implant and explant 

at day 180 (*p < 0.05). [TS = tensile strength; YM = Young’s modulus]. 

 

Calcification was markedly reduced in the decellularized group compared to the cryopreserved 

group. The amount of calcium in the wall tissue of the cryopreserved group was significantly 

higher (p < 0.05)  compared to the decellularized group  (Table 7). 
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Table 7: Comparison of quantitative calcium content (µg calcium per mg tissue) between cryopreserved (n = 5) and 

decellularized pulmonary homograft (n = 5) leaflet and wall tissue after 180 days implantation.  

Variable Group 1 Group 2 
95 % CI 

Group 1 vs. Group 2 

Leaflet 16.00 [13.70-354.10] 2.38 [0.97-41.46] -42.16 ; 684.0  

Wall 769.50 [113.90-1210] 0.49 [0.40-0.82] 39.37 ; 1262*  

Data presented as median [InterQuartile range], and the 95 % CI of the difference between the cryopreserved and 

decellularized groups (*p < 0.05). [Group 1 = Cryopreserved; Group 2 = Decellularized]. 

 

DISCUSSION 

Cryopreserved pulmonary homografts remain the gold standard for RVOT reconstruction and 

Ross procedures. However, due to their limited availability and durability in especially paediatric 

patients, alternative processing methods have been investigated. Increasing the post-mortem 

ischaemic harvesting time for cryopreserved homografts from 24 h to 48 h can increase the 

potential donor pool for pulmonary homografts (Smit et al., 2015; Bester et al., 2018). The 

increase in the ischaemic harvesting time yielded good valve performance; however, the 

homografts contained non-viable cells (Smit et al., 2015). The remaining cellular remnants might 

lead to immune reactions in recipients and contribute towards premature conduit failure.  

 

Removing all the cellular content and DNA material from a homograft valve through 

decellularization, results in an implant that significantly reduces the immunologic response from 

the recipient (Crapo et al., 2011; Bibevski et al., 2017). Our devised decellularization protocol, 

consisting of a 48 h ischaemic period, antibiotic sterilization, osmotic shock, multi-detergents 

and Benzonase as enzymatic treatment, proved to be efficient for the decellularization of sheep 

pulmonary homografts. Decellularization was also confirmed with DAPI and H&E staining, 

demonstrating that collagen fibers were slightly more loosely organized with larger spaces 

between the fibers (Manuscript 1). Both cryopreserved homografts and decellularized scaffolds 

maintained good haemodynamic characteristics and valve function after implantation in a 

juvenile ovine model, and no calcification or aneurysm formation could be demonstrated on 

echocardiography. Only three animals displayed transvalvular gradients above 15 mm Hg 

immediately post-surgery, which all decreased over the study period (Table 2). 
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Annulus diameter in the cryopreserved and decellularized groups increased over time, but with 

no significant difference when compared (Table 1). Interstitial cells were progressively lost from 

the wall tissue and the spongiosa and fibrosa layers of the leaflets in the cryopreserved group 

after 6 months, and the mild increase in diameter of the cryopreserved homografts could be 

attributed to annular dilatation rather than annular growth. Cryopreserved pulmonary homografts 

displayed increased distensibility of up to 30% when compared to aortic homografts (Vesely et 

al., 2000), which could also result in mild or even moderate annular dilatation without any 

significant central valve leakage. The growth potential of implanted decellularized valves depend 

on the recellularization by metabolically active recipient's cells (Sarikouch et al., 2016). 

Decellularized homografts in this study were extensively repopulated, which could be an 

indication of the growth potential of these homografts. 

 

Over time, significant central regurgitation (3/4) was observed with echocardiography in four of 

the valves from the cryopreserved group (Fig.2A), correlating with the thickening and leaflet 

retraction as seen on macroscopic evaluation after explantation (Fig.3A,B). Homografts in the 

decellularized group demonstrated good haemodynamic performance with only trivial (1/4) 

regurgitation observed in two valves (Fig.2B). This result could indicate that there was potential 

annulus growth in the decellularized valves and not simply dilatation of the valve annulus with 

decreased coaptation of the leaflets and resultant central leakage. Erdbrügger and co-workers 

also reported similar findings of annulus growth with decellularized porcine pulmonary valves 

used for pulmonary valve replacement (Erdbrugger et al., 2006). Native valves will 

physiologically increase in annular size as the individual grows, while annular growth of 

autologous pulmonary valves that were transplanted into the aortic position of young growing 

children were reported by Elkins et al., (1994). Although decellularized pulmonary homografts 

will not necessarily behave in a similar manner to pulmonary autografts in the aortic position, the 

ideal implanted heart valve or scaffold should have similar growth potential as that of 

transplanted autologous valves, to allow paediatric patients an extended period free from 

reoperation. 

 

There was no significant difference in the increase in transvalvular gradients between homografts 

in the cryopreserved or decellularized group. In the clinical setting, gradients frequently develop 
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over the implanted valve in the first few months following RVOT reconstruction, especially in 

children (Carr-White et al., 2001). The late increase in gradients in the decellularized group 

could be as a result of the sheep adding almost half their bodyweight since implantation, 

resulting in the homograft diameters becoming too small and slightly obstructive. Decellularized 

valve scaffolds displayed excellent haemodynamic characteristics with transvalvular gradients 

never rising above 16mm Hg, and only as high as 22mm Hg in the cryopreserved group (Table 

2). Brown and co-workers reported similar findings of improved haemodynamic function of 

decellularized CryoValve® SG homografts (CryoLife, Inc, Kennesaw, GA, USA) compared to 

cryopreserved homografts in the pulmonary position, possibly due to decreased antigenicity, 

which could improve long-term outcomes (Brown et al., 2010). Findings by da Costa and co-

workers also confirmed that SDS decellularized allografts implanted in the pulmonary position 

were associated with lower gradients when compared with conventional cryopreserved allografts 

(da Costa et al., 2014), and decellularized aortic allografts in the aortic position showed good 

structural integrity, low calcification rates and adequate haemodynamic performance (da Costa et 

al., 2010). 

 

Explanted leaflet and wall tissue samples in the cryopreserved and decellularized groups 

demonstrated an endothelial-like multi-layer cell coverage on H&E staining (Fig.5B,D and 

Fig.6B,D). Interstitial cellularity in the cryopreserved valve leaflets and wall tissue was 

progressively lost during the implantation period and leaflet cellularity was mainly confined to 

the leaflet margins. Similar findings were also reported by other authors (Quinn et al., 2011), and 

the steady decline in the cellularity of cryopreserved allografts will eventually result in a cell-free 

but structurally intact collagen matrix (Armiger, 1998) which is not cell conductive. Similar to 

the current study, previous studies in our center confirmed this gradual loss of interstitial cells 

from implanted cryopreserved homografts (Smit et al., 2015). The decellularized scaffold group 

demonstrated extensive uniform repopulation with autologous interstitial cells in the leaflet and 

wall tissue. Similar findings were reported by Dohmen and co-workers in another study on 

sheep, arguing that matrix repopulation with interstitial cells will create the possibility for 

interstitial cells to differentiate into myofibroblasts and fibroblasts, which could begin the 

production of collagen, elastin and other extracellular matrix proteins (Dohmen et al., 2006). Cell 

counts indicated that both leaflets and walls were not yet completely repopulated when compared 
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to cryopreserved tissue pre-implantation, and incomplete recellularization of decellularized 

porcine valves implanted in sheep were also reported by (Dohmen et al., 2003). Recellularization 

of the decellularized scaffolds with recipient endothelial and interstitial cells can potentially 

create a valve with viable living tissue that can reduce the inflammatory response to the implant, 

maintain valve architecture and function, and mitigate calcification. The possible roles of intimal 

hyperplasia in the leaflets and the adventitial reaction on the conduits in the repopulation of the 

decellularized homografts can also not be excluded, and a more detailed characterization of the 

repopulated cells using immunohistochemical investigations will be required. 

 

Furthermore, the results obtained for cardiovascular devices that were tested in vivo in animal 

implants cannot simply be translated to in vivo clinical outcomes in the human setting. Despite 

providing invaluable information in a physiological environment, data from animal implants may 

not accurately predict device performance in humans due to differences in anatomy and 

physiology, limited numbers and lack of extended implantation periods (Zhang et al., 2019). 

 

SEM confirmed endothelial cell coverage of leaflet and wall tissue in both groups (Fig.7A,B and 

Fig.7C,D). However, cells were present on the cryopreserved homograft before implantation 

(Manuscript 1) and it was not evaluated whether the cells present on the explant were of donor or 

recipient origin. Re-endothelialization in the decellularized scaffold group, as well as an intact 

collagen network, could be observed with SEM (Fig.7C,D). Recellularization of the 

decellularized scaffolds with recipient endothelial and interstitial cells will create valvular tissue 

with viable cells that can reduce the inflammatory response to the implant, maintain valve 

architecture and function, and mitigate calcification. 

 

TEM demonstrated interstitial cells with fairly large nuclei, which is characteristic of young 

fibroblast cells (Dohmen et al., 2006). In the decellularized scaffold group and to a lesser extent 

in the cryopreserved group, these interstitial cells demonstrated numerous vacuoles (secretory 

vacuoles) in the cytoplasm (Fig.8), which are the cellular structures from where new pro-

collagen is likely to be produced later on for maintenance and remodeling of the tissue. These 

vacuoles are normally associated with the transport of protein complexes synthetized in the 

rough endoplasmic reticulum, to the Golgi apparatus (Hodgson et al., 1990). Many of these 
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vacuoles may contain short collagen fibrils that are embedded in the cytoplasm and then 

enclosed by the vacuoles, making them more mature and playing an important role in the 

secretion of procollagen from the cell (Canty and Kadler, 2005). The presence of these collagen-

containing vacuoles is a clear indicator of protein synthesis in the cells, and might be an 

important indicator of young fibroblast cells actively involved in the production of new collagen 

fibrils and bundles and the remodeling of the implanted scaffold. Although similar findings were 

reported for the Matrix P and Matrix P Plus valves (decellularized xenograft valve), histological 

studies revealed poor cell ingrowth and low neovascularization. Conduit stenosis was a common 

cause of valve failure after <3 years implantation and growth potential of the valve could not be 

demonstrated following implantation in the human setting (Blum et al., 2018). 

 

The synthesis of proteins to be used for activities within the cells, like cytoplasmic filament 

formation, begins in the free polyribosomes in the cytoplasm. When these polyribosomes are 

attached to the endoplasmic reticulum (ER), synthesized proteins travel to the Golgi apparatus 

and are destined for secretion, lysosomes, plasma, ER or Golgi membranes (Cross & Mercer, 

1993). The presence of rough ER in the cytoplasm of repopulated interstitial cells in the leaflet 

and wall tissue of the decellularized homografts (Fig.9), as observed with TEM, is a clear 

indication for the maintenance and remodeling potential of the collagen scaffold of the implanted 

valve, as the rough ER will start to produce new collagen (Dohmen et al., 2006).  

 

The wall tissue of cryopreserved homografts remained mostly soft and pliable at explantation, 

but the areas where calcific nodules were observed, becoming more rigid and stiff. The calcium 

content was significantly reduced in the decellularized group compared to the cryopreserved 

group (Table 7). The decellularization of the homograft valve resulted in a collagen matrix that 

was still functional and was repopulated by recipient cells, allowing for remodeling of the tissue 

and mitigating the calcification thereof. Following explantation, very little indication of 

calcification and no sign of leaflet retraction could be demonstrated in the leaflets or wall tissue 

of the decellularized group (Fig.3C,D). Calcification of wall and/or leaflet tissue, which could 

negatively influence valve performance, together with the hydrolysis of the extracellular matrix 

during storage in PBS at 4oC (Hopkins et al., 2009), was not observed in the decellularized 

scaffold group.  
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In this study, leaflets of explanted cryopreserved valves revealed different early signs of long-

term valve degeneration, i.e. nodules of calcification and leaflet thickening (Fig.3A,B). In a 

recent study, Biermann and co-workers also observed leaflet thickening as well as moderate T-

cell infiltration, which is responsible for early valve degeneration, in the leaflets of 

cryopreserved pulmonary valves in a juvenile sheep model (Biermann et al., 2019). Leaflet 

infiltration with mononuclear cells followed by swelling of the leaflets and loss of cellularity 

results in the destruction of the leaflets (Legare et al., 2000). However, no signs of inflammatory 

reaction or infiltration of mononuclear cells were observed on H&E in the current study. 

Homografts containing viable endothelium and interstitial cells with immunogenic epitopes will 

elicit an immune response (Jane-Wit et al., 2013). In this study, with a harvesting time in excess 

of 24 h, endothelial viability is unlikely (Smit et al., 2015), which could account for the lack of 

an immune response towards the cryopreserved homografts. Calcific deposits were observed in 

the leaflet and pulmonary wall tissue of explanted cryopreserved homografts (Fig.5F and Fig.6F) 

following von Kossa staining, while no calcific deposits were observed in the decellularized 

scaffolds (Fig.5H and Fig.6H). Similarly, da Costa and co-workers also reported no significant 

calcification of decellularized porcine heterografts up to 150 days of observation in young sheep 

(da Costa et al., 2004). No mineralization in the cusps or vascular parts of fresh decellularized or 

decellularized, freeze-dried and rehydrated pulmonary allografts after six months implantation in 

the RVOT of sheep was also reported by Goecke et al., (2018). In the current study, the 

formation of calcific deposits observed in the explanted cryopreserved homografts is most 

probably a result of the loss of cellularity and layered architecture due to cryopreservation, 

creating non-viable valve tissue that is prone to tissue degeneration (Numata et al., 2004). Our 

group also previously observed disruption and damage to the collagen scaffold after 

cryopreservation (Bester et al., 2018). Cryopreservation also leads to interstitial ice formation in 

conventionally cryopreserved heart valves, which may cause damage to the extracellular matrix 

and make valves prone to calcification (Brockbank et al., 2000). Altered tissue structure with 

edema and vacuolization within the leaflet spongiosa and irreversible cell damage of homografts 

after cryopreservation was previously reported (Fischlein et al., 1994), making the cryopreserved 

allograft tissue more likely to calcify and degenerate. 
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No calcific nodules were seen on radiological evaluation in the sinus wall tissue of valves in any 

of the two groups, but despite mitigating the calcification of leaflets and walls, decellularization 

could not protect the tissue against calcifications in the suture lines. Calcification of the suture 

lines is a common finding in sheep RVOT reconstructions, and is most probably as a result of 

surgical injury to the native tissue, causing inflammatory reactions and tissue calcification 

(Hopkins et al., 2009).  

 

The strength of neither leaflet or wall tissue in the cryopreserved or decellularized group 

decreased over time. The increase in stiffness of the wall tissue of the explanted cryopreserved 

valves, when compared to the pre-implant values (Table 5), are largely attributed to the damage 

to the collagen scaffold after cryopreservation, resulting in early calcification of the tissue. In a 

study on aortic valve implants, the increase in local stiffness of aortic valve leaflets was also 

associated with the formation of calcific nodules, and combined with the disruption of the ECM 

will lead to further calcification. These calcific nodules will eventually result in localized 

disturbances in the biomechanical behaviour of the tissue (Gomel et al., 2019). Stiffness of 

leaflets and wall tissue in the decellularized homografts increased over the implantation period 

(Table 6), probably as a result of the extensive repopulation of the ECM in vivo, filling up the 

larger interfibrillar spaces that were created during decellularization. Similar findings were 

reported in a study with decellularized xenograft valves that were implanted into sheep, where 

the increased stiffness of the valve cusps was attributed to the infiltration of collagen-

synthesizing myofibroblast-like cells (Hennessy et al., 2017). 

 

LIMITATIONS OF THE STUDY 

A limitation of this study is the small number of juvenile sheep that were investigated. The 

juvenile ovine model currently represents the best preclinical model to evaluate the potential for 

differentially processed homograft heart valve calcification in humans. However, the direct 

translation of the results from this study to human subjects cannot be made based on the ovine 

model used. A primate model should be used to relate the results from this study directly to 

humans. Tensile strength and Young’s modulus data should always be treated with caution, due 

to the difficulty of getting repeatable results when working with such small tissue samples and 
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low numbers. Immunohistochemical investigations of the repopulated interstitial cells to allow 

more detailed characterization will also be required. 

 

CONCLUSION 

Decellularization of homografts, with a post-mortem cold ischaemic harvesting time of 48 h, 

successfully retained the haemodynamic characteristics and tissue properties of pulmonary 

valves, while significantly mitigating calcification. Cryopreservation was less successful in 

protecting the homograft from calcification, and leaflet thickening and retraction resulted in 

significant valve regurgitation that will ultimately lead to right heart failure. Successful 

repopulation of the decellularized scaffold with host interstitial cells presenting with rough 

endoplasmic reticulum, will promote tissue maintenance and remodeling and potentially extend 

the durability of these implants in young patients. The potential of decellularized homografts to 

grow in diameter size while maintaining good leaflet coaptation and closure without developing 

valve regurgitation makes decellularization of pulmonary homografts, even after extended post-

mortem ischaemic harvesting times, a promising alternative processing method for these 

homografts to be used in RVOT reconstruction in the clinical setting. The strength of 

decellularized tissue did not decrease once implanted in the circulatory system, while the tissue 

stiffness increased, most likely due to the repopulation of the ECM with host fibroblast cells.  
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ABSTRACT 

Introduction: The decellularization of pulmonary homografts provides an alternative source of 

conduits for right ventricle tract (RVOT) reconstruction for paediatric patients through reduced 

immunogenicity. Ideally, decellularization would maintain mechanical tissue stability; however, 

additional fixation might be needed to stabilize the collagen scaffold. This study investigated the 

in vivo performance of decellularized homografts compared to decellularized, glutaraldehyde 

(GA)-fixed and detoxified (EnCap treated) homografts in the RVOT in a juvenile ovine model. 

Method: Pulmonary homografts from juvenile Dorper sheep were subjected to a 48 h ischaemic 

period, decellularized (n = 5) using a multi-detergent and enzymatic protocol or decellularized, 

GA-fixed and detoxified with EnCap technology (n = 5) and implanted in the RVOT of young 

sheep for 180 days. Valve performance was monitored clinically and echocardiographically, and 

at explantation valve leaflet and wall tissue were evaluated on histological (DAPI, H&E, von 

Kossa, Modified von Gieson) appearance, scanning (SEM) and transmission (TEM) electron 

microscopy, mechanical properties [tensile strength (TS) and Young’s modulus (YM)] and 

quantitative calcium content. 

Results: Decellularized homografts showed good haemodynamics and growth potential in young 

sheep. The decellularized plus EnCap treated homografts displayed poor haemodynamic 

characteristics and valve function, stenosis and resulted in premature death. Explanted 

decellularized valves remained thin and pliable with good leaflet coaptation, while the 

decellularized plus EnCap treated valves were rigid, becoming stenotic and leading to bacterial 

endocarditis. Uniform endothelialization and recellularization occurred in decellularized 

homografts and only limited in growth in the walls of decellularized plus EnCap treated 

homografts. Both processing methods were successful in mitigating calcification. Tensile 

strength was comparable between the two groups pre-implantation, with increased stiffness of 

leaflets in the decellularized and EnCap treated group. 

Conclusion: Decellularized pulmonary homografts that were subjected to 48 h cold ischaemic 

time, had good haemodynamic characteristics and tissue properties, limited calcification, 

recellularization and remodeling potential as well as growth potential. Additional GA-fixation of 

the decellularized homograft defies the purpose of decellularization, namely mitigating the 
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immune response, promoting host cell repopulation and tissue remodeling, and may be 

counterproductive in growing individuals. 

 

Keywords: Homografts, decellularization, glutaraldehyde, fixed, detoxified, calcification 

 

INTRODUCTION 

The replacement of a patient’s diseased heart valve with either a mechanical or biological valve 

prostheses remains the treatment option of choice for end-stage valvular disease. However, 

limitations of mechanical substitutes include the need for lifelong anticoagulation, long-term 

complications and the inability to grow in size (Tillquist and Maddox, 2011). Cryopreserved 

pulmonary homografts are still regarded as the gold standard for replacement of the native 

pulmonary valve in Ross procedures as well as for reconstruction of the right ventricle outflow 

tract (RVOT) in children with congenital abnormalities. Despite several favourable qualities of 

cryopreserved pulmonary homografts, their availability remains limited due to donor shortages, 

especially in paediatric sizes (Yoshikawa et al., 2000), and they have limited durability in young 

patients (Selamet Tierney et al., 2005). Extending the post-mortem ischaemic harvesting time 

may be used to address donor shortages (Smit et al., 2015), however, the cellular components 

remaining on the conduit still poses a risk for immune reactions from recipients and affects long-

term valve durability (Shaddy and Hawkins, 2002). 

 

Decellularization of homograft valves created an alternative source of valves that are potentially 

viable, biologically active and with significantly reduced immunogenicity (Cebotari et al., 2011). 

Decellularized pulmonary homografts, with a post-mortem ischaemic harvesting time of 48 h, 

function well haemodynamically, with less damage to the collagen and extensive 

recellularization compared to cryopreservation (Manuscript 2). Removal of cellular components 

from implants might limit the immunological response from the recipient; however, tissue 

strength has to be maintained (Erdbrugger et al., 2006). Decellularization procedures that rely on 

the use of detergents and enzymes or a combination thereof may alter the extracellular matrix 

(ECM) components such as collagen and glycosaminoglycans (GAGs) (Bourgine et al., 2013). 

Damage or reduction of GAG content can lead to increased extensibility and changes in the 

relaxation behaviour of the pulmonary valve leaflets (Converse et al., 2012). Therefore, 
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additional fixation and stabilization of the collagen scaffold following a multi-detergent and 

enzymatic washout decellularization protocol might be required. Tissue-engineered 

decellularized porcine heart valves, Synergraft (Cryolife Inc., USA), have been previously used 

for RVOT reconstruction in paediatric patients, and structural failure or rapid degeneration of the 

graft occurred within one year. Three of four children who received this graft died. Two children 

died suddenly with degenerated Synergraft valves, six weeks and one year after implantation, 

respectively. The third child died seven days after implantation due to Synergraft rupture, and the 

fourth child's graft was replaced prophylactically two days after implantation (Simon et al., 

2003). In view of these previously described failures for decellularized xenograft prostheses, it is 

essential to evaluate decellularization plus glutaraldehyde (GA)-fixation in a homograft setting, 

as most work using a combination of decellularization and GA-fixation have been done in 

xenografts (Lim et al., 2015; Park et al., 2017). In one study evaluating the performance of 

commercially stent-mounted GA-preserved aortic homografts (not decellularized), it was 

concluded that better long-term performance of the homograft tissue compared to GA-fixed 

heterologous biological valves could be expected (Succi et al., 1986), but other studies using 

GA-fixed decellularized homograft valves are lacking. 

 

In an attempt to alleviate the shortages of homograft valves, glutaraldehyde (GA)-fixed bovine 

jugular vein grafts (Contegra®, Medtronic Inc., Minneapolis, Minnesota, United States of 

America) are used for RVOT reconstructions in children and neonates (Protopapas and 

Athanasiou, 2008, Falchetti et al., 2019). GA is a cross-linking fixative that preserves and gives 

added strength to the graft and is used to make xenografts biologically inert. However, the 

functional aldehyde groups of GA are toxic for host cells (Oryan et al., 2018), and unconjugated 

GA may contribute towards the calcification of grafts (Lee et al., 2017; Padala, 2018). Premature 

graft failure associated with the Contegra® conduits is reported to be due to distal stenosis caused 

by not only the host immune response and conduit-host size mismatch, but also leaching of the 

GA (Boudjemline et al., 2003; Holmes et al., 2012). Detoxifying strategies to increase the 

durability and biocompatibility of GA-fixed tissue relies on wash steps with solutions that bind 

with and remove the aldehyde groups of any unconjugated GA left after GA-fixation (Strange et 

al., 2015). EnCap technology describes the fixation of biological tissue with GA and the 

subsequent treatment of the GA-fixated tissue with a high concentration liquid polyol like 
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propylene glycol (PG) or glycerol, which mitigates the calcification of the tissue (Seifter and 

Frater, 1995). Decellularized plus EnCap treated pulmonary homografts have dense and 

compacted collagen, compared to collapsed collagen in cryopreserved homografts and loosely 

arranged collagen in decellularized homografts (Manuscript 1).  

 

The aim of this study was to compare the clinical performance and morphology of decellularized 

pulmonary homografts to that of decellularized, GA-fixed and detoxified (EnCap treated) 

pulmonary homografts following six months implantation in the RVOT of young sheep. A post-

mortem cold ischaemic harvesting time of 48 h was used for homografts in both groups.  

 

MATERIALS AND METHODS 

Study design 

The study was a prospective analytical cohort experimental study. The evaluation of baseline 

data for cryopreserved and decellularized ovine pulmonary homograft tissue has previously been 

described (Manuscript 1). Pulmonary homografts from juvenile Dorper sheep (n = 10) (average 

annulus diameter 18-19 mm before processing), with a post-mortem cold ischaemic harvesting 

time of 48 h, were divided into two groups and either decellularized (n = 5) or decellularized, 

GA-fixed and detoxified (n = 5) using the EnCap process (Bester et al, 2017; Laker et al., 2020). 

These homografts were then implanted as interposition grafts in the main pulmonary artery 

(MPA) of juvenile Dorper sheep (n = 5 per group) for 180 days. Recipient animals were between 

3-6 months of age and weighed between 24-32 kg, and each animal received an ear tag with a 

unique identification number. Recipients were monitored with echocardiography at implantation, 

at three and six months prior to sacrifice. Following explantation, homografts were evaluated on 

macroscopic appearance and radiographic evaluation (X-rays), while leaflet and wall tissue 

integrity were evaluated using strength analysis and morphology. Strength analysis included 

tensile strength (TS) and Young’s modulus (YM), and morphology included H&E, von Kossa 

staining, modified von Gieson staining, scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and quantitative calcium analysis. A schematic representation of the 

study design is given in Figure 1. The interfaculty Animal Ethics Committee of the University of 

the Free State (UFS-AED2016/0101) approved the project. All animal experiments and surgical 
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procedures were performed in compliance with the Guide for the Care and Use of Laboratory 

Animals as published by the US National Institutes of Health (NIH, 2011). 

 

Implantation techniques used for the Medtronic Freestyle™ grafts were described as: Root 

inclusion (RI) technique in five cases (55.6%), Root replacement method (RR) and Sub-coronary 

method (SC) in two cases each (Butany et al., 2007). Contegra® bovine jugular grafts were also 

implanted in the MPA with the valve as distal as possible, end-to-side distal anastomoses and PA 

augmentation with bovine pericardium if required (Schoenhoff et al., 2011). 

 

Figure 1: Schematic diagram of the study design. 

 

Preparation of homografts 

Heart-lung blocks (n = 10) were harvested from freshly slaughtered juvenile Dorper sheep with 

body weights of between 24-30 kg, and subjected to 48 h ischaemia at 4ºC before dissection and 

processing as described by Bester et al., (2018). Decellularized homografts (group 1, n = 5) were 

prepared according to our proprietary protocol (Bester et al., 2017; Laker et al., 2020). Briefly, 
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homografts were subjected to osmotic shock, repeated changes in a multi-detergent solution 

[0,5% SDS (Sigma-Aldrich, Johannesburg, SA), 1% Deoxycholic acid (Sigma-Aldrich, 

Johannesburg, SA), 1% Triton-X100 (Sigma-Aldrich, Johannesburg, SA)] and numerous 

washings in PBS and an antibiotic cocktail [1.25 mg Amphotericin B (Bristol-Myers Squibb, 

Bedfordview, SA), 25 mg Piperacillin (Brimpharm SA (Pty) Ltd, Cape Town, SA), 25 mg 

Vancomycin (Gulf Drug Company, Mount Edgecombe, SA) and 12.5 mg Amikacin sulphate 

(Bodene (Pty) Ltd, trading as Intramed, Port Elizabeth, SA)] under constant shaking. These steps 

were followed by enzymatic treatment with descending concentrations of Benzonase (Thermo 

Fisher Scientific, Johannesburg, SA) (Dijkman et al., 2012), repeated washing in PBS, 

delipidation in 70% ethanol and final storage in PBS with antibiotics until implantation. 

Additionally decellularized homografts (group 2, n = 5) were fixated and detoxified according to 

an existing protocol used by Glycar South Africa for processing of pericardial tissue, called the 

EnCap technology, and stored in propylene oxide (Seifter and Frater, 1995). EnCap technology 

includes tanning of biological tissue in 0.625% GA for 72 h at room temperature immediately 

after harvesting and cleaning, treatment with a high concentration of Propylene glycol (Sigma-

Aldrich, Johannesburg, SA) for 7-14 days at room temperature to remove toxicity, reduce the 

host inflammatory response and mitigate calcification, and storage in 2% Propylene oxide 

(Sigma-Aldrich, Johannesburg, SA) at room temperature. This technology was primarily 

invented as an anti-calcification treatment for biological tissue, and has provided excellent 

results when used in bovine pericardial patch implants. 

 

All homografts were confirmed culture-negative prior to implantation. To confirm effective 

decellularization of the homografts, DNA quantification was done with DAPI staining, gel 

electrophoresis and nanodrop counts by the Cardiovascular Research Unit, UCT Medical School 

(Crapo et al., 2011). 

 

Implantation and clinical performance of homografts 

Surgical procedure 

Prepared homografts were implanted into 10 juvenile Dorper wether sheep (n = 5 per group) 

with body weights ranging between 23-32 kg. Recipient sheep were anaesthetized, intubated and 

ventilated. Cardiopulmonary bypass (CPB) was achieved through cannulation of the left carotid 



Chapter 5: Manuscript 3 

101 

 

artery and right atrium, arterial and central venous lines inserted and the surgical procedure 

performed on a beating heart. The pulmonary artery was transected, the native pulmonary valve 

leaflets removed and the pulmonary homograft implanted as an interposition graft (Ali et al., 

1995; Flameng et al., 2006) with end-to-end anastomoses with continuous 4/0 Prolene sutures in 

the main pulmonary artery. The animal was weaned off CPB, all incisions closed, extubated, 

chest drain and monitoring lines were removed, before moving the sheep to an overnight facility 

with a companion sheep. Analgesics and a broad-spectrum antibiotic were administered twice 

daily for five days post-surgery, and animals were followed for six months until sacrifice and 

explantation for further analysis of the homografts. 

 

Clinical performance of implanted valves 

Implanted homografts were evaluated for changes in annular dimensions, transvalvular gradients, 

pulmonary valve regurgitation, calcification and possible aneurysm formation over the study 

period, using echocardiographic data that were recorded immediately after homograft 

implantation, at 30 and 90 days post-surgery and just prior to sacrifice (day 180) using a GE 

Vivid-Q-mobile sonographic machine.  

 

Evaluation of explanted homografts 

Gross macroscopic appearance and microscopic analysis 

Evaluation of gross macroscopic appearance of valve leaflet and wall tissue was performed 

immediately after valves were explanted and photographed. The gross macroscopic appearance 

of GA-fixed homografts was also compared to that of two other GA-fixed commercially 

available valve replacement grafts, namely; porcine aortic Freestyle™ and Contegra® bovine 

jugular vein grafts, both from Medtronic Inc. Leaflet and wall tissue samples were collected in 4 

% buffered Formalin, embedded in paraffin wax, sectioned and stained according to standard 

H&E, von Kossa and modified von Gieson staining protocols for histological evaluation 

(Mepham, 1991). The histology of the explants was compared to that of similarly processed pre-

implanted homografts (baseline, Manuscript 1), and the two commercially available GA-fixed 

valve replacement grafts.  Leaflet and wall tissue samples for SEM and TEM were collected in 3 

% GA and processed according to standard protocols for SEM and TEM evaluations (Spurr, 

1969) (detailed method given in manuscript 1).  
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Calcium quantification 

Quantitative calcium analyses were performed by the Eco-Analytica Laboratory, School for 

Environmental Sciences & Development, Northwest University, Potchefstroom, South Africa. 

Explanted samples were dried, weighed, hydrolyzed in 1 ml 50 % nitric acid + 50 µl hydrogen 

peroxide (H2O2) / dry sample at 90oC for 30-40 minutes, the extractable calcium content 

determined by atomic absorption spectrophotometry (Agilent ICP-MS 7500c, Chemetrix, 

Midrand, South Africa) and expressed as µg calcium per mg tissue (dry weight). 

 

Mechanical properties 

Mechanical properties of explanted pulmonary valve leaflet and wall samples were examined 

using a tensile strength testing apparatus (Lloyds LS100 Plus, IMP, Johannesburg, South Africa), 

according to the method described by Thubrikar and co-workers. Tissue samples measured 5 x 

10 mm, with leaflets and pulmonary sinus wall samples cut in the circumferential direction. The 

tissue sample was fixed between clamps at both ends and gradually stretched (0.1 mm/s) by 

applying constant tension on the two ends, and the data recorded on a personal computer 

(Thubrikar et al., 1983). The mechanical properties of the explants were compared to that of 

similarly processed pre-implanted homografts (baseline, Manuscript 1). 

 

Statistical analysis 

All values are expressed as median values with corresponding InterQuartile ranges. Statistical 

analyses were performed using GraphPad Prism version 8.3.1 (GraphPad Software, La Jolla, CA, 

USA, www.graphpad.com). The percentage change between Day 180 and Day 0 was calculated 

as (Day 180 – Day 0)/Day 0 * 100. The Wilcoxon Test was used to measure differences between 

paired groups, and the Mann-Whitney U Test was used to measure differences between unpaired 

groups. Confidence intervals of 95 % of the difference between medians were calculated to test 

for the significance (p < 0.05). 

 

RESULTS 

Successful decellularization of both the valve leaflets and pulmonary artery wall tissue in the 

decellularized and decellularized plus EnCap treated groups was achieved and confirmed with 

DAPI staining and supported by gel electrophoresis (fragmented DNA bands < 200 bp) and 

http://www.graphpad.com/
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nanodrop readings of below 50 ng/mg for the same tissue samples (Manuscript 1). Homografts in 

both groups were of similar size prior to processing. Before implantation, decellularized 

homografts were soft and pliable and maintained its annular dimensions as before processing. 

The decellularized and EnCap treated homografts became stiff with rigid conduit tissue and 

some reduction in annular and tube size post GA-fixation, and increased leaflet stiffness (see 

manuscript 1).  

 

All animals were successfully operated on, and animals in the decellularized group survived until 

the end of the implantation period of 180 days. Echocardiography and doppler images revealed 

no significant regurgitation in pulmonary valves in the decellularized group up to 180 days (Fig 

2A). No calcification could be identified on echocardiography, and no aneurysm formation was 

observed in any of the implants in both groups. However, valves in the decellularized plus 

EnCap treated group developed high gradients (Fig.2B) as a result of no growth and fixed tube 

size in the growing sheep. This growth restriction resulted in severe RVOT obstruction, right 

ventricular (RV) failure with pleural effusion and ascites at post-mortem. Three of the sheep in 

the GA-fixed group died prematurely (between 3-4 months). Two sheep with moderate RVOT 

obstruction and RV failure were electively euthanized at four months; therefore the data for the 

decellularized plus EnCap treated group is only available until three months, when the last 

echocardiography was done. The median [InterQuartile range] percentage weight increase from 

implantation to explantation after six months in the decellularized group was 30.61 % [16.55-

28.20], and 17.24 % [9.38-23.21] in the decellularized plus EnCap treated group at premature 

explantation/death. The increase in weight was significant in both groups with 95 % confidence 

intervals of (-13.00; - 3.00) for the decellularized group and (-7.00; -2.00) for the decellularized 

plus EnCap treated group respectively. 
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Figure 2: Representative Doppler images of decellularized (n = 5) (A) pulmonary homografts after 180 days 

implantation, and decellularized plus EnCap treated (n = 5) (B) pulmonary homografts after 90 days implantation in 

sheep. Trivial regurgitation is evident in the decellularized group, and unacceptably high transvalvular gradients in 

the decellularized plus EnCap treated group. 

 

Measurements of the median percentage change in annulus diameter over the study period 

between the two groups, by means of echocardiography, revealed a significant difference in 

increase in diameter between decellularized and decellularized plus Encap treated pulmonary 

homografts. The median annulus diameter (mm) of both the groups increased significantly from 

baseline until explantation (day 180) for the decellularized group and the final echocardiography 

at day 90 for the decellularized plus EnCap treated group. A significant increase in median 

annulus diameter (mm) was also observed for the decellularized group at day 90 (Table 1). 
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Table 1: Comparison of increase in annular size (mm) between decellularized (n = 5) and decellularized plus EnCap 

treated (n = 5) homografts as measured on echocardiography over the three and six-month implantation period 

respectively. 

Group Baseline 90 days 

95 % CI 

Baseline vs. 

day 90 

explant 

180 day 

explant 

95 % CI 

Baseline vs. 

day 180 

explant 

% Change 

from Baseline 

95 % CI 

Group 1 vs. 

Group 2 

1 

15.00 

[14.00-

16.50] 

20.00 

[18.50-

21.00] 

-6.00; -2.00* 

23.00 

[20.00-

23.00] 

-9.00; -3.00* 
43.75 [24.71-

64.29] 
-50.95; -4.615* 

 

2 

14.00 

[12.00-

15.00] 

16.00 

[15.00-

17.00] 

2.00; 4.00* - - 
14.29 [13.33-

25.87] 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the control (baseline) and 

after 90 and 180 days of implantation respectively, and the 95 % CI of the difference between the % change from 

baseline for the decellularized and decellularized plus EnCap treated groups (*p < 0.05). [Group 1 = Decellularized ; 

Group 2 = Decellularized plus EnCap treated]. 

 

The median transvalvular gradient in the decellularized group at six months post-implantation 

was 15 mm Hg (60 % change from baseline). Three months post-implantation the median 

transvalvular gradient in the decellularized plus EnCap treated group was 43 mm Hg (165 % 

change from baseline) (Table 2). This change was highly significant and “lethal”. When 

comparing the transvalvular gradients of the decellularized group at six months to that of the 

decellularized plus EnCap treated group at three months, the increase in the transvalvular 

gradient in the decellularized plus EnCap treated group proved significant (95 % CI -39.00 to -

15.00).  
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Table 2: Comparison of changes in transvalvular gradients over time between decellularized (n = 5) and 

decellularized plus EnCap treated (n = 5) homografts, as measured on echocardiography.  

Group Day 0 Day 30 Day 90 Day 180 

95 % CI 

Baseline vs. 

explant 

% Change 

from baseline 

95 % CI 

Group1 vs. 

Group 2 

1 
10.00 

[7.00-16.50] 

10.00 

[7.50-12.50] 

8.00 

[4.50-10.00] 

15.00 

[9.00-16.00] 
-9.00; 11.00. 

60.00  

[-42.22-123.3] 
-292,10; 15.00 

2 
16.00 

[12.50-19.00] 

35.00  

[30.00-48.50] 

43.00  

[35.50-52.00] 
- -35.00; -16.00*  

165.00 

[121.00-254.80] 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the control (baseline) and 

after 90 or 180 days of implantation respectively, and the 95 % CI of the difference between the % change from 

baseline for the decellularized and decellularized plus EnCap treated groups (*p < 0.05). [Group 1 = Decellularized ; 

Group 2 = Decellularized plus EnCap treated]. 

 

On macroscopic inspection at explantation, leaflets of decellularized homografts appeared thin, 

translucent and without visible nodules of calcification, and the wall tissue was soft and pliable 

(Fig.3A,B). Three of the obstructed valves in the decellularized plus EnCap treated group 

developed bacterial endocarditis, making the valve obstructive and causing destruction of the 

leaflets (Fig.3D). Leaflets from the other two valves in this group appeared thin and translucent 

(Fig.3C), with no visible calcific nodules. However, the wall tissue of all the valves in the 

decellularized and EnCap treated group were rigid, hard and not at all pliable, causing severe 

progressive stenosis of the valved conduit within 90 days from implantation.  
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Figure 3: Representative images of gross morphology of decellularized (n = 5) (A,B) and decellularized plus 

EnCap treated (n = 5) (C,D) pulmonary homografts at explantation. Leaflets were thin and translucent in 

decellularized scaffolds. Bacterial endocarditis destroyed leaflets in three valves in the decellularized plus EnCap 

treated group (D), while leaflets in the remaining two valves in the decellularized plus EnCap treated group 

appeared thin and translucent (C). 

 

H&E staining of baseline and explanted valves demonstrated intact endothelium and very good 

ingrowth and uniform distribution of host cells in the leaflets of the decellularized scaffold 

group (Fig.4A,B). Extensive repopulation occurred, and all cells appeared as fibroblast cells. 

Importantly, no inflammatory cells or macrophages were observed. No ingrowth of interstitial 

cells could be identified in leaflets of the decellularized plus EnCap treated group, and a 

thickened fibrous encapsulation layer containing fibroblast-like cells was present on the 

ventricularis surface of the leaflets (Fig,4D). The von Kossa stains were negative in all 

explants, indicating that there was no visible evidence of calcific deposits in the leaflets of the 

decellularized or decellularized plus EnCap treated groups (Fig.4F,H). No clear evidence of the 

presence of elastin could be demonstrated with modified von Gieson staining in the leaflets of 
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any of the two groups (Fig.4J,L). The collagen of the decellularized plus EnCap treated group 

was dense and compacted pre-implantation. The collagen at explantation remained similar to 

that before implantation, and this was indicative of a lack of remodeling. 
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Figure 4: H&E stain of the leaflets clearly demonstrates extensive ingrowth of host cells into the decellularized 

pulmonary homografts (B) and no ingrowth in the decellularized plus EnCap treated group (D). An endothelial 

layer is present in both groups, and a fibrous encapsulation in the decellularized plus EnCap treated group (blue 

arrow). von Kossa stain did not demonstrate any calcification in the decellularized (F) or decellularized plus 

EnCap treated group (H), and no elastin could be demonstrated with Modified von Gieson staining in any of the 

two groups (J,L) (n = 5). 
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For comparison, two other GA-fixed commercially available valve replacement grafts also 

demonstrated thick fibrous encapsulation (black arrows) and fibrous sheath formation (white 

arrow) at explantation due to conduit failure (Fig.5). 

 

 
Figure 5: Adapted images of macroscopic evaluation of explanted Aortic Freestyle™ (Medtronic) and Contegra® 

(Medtronic) conduits showing pannus overgrowth and fibrous sheath formation. Microscopic images of H&E 

stain of the aortic wall clearly demonstrates thick layer of fibrous encapsulation (pannus) (B) and fibrin deposition 

on the intimal aspect (D). (Adapted from Butany et al., (2007), Schoenhoff et al., (2011)). 

 

The wall tissue demonstrated similar results as for the leaflets, with uniform cell distribution in 

the ECM of the decellularized scaffold (Fig.6B) and almost no cells in the decellularized plus 

EnCap treated group (Fig.6D) on H&E staining. An intact endothelial layer was present in both 

groups, but a fibrous encapsulation containing fibroblast-like cells (blue arrow) was visible in 

the decellularized plus EnCap treated group. von Kossa staining in the decellularized or 

decellularized plus EnCap treated group (Fig.6F,H) were negative for calcific deposits in all 

samples. Elastin fibers (black arrows) were present in both groups on Modified von Gieson 

staining (Fig.6J,L). 
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Figure 6: H&E of wall tissue with uniform distribution of fibroblast cells in the decellularized group (B) and very 

limited cell distribution in the decellularized plus EnCap treated group (D). An endothelial layer is present in both 

groups, and a fibrous encapsulation in the decellularized plus EnCap treated group (blue arrow). No calcific 

deposits were demonstrated on von Kossa stain in either of the groups (F,H), and elastin fibers (black arrows) 

were present on Modified von Gieson stain in both groups (J,L) (n = 5). 
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SEM demonstrated adequate coverage with endothelial cells of the leaflet and wall tissue in the 

decellularized group (Fig.7A,B), and a fibrous encapsulation (pannus) with endothelial-like 

cells in the decellularized plus EnCap treated group (Fig.7C,D). 

 

 

Figure 7: Representative scanning electron microscopy images demonstrating uniform coverage with endothelial 

cells in the leaflets and walls of decellularized pulmonary homografts (n = 5) (A,B), and a layer of fibrous 

encapsulation with endothelial-like cells in the decellularized plus EnCap treated pulmonary homografts (n = 5) 

(C,D). (Scale 100µM (A,B,C), Scale 10 µM (D)). 

 

TEM demonstrated the presence of living cells in the leaflets (Fig.8A) and walls (Fig.8B) of 

valves in the decellularized homograft group. Some cells were also observed in the wall tissue 

of decellularized plus EnCap treated pulmonary homografts (Fig.8D), but not in the leaflets 

(Fig.8C). Cells in the leaflets and walls of the decellularized homograft group (Fig.8A,B) had 

numerous vacuoles or vesicles (black arrows), which are the cellular structures from where 

new pro-collagen is likely to be produced later for maintenance and remodeling of the tissue. 
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Figure 8: Representative transmission electron microscopy images demonstrating the presence of living cells in 

leaflets (A) and walls (B) of pulmonary homografts in the decellularized group, as well as single cells in the walls 

of the decellularized plus EnCap treated group (D). Numerous vesicles (black arrows) were present in the cells in 

the leaflets and walls of homografts in the decellularized group (A,B), but not in the leaflets and walls of the 

decellularized plus EnCap treated group (C,D) (n = 5). 

 

On higher magnification (x 34000), new cells in the leaflets (Fig.9A) and walls (Fig.9B) of the 

decellularized scaffolds demonstrated rough endoplasmic reticulum (black arrows), but this 

was not observed in the leaflets and walls of pulmonary homografts in the decellularized plus 

EnCap treated group (Fig.9C,D). 
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Figure 9: Representative images of leaflet and wall tissue in the unfixed decellularized pulmonary homografts 

with repopulated interstitial cells demonstrating rough endoplasmic reticulum (black arrows) (n = 5) (A,B), but 

cells remnants in the leaflets and some living cells in the walls were without rough ER in the decellularized plus 

EnCap treated group (n = 5) (C,D). (x 34000 magnification). 

 

The mechanical properties (TS and YM) of the explants in the decellularized plus EnCap treated 

group could not be measured because of valve destruction due to bacterial endocarditis. The 

leaflets in the decellularized plus EnCap treated group were stiffer and the TS higher compared 

to the decellularized group prior to implantation, however, there was no significant difference in 

the TS and YM of the valves and leaflets in the decellularized group compared to the 

decellularized plus EnCap treated group prior to implantation, (Table 3). 
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Table 3: TS and YM of baseline decellularized pulmonary homografts (n = 5) and decellularized plus EnCap treated  

pulmonary homografts after 48 h ischaemia before implantation (n = 5). 

Variable  Group 1 Group 2 
95 % CI 

Group 1 vs. Group 2 

Leaflets 
TS (MPa) 1.83 [0.01-5.65] 4.96 [4.34-6.76] -6.44; 1.15 

YM (MPa) 22.10 [0.10-55.27] 41.11 [27.76-52.52] -48.36; 18.31 

Walls 
TS (MPa) 1.89 [1.57-2.38] 1.90 [1.18-2.09] -1.14; 0.90 

YM (MPa) 2.32 [1.82-2.88] 2.21 [1.99-3.58] -1.32; 0.82 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the decellularized and 

decellularized plus EnCap treated homografts (*p < 0.05). [TS = tensile strength; YM = Young’s modulus; Group 1 

= Decellularized; Group 2 = Decellularized plus EnCap treated]. 

 

The TS and YM of the explanted decellularized homografts leaflets and walls increased 

compared to the baseline (pre-implant) values. However, the only significant increase (p < 0.05) 

was observed in the YM of the wall tissue at explantation (Table 4).  

 

Table 4: TS and YM of  leaflets and walls of decellularized pulmonary homografts after 48 h ischaemia before  

implantation (n = 5) and when explanted after 180 days (n = 5). 

Variable  Pre-implant 180 day explant 

95 % CI 

Pre-implant vs. 

explant 

Leaflets 
TS (MPa) 1.83 [0.01-5.65] 6.06 [2.18-10.69] -10.68; 3.12 

YM (MPa) 22.10 [0.10-55-27] 50.73 [21.6-118.1] -118.00; 33.29 

Walls 
TS (MPa) 2.39 [1.73-3.71] 7.92 [1.29-12.64] -1.77; 10.63 

YM (MPa) 2.32 [1.82-2.88] 16.35 [8.67-24.05] -22.04; -6.095* 

Data presented as median [InterQuartile range], and the 95 % confidence interval (CI) of the pre-implant and explant 

at day 180 (*p < 0.05). [TS = tensile strength; YM = Young’s modulus]. 

 

No statistically significant difference was found between the median calcium content of leaflet or 

wall tissue of decellularized homografts (after 180 days) when compared to decellularized plus 

EnCap treated homografts (after 90 days) (Table 6). 
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Table 5: Comparison of quantitative calcium content (µg calcium per mg tissue) between decellularized (n = 5) and 

decellularized plus EnCap treated pulmonary homografts (n = 5) leaflet and wall tissue after 90 and 180 days 

implantation respectively.  

Variable  Group 1 Group 2 
95 % CI 

Group 1 vs. Group 2 

Leaflet 2.38 [0.97-41.46] 3.44 [1.46-12.80] -17.76; 58.50 

Wall 0.49 [0.40-0.82] 0.95 [0.59-9.56] -16.73; 0.26  

Data presented as median [InterQuartile range], and the 95 % CI of the difference between the decellularized and 

decellularized plus EnCap treated groups (*p < 0.05). [Group 1 = Decellularized ; Group 2 = Decellularized plus 

EnCap treated]. 

 

Calcification of the suture lines of homografts in the decellularized and decellularized and 

EnCap treated groups were clearly visible on radiographic evaluation at explantation.  

 

 

Figure 10: Representative radiographic images of decellularized (n = 5) and decellularized plus EnCap treated (n 

= 5) pulmonary homografts demonstrating the calcification on the suture lines (black arrows) at explantation. 

 

DISCUSSION 

The potential donor pool of pulmonary homografts for the use in RVOT procedures can be 

increased by extending the post-mortem ischaemic harvesting time to 48 h (Smit et al., 2015). 

The removal of all the cellular content and DNA material from a homograft valve through 

decellularization results in an implant that significantly reduces the immunologic response from 

the recipient, thereby contributing towards long-term durability (Crapo et al., 2011; Bibevski et 

al., 2017). Our own proprietary protocol effectively decellularized pulmonary homografts from 
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sheep harvested after 48 h ischaemia at 4◦C (see manuscript 1). The rapid degeneration or 

structural failure that occurred in tissue-engineered decellularized porcine heart valves 

(Synergraft, Cryolife Inc., USA) used for the RVOT reconstruction in children (Simon et al., 

2003), made it essential to evaluate decellularization plus GA-fixation in a homograft setting. 

Concerns about the weakening of the ECM through the decellularization protocol prompted the 

additional GA-fixation and detoxification of the homograft prior to implantation in the juvenile 

ovine model.   

 

Due to the shortages experienced in the supply of cryopreserved homografts for RVOT 

reconstruction, especially in smaller sizes for young children, valved bovine jugular vein grafts 

(Contegra®, Medtronic Inc., Minneapolis, Minnesota, USA) have been created to help alleviate 

the small supply. These grafts are fixed and stored in GA, and although these conduits are 

routinely used with good clinical outcomes (Breymann et al., 2004; Falchetti et al., 2019), 

concerns about the risk of the development of distal stenosis (Boethig et al., 2012) and more 

recently endocarditis (Ugaki et al., 2015; Mery et al., 2016) have been raised. A study comparing 

the use of fresh decellularized homografts (6 h warm ischaemic time) to cryopreserved 

homografts and GA-fixed Contegra® xenografts, reported improved freedom from explantation, 

lower transvalvular gradients in follow-up and adaptive ability or growth in decellularized 

homografts compared to conventional cryopreserved homografts and GA-fixed bovine jugular 

vein valves (Contegra®) (Cebotari et al., 2011).  

 

In the current study, decellularized unfixed homografts (48 h cold ischaemic time) maintained 

good haemodynamic characteristics and valve function after implantation, with only trivial 

regurgitation observed in two valves. The decellularization of these valves was also successful in 

mitigating calcification compared to cryopreservation (Manuscript 2). All five juvenile sheep in 

the decellularized homograft group had an event-free survival until day 180. The decellularized 

valves were repopulated with host interstitial cells, with the presence of rough endoplasmic 

reticulum (Fig.9A,B) and secretory vesicles (Fig.8A,B), the cellular structures responsible for the 

production of new collagen for tissue maintenance and remodeling. These valves also had an 

increase in annular diameter, indicating mild dilatation or the possible growth of these valves.  
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Decellularized plus EnCap treated pulmonary homografts developed high transvalvular gradients 

that increased over time, but no regurgitation was observed (Fig.2). These results indicate that 

there were good leaflet coaptation and closure of the valves without central leakage, and that 

leaflets remained supple and without retraction as with cryopreserved homografts at least up to 

90 days. The significant increase in annulus diameter from implantation to echocardiography at 3 

months in the decellularized plus EnCap treated group was rather unexpected, as the GA-fixed 

valves would not have been able to grow in size. Good visualization of the implanted valve was 

often difficult on trans-thoracic echocardiography, and could have resulted in size measurements 

made at the level of the native PA proximal to the implanted valve, instead of at the implanted 

valve annulus, resulting in misjudgement when interpreting the readings. The increase in annulus 

diameter as measured on echocardiography was significantly higher in the decellularized group 

compared to the decellularized plus EnCap treated group. This is an indication that the 

decellularized homografts might display growth potential; however the increased distensibility of 

the pulmonary homograft tissue could also be responsible for moderate dilatation of the annulus 

without any valve incompetence. 

 

Three animals who received the decellularized plus EnCap treated homografts died prematurely 

at between 3-4 months after implantation of the valves. The median peak transvalvular gradient 

recorded at three-month echocardiography was 43 mm Hg, and vegetations nearly occluded the 

central openings of all three valves due to bacterial endocarditis (Fig.3D). All freshly harvested 

homografts initially had a valve diameter of around 18-19 mm, but GA-fixation and 

detoxification reduced the diameter to 16-17 mm due to tissue crimping and compaction with the 

formation of the additional cross-links and the larger interfibrillar spaces after decellularization. 

The valve size was still above the z-score of a 15.3 mm valve for the pulmonary position in a 24 

kg patient (derived from a human normogram), and the decision was made to continue with the 

implants. Although the annular size of the implant did increase on echocardiography 

measurements, the inability of the conduit tissue distal to the valve to stretch and relax during the 

cardiac cycle resulted in severe stenosis of the conduit and dilatation of the native pulmonary 

artery distally to the implant, causing right heart failure and death. Endocarditis usually involves 

a microbiological inflammation of the endocardial surface, valves or great vessels, in 
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combination with lesions of these surfaces due to high-velocity and turbulent flow, jet impact 

and focal increases in the rate of shear stress (Bunag, 2007; Li and Giannakoulas, 2011). 

 

In the remaining valves in this group, the transvalvular gradient also increased significantly to 41 

mm Hg and 51 mm Hg respectively, within three months. In consultation with the veterinarian, it 

was decided to sacrifice the sheep prematurely, as a peak transvalvular gradient of 36-64 mm Hg 

is considered as moderate stenosis of the pulmonary valve (Baumgartner et al., 2009). No 

bacterial endocarditis was observed, but the conduits were also stenotic due to rigidity of the 

pulmonary homograft walls, clearly visible on macroscopic inspection (Fig.3C). Leaflets in these 

valves were also stiffer compared to cryopreserved and decellularized homografts pre-

implantation (Manuscript 1, table 3). In a study comparing fresh decellularized pulmonary 

homografts with cryopreserved homografts and GA-fixed Contegra® valves, significant gradients 

were reported for the GA-fixed valves (Cebotari et al., 2011). Also, a significantly higher 

incidence of bacterial endocarditis was reported when using GA-fixed Contegra® valves 

compared to using cryopreserved homografts for RVOT construction, especially in children 

older than three years (Ugaki et al., 2015). These results correlate well with our findings. 

 

At explantation, leaflet and wall samples in the decellularized scaffold group had formed an 

endothelial layer (Fig.4B and Fig.6B), while even after short implantation of only 3-4 months, 

the decellularized plus EnCap treated group demonstrated an endothelial-like multi-layer cell 

coverage that appeared like a fibrous encapsulation on H&E staining (Fig.4,D and Fig.6D). No 

ingrowth of interstitial cells into the leaflets and very limited ingrowth into the wall tissue was 

observed for the decellularized plus EnCap treated group (Fig.4D and Fig.6D). When 

compared to other commercially available valve conduits that are also GA-fixated, like the 

aortic Freestyle™ and Contegra® bovine jugular vein grafts both from Medtronic Inc, similar 

pannus overgrowth and fibrous sheath formation (Fig.5B,D) were reported (Butany et al., 

2007; Schoenhoff et al., 2011). Pannus formation is common and almost appears to be the rule 

in GA-fixed valves manufactured from pericardium or valvular tissue and implanted in the 

sheep model. Stented mitral valve implants using decellularized pericardium and low 

concentration (0.1%) GA-fixation were however associated with much less pannus formation 
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when compared to non-decellularized and 0.5% GA-fixated pericardial valve implants in sheep 

(Collatusso et al., 2019). 

 

Fixation of bioprosthetic implants of xenogeneic origin, such as bovine pericardium, porcine 

bioprosthesis or valved bovine jugular vein (Contegra®), with GA effectively prevents acute 

immune responses from the recipient by preventing the immediate recognition of xenoantigens. 

However, GA-fixation also resulted in a total lack of repopulation of bovine pericardium with 

recipient interstitial cells and angiogenesis in the rat subcutaneous model (Umashankar et al., 

2012), thereby limiting the remodeling potential of the tissue (Liu et al., 2016). This limited 

repopulation of the homograft leaflet and wall tissue with recipient cells was also the case in our 

study. SEM of explanted homografts revealed uniformly distributed endothelial cell coverage of 

leaflet and conduit wall tissue in the decellularized scaffold group, with only small areas of 

exposed collagen fibers (Fig.7A,B). Leaflets and wall tissue in the decellularized plus EnCap 

treated group demonstrated fibrous encapsulation of the collagen matrix with a multi-layer of 

endothelial-like cells (Fig.7C,D). The cytotoxicity of GA to host cells may prevent the 

spontaneous endothelialization of implanted heart valves, making valves prone to inflammation, 

thrombogenicity and limited long-term durability (Nina et al., 2005). In the current study, no 

inflammatory reaction was observed, however significant chronic inflammation was seen in 

explanted comparable valves such as Freestyle™ valves (Butany et al., 2007), while macrophage 

and lymphocyte accumulation and giant cell reaction were reported in explanted Contegra® 

conduits. Focal microcalcifications and partially destructed collagen fibers were also reported for 

Contegra® conduits (Schoenhoff et al., 2011). Both the Freestyle™ and Contegra® conduits are 

xenografts, which could account for the observed inflammatory and immunological reactions. 

Homografts were used in the current study, which could account for the lack of inflammatory 

reactions. The presence of the inflammatory and immunological reactions in the xenografts and 

the absence thereof in the homograft tissue might be a result of the alpha-Gal epitope, showing 

an important difference between xenografts and homografts (Konakci et al., 2005). Only cellular 

remnants with little content and no living cells could be demonstrated in the leaflets of valves in 

the decellularized plus EnCap treated group following explantation (Fig.9C). Conduit wall 

samples in this group demonstrated single, sparsely distributed cells, but without any evidence of 

rough endoplasmic reticulum (Fig.9D). This observation could be due to the toxicity of the 
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functional aldehyde groups of GA or the additional fixation step with formaldehyde that forms 

part of the protocol used by Glycar South Africa for the processing of pericardial tissue, used in 

this study. However, this needs to be investigated as no cytotoxicity assays were done. The 

fixation process resulted in more compressed and dense collagen layers when compared to the 

leaflet and wall tissue in the cryopreserved and decellularized groups (Manuscript 1), which 

might make recellularization of the matrix with interstitial cells more difficult (Liao et al., 2008). 

 

Tensile strength in both the wall and leaflet tissue and the Young’s modulus of the leaflets of the 

decellularized homograft increased in the explant compared to that of pre-implanted valves 

(Table 4). Although this increase was not significant, it could be a result of the ingrowth of 

interstitial cells filling up the larger interfibrillar spaces that were created by the decellularization 

process. The wall tissue demonstrated a statistically significant increase in YM at explantation. 

Although strength tests were not performed on leaflet and wall tissue from valves in the 

decellularized plus EnCap treated group due to valve destruction, the fibrous encapsulation as 

demonstrated on histology will most certainly cause sharp increases in the tensile strength and 

stiffness of these tissues. These tissue changes will result in valve conduit stenosis and blood 

flow obstruction, causing leaflet damage and early valve failure, as observed in the current study. 

 

The decellularization process used in this study proved to be very effective in mitigating the 

calcification of the implanted homograft tissue (Fig.4F,H and Fig.6F,H). Despite only being 

implanted for 3-4 months, the decellularized plus GA-fixed homografts showed a slight tendency 

to calcify more than the decellularized unfixed homografts, but still significantly less than 

cryopreserved homografts (Manuscript 2). Unconjugated GA may contribute towards the 

calcification of grafts (Lee et al., 2017), however, in the current study the decellularized, GA-

fixated homografts were detoxified using propylene glycol that binds to the aldehyde groups of 

any unconjugated GA left after GA-fixation (Seifter and Frater, 1995). The slightly higher 

calcium content in leaflets in the decellularized group (Table 5) can be attributed to; 1) the 

shorter implantation period of three months for the decellularized plus EnCap treated group, 

compared to the six months for the decellularized scaffold group, and 2) the intracellular content 

of the host interstitial cells that repopulated the decellularized valves, compared to no ingrowth 

of host cells in the leaflets in the decellularized plus EnCap treated group. Despite mitigating the 
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calcification of leaflets and walls, decellularization and treatment of decellularized GA-fixed 

homografts with PG could not protect the tissue against calcifications in the suture lines (Fig.10). 

The calcification was most probably as a result of surgical injury to the native tissue, causing 

inflammatory reactions and tissue calcification (Hopkins et al., 2009). 

 

LIMITATIONS OF THE STUDY 

A limitation of this study is the small number of juvenile sheep that were investigated. The 

juvenile ovine model currently represents the best pre-clinical model to evaluate the potential for 

differentially processed homograft heart valve calcification in humans. However, the direct 

translation of the results from this study to human subjects cannot be made based on the ovine 

model used. A primate model should be used to relate the results from this study directly to 

humans. Implantation of larger donor valves to accommodate somatic growth of the patient over 

time will also be necessary. Tensile strength and Young’s modulus data should always be treated 

with caution, due to the difficulty of getting repeatable results when working with such small 

tissue samples and low numbers. 

 

CONCLUSION 

Decellularization of homografts (48 h cold ischaemic time) maintained good haemodynamic 

characteristics and tissue properties of the pulmonary valves, limited calcification, and 

stimulated recellularization and remodeling as well as growth potential. All the sheep in the 

decellularized homograft group had an event-free survival until day 180. Concerns of the 

weakening of the ECM through the decellularization protocol prompted the additional GA-

fixation and detoxification of the homograft before implantation in the juvenile ovine model. 

This fixation led to significantly increased transvalvular gradients as well as rigid, non-flexible 

tissue, and recipient animals developed stenosis and bacterial endocarditis. Sheep in the 

decellularized plus EnCap treated homograft group either died prematurely or were euthanized 

before day 180. The decellularization of the homograft tissue proved very successful in 

mitigating tissue calcification, while the capping of the free aldehydes in the decellularized plus 

EnCap treated group does not appear to influence the tissue calcification process negatively. 

More compressed and dense collagen layers were observed on H&E following GA-fixation and 

the repopulation of the scaffold with host interstitial cells was not successful, with the formation 
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of a fibrous encapsulation in the explanted valve walls and leaflets. If additional fixation of the 

scaffold is performed, the conduit should be of adequate size for implantation in an adult patient 

where valve growth matching the patient’s somatic growth, and remodeling is not required. 

Additional GA-fixation of the decellularized homograft defies the purpose of decellularization, 

namely mitigating the immune response, promoting host cell repopulation and tissue remodeling, 

and may be counterproductive in growing individuals. 
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Chapter 6 - Summary, conclusions and future recommendations 

The conclusions from each of the three different parts of the study are given below. 

 

Study 1 

 Comparison of the impact of cryopreservation, decellularization and decellularization, 

glutaraldehyde-fixation and detoxification as processing techniques on the strength and 

structure of juvenile ovine pulmonary homografts 

Our proprietary decellularization protocol proved to be effective in removing all endothelial 

and interstitial cells from the sheep homografts, while confluent layers of endothelial cells 

were still present on the leaflet and wall tissue of the cryopreserved group even after 48 hours 

cold ischaemia. The collagen matrix in the cryopreserved group was more collapsed, well 

organized but loosely arranged with larger interfibrillar spaces in the decellularized group, 

and more dense and compacted in the decellularized plus EnCap treated group. On 

ultrastructure, the collagen in the cryopreserved group appeared disrupted and fractured, but 

intact in the other two groups. Elastin appeared to be well preserved in all three groups after 

processing, with no visible calcific nodules in any of the groups. Tensile strength was well 

maintained in decellularized tissue when compared to cryopreserved tissue; however, it did 

increase in leaflet tissue after additional EnCap treatment. The tissue stiffness in the 

decellularized plus EnCap treated group also increased. Dehydration and fixation during the 

delipidation phase were most likely responsible for maintaining the tensile strength of the 

leaflet and wall tissue after decellularization. We conclude that the leaflets and wall tissue of 

ovine pulmonary homografts remained strong enough after decellularization and that the 

larger pores in the scaffold, likely due to the removal of GAGs, will assist in the 

recellularization process. Damaged collagen will lead to earlier valve degeneration in the 

cryopreserved valves, while the compacted collagen in the decellularized plus EnCap treated 

tissue will make recellularization more difficult. Additional fixation of the decellularized 

scaffold increases leaflet stiffness, which will negatively affect the biomechanical behaviour 

of the homograft. 
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Study 2 

Comparison of function and structural integrity of cryopreserved pulmonary 

homografts versus decellularized pulmonary homografts after 180 days implantation in 

the juvenile ovine model 

Decellularization of homografts, with a post-mortem cold ischaemic harvesting time of 48 h, 

successfully retained the haemodynamic characteristics and tissue properties of pulmonary 

valves, while significantly mitigating calcification. Cryopreservation was less successful in 

protecting the homograft from calcification, and leaflet thickening and retraction resulted in 

significant valve regurgitation that will ultimately lead to right heart failure. Successful 

repopulation of the decellularized scaffold with host interstitial cells presenting with rough 

endoplasmic reticulum, will promote tissue maintenance and remodeling and potentially 

extend the durability of these implants in young patients. The potential of decellularized 

homografts to grow in diameter size while maintaining good leaflet coaptation and closure 

without developing valve regurgitation makes decellularization of pulmonary homografts, 

even after extended post-mortem ischaemic harvesting times, a promising alternative 

processing method for these homografts to be used in RVOT reconstruction in the clinical 

setting. The strength of decellularized tissue did not decrease once implanted in the 

circulatory system, while the tissue stiffness increased, most likely due to the repopulation of 

the ECM with host fibroblast cells. 

 

Study 3 

Comparison of function and structural integrity of decellularized pulmonary 

homografts versus decellularized, glutaraldehyde-fixed and detoxified pulmonary 

homografts after 180 days implantation in the juvenile ovine model 

Decellularized homografts maintained good haemodynamic characteristics and tissue 

properties of the pulmonary valves, limited calcification, and stimulated recellularization and 

remodeling as well as growth potential. All the sheep in the decellularized homograft group 

had an event-free survival until day 180. Concerns of the weakening of the ECM through the 

decellularization protocol prompted the additional GA-fixation and detoxification of the 

homograft before implantation in the juvenile ovine model. This fixation led to significantly 

increased transvalvular gradients as well as rigid, non-flexible tissue, and recipient animals 

developed stenosis and bacterial endocarditis. Sheep in the decellularized plus EnCap treated 
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homograft group either died prematurely or were euthanized before day 180. The 

detoxification method used for the GA-fixed decellularized homografts was successful in 

mitigating calcification. More compressed and dense collagen layers were observed on H&E 

following GA-fixation and the repopulation of the scaffold with host interstitial cells was not 

successful, with the formation of a fibrous encapsulation in the explanted valve walls and 

leaflets. If additional fixation of the scaffold is performed, the conduit should be of adequate 

size for implantation in an adult patient where valve growth matching the patient’s somatic 

growth, and remodeling is not required. Additional GA-fixation of the decellularized 

homograft defies the purpose of decellularization, namely mitigating the immune response, 

promoting host cell repopulation and tissue remodeling, and may be counterproductive in 

growing individuals. 
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Table 6.1: Summary of study results. 

Variable Cryopreserved Decellularized 
Decellularized plus EnCap 

treated 

Pre-implantation Leaflet 
Pulmonary 

Wall 
Leaflet 

Pulmonary 

Wall 
Leaflet 

Pulmonary 

Wall 

Clinical 

Calcification 
 

Y 

 

N 

 

N 

Strength  

TS (MPa) 

YM (MPa) 

 

3.72 [3.12- 5.01] 

23.34 [14.12-28.87] 

 

1.80 [1.35-2.65] 

1.97 [1.22-3.18] 

 

1.83 [0.01-5.65] 

22.10 [0.10-55.27] 

 

1.89 [1.57-2.38] 

2.32 [1.82-2.88] 

 

4.96 [4.34-6.76] 

41.11 [27.76-52.52] 

 

1.90 [1.18-2.09] 

2.21 [1.99-3.58] 

Morphology 

DAPI 

Cells 

H&E 

Collagen 

EVG 

Elastin 

VK 

Calcification 

SEM 

Endothelium 

TEM 

Viable fibroblasts 

 

 

Y 

 

Collapsed 

 

Y 

 

N 

 

Y 

 

Y 

 

 

Y 

 

Collapsed 

 

Y 

 

N 

 

Y 

 

Y 

 

 

N 

 

Interfibrillar 

spaces 

Y 

 

N 

 

N 

 

Acellular 

 

 

N 

 

Interfibrillar 

spaces 

Y 

 

N 

 

N 

 

Acellular 

 

 

N 

 

Compacted 

 

Y 

 

N 

 

N 

 

Acellular 

 

 

N 

 

Compacted 

 

Y 

 

N 

 

N 

 

Acellular 
 

Data represented as medians and the corresponding InterQuartile ranges. [Y = Yes; N = No; nd = not done]. 
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 Table 6.1: Summary of study results (continued). 

Variable Cryopreserved Decellularized Decellularized plus EnCap treated 

Explantation Leaflet 
Pulmonary 

Wall 
Leaflet 

Pulmonary 

Wall 
Leaflet 

Pulmonary 

Wall 
Clinical 

Handling 

Calcification 

Aneurysm  

Infective Endocarditis 

Disintegration 

 

Satisfactory 

Y 

N 

N 

N 

 

Satisfactory 

Y 

N 

N 

N 

 

Satisfactory 

N 

N 

N 

N 

 

Satisfactory 

N 

N 

N 

N 

 

Thin / Destroyed  

N 

N 

Y 

N  

 

Rigid 

N 

N 

Y 

N 

Strength 

TS (MPa) 

YM (MPa) 

 

4.67 [2.56-7.17] 

23.07 [14.99-38.10] 

 

1.72 [1.37-2.49] 

5.15 [3.42-7.54] 

 

6.06 [2.18-10.69] 

50.73 [21.6-118.1] 

 

7.92 [1.29-12.64] 

16.35 [8.67-24.05] 

 

nd 

nd 

 

nd 

nd 

Morphology 

H&E 

Collagen 

Endothelium 

Fibrous encapsulation 

Cell content /Host cell 

infiltration 

Remodeling 

EVG 

Elastin 

VK 

Calcification 

SEM 

Re-endothelialization 

TEM 

Viable fibroblast-like 

cells 

 

 

Collapsed 

Y 

N 

2/10 

 

N 

 

N 

 

Y 

 

Y 

 

Y 

 

 

Collapsed 

Y 

N 

2/10 

 

N 

 

Y 

 

Y 

 

Y 

 

Y 

 

 

Normal 

Y 

N 

4/10 

 

Y 

 

N 

 

N 

 

Y 

 

Y 

 

 

Normal 

Y 

N 

8/10 

 

Y 

 

Y 

 

N 

 

Y 

 

Y 

 

 

Compacted 

Y 

Y 

0/10 

 

N 

 

N 

 

N 

 

Y 

 

N 

 

 

Compacted/Rigid 

Y 

Y 

1/10 

 

N 

 

Y 

 

N 

 

Y 

 

Y 

 

Data represented as medians and the corresponding InterQuartile ranges. [Y = Yes; N = No; nd = not done].
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 6.1 Summary of key results 

 6.1.1 Cryopreserved Pulmonary homografts 

Pre-implantation Leaflet:  

Pliable, confluent endothelium, endothelium coming loose, uniform 

distribution of interstitial cells, interstitial cells and cellular remnants, 

collapsed collagen, no calcification, fractured collagen fibers, elastin, 

adequate strength 

 

Pre-implantation Wall:  

Pliable, confluent endothelium, endothelium coming loose, uniform 

distribution of interstitial cells, interstitial cells and cellular remnants, 

collapsed collagen, fractured collagen fibers, no calcification, elastin, 

adequate strength 

 

Explant Leaflet:   

Pliable, no aneurysm, no infective endocarditis, no disintegration, no 

inflammation, re-endothelialized, loss of interstitial cells, collapsed 

collagen, calcific nodules, ECM calcification, loss of elastin from pre-

implantation, no remodelling, thickened and retracted, retained tensile 

strength, similar stiffness 

 

Explant Wall:  

Pliable, no aneurysm, no infective endocarditis, no disintegration, no 

inflammation, re-endothelialized, loss of interstitial cells, collapsed 

collagen, calcific nodules, ECM calcification, retained elastin from pre-

implantation, no remodeling, calcification of suture lines, retained tensile 

strength, increased stiffness 
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 6.1.2 Decellularized Pulmonary homografts 

Pre-implantation Leaflet:  

Pliable, acellular, no endothelial cells, loosely arranged collagen, large 

interfibrillar spaces, no calcification, elastin, retained strength, retained 

stiffness 

 

Pre-implantation Wall:  

Pliable, acellular, no endothelial cells, loosely arranged collagen, large 

interfibrillar spaces, no calcification, elastin, retained strength, retained 

stiffness 

 

Explant Leaflet: 

No aneurysm, no infective endocarditis, no disintegration, no 

inflammation, pliable, good coaptation, thin and translucent, limited 

calcific nodules, re-endothelialization, loosely arranged collagen, extensive 

interstitial cell repopulation, living young fibroblasts, vacuoles/vesicles, 

rough endoplasmic reticulum, potential remodeling, no interstitial 

calcification, elastin<pre-implant, increased strength, increased stiffness. 

  

Explant Wall:  

No aneurysm, no infective endocarditis, no disintegration, no 

inflammation, pliable, loosely arranged collagen, no visible calcification, 

re-endothelialization, extensive interstitial cell repopulation, living young 

fibroblasts, vacuoles/vesicles, rough endoplasmic reticulum, potential 

remodeling, no interstitial calcification, elastin, increased strength, 

increased stiffness 
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 6.1.3 Decellularized plus EnCap treated Pulmonary homografts 

Pre-implantation Leaflet:  

Acellular, no endothelial cells, dense and compacted collagen, no 

calcification, elastin, basal membrane remnants, retained strength, 

increased stiffness, limited pliability 

 

Pre-implantation Wall:  

Acellular, no endothelial cells, dense and compacted collagen, no 

calcification, elastin, basal membrane remnants, retained strength, 

increased stiffness, rigid 

 

Explant Leaflet:  

x2: Thin and translucent, compacted collagen, no visible calcification, no 

aneurysm, no infective endocarditis, no disintegration, fibrous 

encapsulation, re-endothelialization, no host cell infiltration, no interstitial 

calcification, no elastin, no rough endoplasmic reticulum, no remodeling 

x3: No visible calcification, infective endocarditis, disintegration 

 

Explant Wall:  

x2: No visible calcification, no aneurysm, no infective endocarditis, no 

disintegration, not pliable, fibrous encapsulation, re-endothelialization, 

limited host cell infiltration, compacted collagen, no interstitial 

calcification, elastin, no rough endoplasmic reticulum, no remodeling, 

rigid 

x3: No visible calcification, infective endocarditis, rigid 

 

 6.2 Conclusions 

Donor pulmonary homografts for RVOT reconstruction in young children with congenital 

abnormalities and in Ross procedures remain the preferred replacement option, as no 

anticoagulation therapy is required. Donor shortages led to investigations of extending the post-

mortem harvesting time to 48 h and proved to be a viable option. Decellularization of such 
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homografts proved successful, without sacrificing tissue strength and biomechanical properties. 

Decellularization does create larger interfibrillar spaces, most likely by removing the GAGs from 

the leaflet and wall tissue, however, this might be advantageous in the repopulation and ingrowth 

of interstitial cells once implanted. Additional GA-fixation and detoxification of decellularized 

homografts caused shrinkage, compacted collagen and excessive stiffness of the leaflet and wall 

tissue, which would be detrimental for optimal valve functioning. 

 

Implanted cryopreserved pulmonary homografts lost interstitial cells that would not be beneficial 

for tissue remodeling. The presence of cells and cellular remnants in the ECM will make the 

tissue prone to calcification and degeneration. Leaflet thickening and retraction caused 

significant regurgitation, resulting in right heart failure over time and will require re-intervention. 

The tissue handled well and remained pliable, and although calcification was observed in 

explanted tissue, the tensile strength and stiffness were not negatively affected at explantation. 

 

Decellularized homografts handled well at implantation and had an almost similar appearance to 

native tissue when explanted. Endothelialization was extensive, and the ingrowth of interstitial 

cells almost uniform. Less dense collagen matrix with larger pore sizes might allow better and 

easier recellularization with interstitial cells. Rough endoplasmic reticulum was observed in 

interstitial cells, indicating the potential for collagen production and tissue regeneration. The 

potential remodeling will be an important factor in the long-term survival of the homograft, with 

the possibility of the valve diameter to grow in young patients without creating a leaking valve. 

Tensile strength and tissue stiffness did increase, however, the tissue was still soft and pliable, 

and calcification significantly mitigated. 

 

Concern about the strength of the decellularized homograft led to additional GA-fixation and 

detoxification (EnCap treatment), however, this resulted in compacted collagen and a rigid 

conduit at explantation. Stenosis of the conduit resulted in a high incidence of bacterial 

endocarditis, and this processing method should only be considered where somatic growth of the 

patient will no longer be a factor. Possible toxic effects of GA also resulted in no repopulation of 

the ECM, which will make tissue remodeling impossible. Formation of a fibrous encapsulation 

was also observed on the leaflet and wall tissue. Although strength tests were not performed on 



Chapter 6: Conclusion 

139 

 

leaflet and wall tissue from valves in the decellularized plus EnCap treated group due to valve 

destruction, the fibrous encapsulation will most certainly cause sharp increases in the tensile 

strength and stiffness of these tissues. 

 

Although cryopreserved homografts remain a good replacement option for the RVOT in young 

children, decellularized pulmonary homografts in the sheep model proved an excellent 

alternative. Strength and biomechanical properties were maintained, calcification was 

significantly mitigated and recellularization extensive, with good potential tissue remodeling and 

growth. Additional GA-fixation of the scaffold is unnecessary and seems to defy the purpose of 

decellularization. 

 

 6.3 Limitations and Recommendations 

The study was limited by: 

(i) Data obtained with the juvenile sheep model cannot be unconditionally translated 

to human patients. 

(ii) Due to the extremely high costs of cardiac surgery procedures, a limited number 

of animals can be operated, which will affect the statistical calculations of the 

study. 

(iii) The small sample sizes, especially of leaflet tissue, always make TS testing 

difficult and not so reliable. 

 

Future considerations: 

(i) The GAG content following decellularization should be evaluated. 

(ii) The duration of implantation should be extended, which might provide more 

insight into the maintenance of the scaffold, tissue remodeling and valve growth 

of decellularized homografts in young growing subjects. 

(iii) Adaptations to the decellularization protocol regarding chemical concentrations, 

duration of exposure and washout, and other long-term storage options should be 

investigated. 

(iv) Cell viability testing should be included to evaluate the toxicity of GA-fixation. 
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(v) The effectiveness of the detoxification method for the removal of free aldehyde 

groups should be investigated. 

(vi) The use of monomeric GA or other fixation options instead of GA solutions 

should be explored. 

(vii) Repeating this study in a primate model to relate the results from this study 

directly to humans. 
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