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ABSTRACT 

 

Construction of artificial heart valves using  
decellularized allograft matrix 

 

Zhengzhe Xu 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Byung-Chul Chang) 

 

Background: Extracellular matrix scaffolds isolated from valvular conduits can be 

useful for bioprostheses with tissue engineering technology provided that 

anatomical shape, architecture, and mechanical properties are preserved. 

Decellularization techniques and tissue engineering technologies applied to these 

tissues might improve in vivo function and durability. The aim of this study is to 

develop a technique for decellularization of the natural porcine heart valve matrix, 

and to evaluate calcification potential of decellularized valve leaflets and cell 

migration, durability as well as feasibility of allograft aortic valved conduit in the 

experimental model. 
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Methods: Porcine aortic valves were decellularized using sodium dodecyl sulfate 

(SDS) treatment process. Fresh untreated valve leaflets and decellularized valve 

leaflets were evaluated in vitro using histology and transmission electron 

microscopy, and were subcutaneously implanted in juvenile male Sprague-Dawley 

rats. Leaflets were explanted at 1, 2, 3, and 4 weeks postimplantation and the 

calcium contents were determined in the explanted leaflets by atomic absorption 

spectroscopy. Decellularized porcine aortic valved conduits were implanted as a 

root replacement in the right ventricular outflow tract in pig models and were 

evaluated echocardiographically, histologically and immunohistochemically at 1, 2 

and 3 months. 

 

Results: As evidenced by histological examinations, the SDS-treatment removed 

almost all the cellular components, and did not compromise the extracellular matrix 

of collagen and elastin fibers. Transmission electron microscopic evaluation 

revealed that leaflet extracellular matrix components retained native structural 

arrangements and morphologic interactions with collagen fibers, cell membranes 

and nuclei were almost completely removed. Calcium contents in fresh untreated 

valve leaflets appeared significantly higher than decellularized valve leaflets after 4 

weeks implantation. (5.91±1.22 vs 10.78±3.03, p < 0.001, n=8). Echocardiographic 

examinations through 3 months revealed satisfactory function without regurgitation 

and stenosis in the right ventricular outflow tract. On gross examination, all leaflets 

were well preserved, and no calcification was observed. Microscopic analysis of the 
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implanted valves became progressively recellularized with recipient cells. 

Immunohistological analysis revealed that these cellular components were 

endothelial cells (von Willebrand factor) and myofibroblasts (α-actin). However, 

endothelial cell regenerations were limited at the 80% of the leaflet’s height after 3 

months implantation. 

 

Conclusions: Decellularization protocol utilizing SDS with protease inhibitor was 

successful for valve decellularization which reduced calcium deposition in vivo. It 

may be said that the reduced calcification potential could result in improved long-

term durability of decellularized heart valves as bioprostheses. These animal 

experiments of root replacement of right ventricular outflow demonstrate the 

practical feasibility of decellularized valve allografts for valve prostheses. These 

results indicate that the decellularized allogenic porcine valvular conduits hold 

promise for production of durable bioprosthetic valve that will be able to undergo 

probable turnover and/or remodeling by repopulating recipient cells.  

___________________________________________________________________    

Key Words: heart valve, calcification, sodium dodecyl sulfate, tissue engineering, 

decellularization, extracellular matrix 
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Construction of artificial heart valves using 
decellularized allograft matrix 

 

Zhengzhe Xu 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Byung-Chul Chang) 

 

I. INTRODUCTION 

 

Valve replacement is one common mode of treatments in advanced heart valve 

diseases. Presently, there are three primary choices for heart valve substitutes: 

mechanical, allogenic and xenogeneic bioprosthetic (tissue) valves. Cryopreserved 

allograft valves are also used clinically, but to a lesser extent because of limited 

supply.1,2 With regard to mechanical valves, several styles exhibit long-term 

durability (>25 years), but in general, the key drawbacks to these mechanical 

devices include the need for life-long anticoagulation therapy, bleeding 

complications, and flow dynamics that are distinctly different from those of normal 

heart valves. Xenogeneic bioprosthetic valves consist of chemically crosslinked 

intact porcine aortic valves or valves created from crosslinked bovine pericardial 
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tissue.3,4 These bioprosthetic valves display better hemodynamics than that of 

mechanical valves, and their use does not require life-long anticoagulation therapy. 

Unfortunately, these tissue-based valves tend to have shorter durability (7̄10 years) 

due to calcification and leaflet tear.5,6 Human allograft is an alternative to the 

implantation of mechanical or biological prostheses and have some advantages 

compared with existing valves.7,8 Homovital and cryopreserved allografts consist of 

viable tissue, relatively resistant to infection with physiologic hemodynamical 

properties.9~11 On the other hand, cell viability causes immune responses which 

possibly leads to later degeneration of the valve.12 

In order to overcome the limitations of today's heart valve replacements, 

researchers have developed different tissue engineering concepts using various 

scaffold materials. The concept of tissue engineering is based on the use of artificial 

polymeric or natural tissue-derived scaffolds. Expanded autologous cells may be 

seeded onto the scaffold prior to implantation, or alternatively the scaffold may be 

implanted and repopulated with the patient’s cells in situ. Although many 

researchers concentrate their efforts to developing a totally synthetic and 

biodegradable matrix, the utilization of natural matrices such as porcine valves or 

homografts seem to be more appropriate, as they are "natural" matrices. Natural 

tissue-derived scaffolds can be generated using a cell extraction process involving 

the use of one or more agents with cell lysis and/or solubilization properties. These 

agents, including ionic and nonionic detergents, hypotonic and hypertonic salt 

solutions and enzymes, have been utilized for cell extraction purposes and have 
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been applied to a variety of different tissues including skin,13 cardiovascular 

tissues14~17 and tendon.18 

Despite advances in the decellularization process and the achievement of near 

complete decellularization, the ideal decellularizing agent remains unknown. 

Furthermore, the possible toxic effects of the decellularization process may be the 

cause of the structural failure of the decellularized matrix. More detailed 

characterization of the composition of the matrix scaffold and its biomechanical 

properties needs further investigation.19, 20 

The aim of this study was to develop a technique for decellularization of the 

natural porcine heart valve matrix. Also, we evaluated calcification potential of 

decellularized valve leaflets in the rat subcutaneous implantation model. 

Furthermore, we identified cell migration, durability as well as feasibility of 

decellularized allograft aortic valved conduit implanted in the right ventricular 

outflow tract by a widely accepted experimental model. 
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II. MATERIALS AND METHODS 

 

1. Preparation of decellularized allograft matrix 

1.1. Dissection of porcine aortic valves  

Fresh adult porcine hearts were obtained from a local abattoir and stored on wet 

ice until processed within 2–4 hours. The aortic valved conduits were isolated 

aseptically and leaflets were dissected free from the wall of some valves. Tissues 

were rinsed in sterile transport medium [Hanks’ balanced salt solution(HBSS) plus 

10 KIU / ml aprotinin, 100U / ml penicillin, 100 µg / ml streptomycin, 100 U / ml 

nystatin, 10 mM HEPES, pH 7.6]. Aortic valvular conduits and leaflets were stored 

in fresh phosphate-buffered saline (PBS) solution containing protease inhibitors 

ethylene diamine tetra-acetic acid (EDTA) (0.1% w/v) and aprotinin (10 KIU / ml) 

prior to treatment to remove the cells.21 

 

1.2. Decellularization procedures  

Decellularization of aortic valvular conduits and valvular leaflets were performed 

using a sodium dodecyl sulfate (SDS).21 Cell lysis was achieved by incubating 

aortic valvular conduits and leaflets for 14 hours in a hypotonic Tris buffer (10 mM 

Tris, pH 8.0) in the presence of protease inhibitors EDTA (0.1% w/v) and aprotinin 

(10 KIU / ml). These processes ruptured the native cells and partially extracted 

cytoplasmic elements and soluble extracellular matrix. Valvular leaflets were 

treated with 0.03% (w/v) SDS solution, and aortic valvular conduits, dissected from 
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fresh porcine hearts, were also treated with 0.1 % (w/v) SDS according to the same 

protocol. All treatments were carried out for up to 24 hours at room temperature 

with 0.1 % (w / v) EDTA and 10 KIU / ml aprotinin.  

Following treatment, aortic valvular conduits and valvular leaflets were washed 

extensively in isotonic Tris-buffered saline (0.15 M Nacl, 0.05m Tris, PH 7.6, in 

distilled water, PH8.0) with protease inhibition. On completion of the 

decellularization process, specimens were chemically fixed for histological analysis. 

The other acellular tissues were frozened in a liquid nitrogen freezer and then 

stored to deep freezer (- 20 ) until furth℃ er use. In the case of the aortic valvular 

conduits, three leaflets were attached with 7-0 monofilament Nylon thread to a 

small piece of PVC mesh. 

 

1.3. Freeze-drying and sterilization 

Snap-frozen tissues were placed into a vacuum chamber of freeze dryer (Ilshin 

lab. Co., Ltd) when the chamber was cooled to - 70 . The dryer was stepped down ℃

to - 40  at its maximal rate℃  (approximately 1 hour), and the vacuum was initiated. 

It was held at - 40  until primary drying was completed (24 hours), ℃ then it was 

stepped up to - 20  for the completion of secondary drying℃  (12 hours). Finally, it 

was ramped up to room temperature at 0.02 /min. Freeze℃ -dried tissues were 

placed in small nylon bags that can be sealed and were sterilized with ethylene 

oxide. 

 



 

 9 

2. Rat subcutaneous implantation study 

2.1. Implantation procedures 

Juvenile male Sprague-Dawley rats (28-35 days old, NTacSam) were used as a 

animal model for in vivo calcification. The animal experiments were performed in 

accordance with a protocol approved by the Committee for the Care and Use of 

Laboratory Animals at the Yonsei University College of Medicine, Seoul, Korea. 

Rats were anesthetized with a mixture of ketamine (25 mg/kg; Korea United Pharm 

Inc Co., Ltd) and xylazine (5 mg/kg; Bayer Korea Ltd) administered 

intramuscularly. Tissue samples (40 strips in each group) were rinsed in saline for 

20 minutes before implantation. The dorsal muscle area was shaved and disinfected 

with betadine and ethanol prior to implantation of the tissue samples. A small 

incision was made on the back of the rats, two subdermal pouches created; each 

pouch received one sample of each group (fresh untreated valve leaflets and 

decellularized valve leaflets) of porcine tissue. The incision was closed with 6/0 

polypropylene sutures (Ethicon, UK). Implanted samples were removed and 

evaluated at 1 week (n=10), 2 weeks (n=10), 3 weeks (n=10) and 4 weeks (n=10). 

All rats were sacrificed with over dose of barbiturates for explantation of valve 

implants. Four pieces of explants (Two pieces of fresh untreated valve leaflets and 

two pieces of decellularized valvular leaflets at 4 weeks) were fixed in 4% 

formaldehyde for histological analyses. A part of the explants were placed in 

phosphate-buffer for calcium contents measurement.  
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2.2. Atomic absorption analysis 

Explanted tissue samples of both groups (8 strips/group/time interval) were 

dissected free of surrounding host tissue and dried in a Biotherm incubator at 60 ℃ 

for 48 hours. The dried samples were weighed in milligrams and the calcium 

contents extracted in 2 ml of 6-N HCL at 95 ℃ for 24 hours. Contents of calcium 

in explants was determined by atomic absorption spectrophotometer (AA- 6701F, 

Shimadzu Co., Japan) and expressed as micrograms per milligram of tissue (dry 

weight).  

 

3. Aortic valve conduit replacement study 

 3.1. Surgical procedures 

Aortic valved conduits were implanted into the right ventricular outflow tract 

(RVOT) of pig under cardiopulmonary bypass (COBE, Lake Wood. Co., USA). 

Young pigs (n=4) weighing of 30 - 35 kg with age ranges of 14 - 16 weeks were use 

for in vivo study. Animals were premedicated with ketamin (Korea United Pharm 

Inc Co., Ltd) in a dose of 10-20 mg/kg administered intramuscularly. Full 

anaesthesia was achieved using a 3-4% halotan (Fluothane®) and oxygen mixture, 

which was followed by intubation. Anaesthesia was continued using a 1.0-1.5% 

halotan and oxygen as well as nitrous oxide mixture (oxygen: 40-50%, nitrous 

oxide: 50-60%) with mechanical ventilation (Dragerwerk, type SA2 M31423, 

Germany). During the procedure, arterial blood pressure was monitored 

continuously in the right carotid artery, and central venous pressure was monitored 
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in the right jugular vein. The electrocardiography was also continuously monitored.  

The implantation procedure was performed in normothermia. The chest was 

opened via a sternotomy incision. After administration of sodium heparin (300 

units/kg), an arterial cannula was placed in the ascending aorta, and a venous 

cannula was placed in the right atrium through the right atrial appendage. After 

cardiopulmonary bypass, the pulmonary artery was transversely incised with 

normothermic beating heart. Then, prepared decellularized allograft valved conduit 

was sutured into the place with continuous 5.0 polypropylene sutures (Ethicon, UK). 

The animals were then weaned off from cardiopulmonary bypass. After hemostasis, 

divided sternum was approximated and the wounds were closed. The animals were 

extubated after full awakening and received humane care in compliance with the 

Guide for the Care und Use of Laboratory Animals published by the Yonsei 

University College of Medicine, Seoul, Korea. Intramuscular administration of 

antibiotics (Cefazolin 15 mg/kg) was continued for three days after the surgery. 

One pig died at 7 days postoperatively due to internal bleeding. Other 3 animals 

were sacrificed respectively 1 month, 2 months and 3 months after surgery. At 

termination, animals were anesthetized, the implanted conduits were explanted by a 

left thoracotomy, and the explanted allograft valvular conduits including 

infravalvular anastomotic ring, leaflets, and pulmonary artery were prepared for 

histology and immunohistochemistry. 

 

 



 

 12 

3.2. Postoperative echocardiography 

Animals were evaluated by echocardiography at 2, 4, 8 and 12 weeks after 

surgery. The examinations were performed using a SONOACE 9900 apparatus 

(Medison Co. Ltd., Seoul, Korea), making every effort to record the pulmonary 

grafts from different angles, determining the hemodynamic function of the grafts by 

the mean of the transvalvular gradients and measuring the insufficiency when it 

existed. The consistency and the thickness of the cusps and the walls of the 

conduits were also evaluated for signs of calcification. 

 

4. Histological examination 

All tissue samples were fixed in 4% formaldehyde, and embedded in paraffin. 

Sections (6 µm) were deparaffinized in xylene followed by dehydration in a graded 

series of ethanol to water. Hematoxylin and eosin (H&E) staining was performed 

on all samples to observe general morphology of tissues. Masson's trichrome 

staining was used to examine collagen fibers in native aortic valvular leaflets, 

decellularized valve leaflets as well as explanted valvular conduits. Miller's elastin 

staining was used to assess elastin fibers in native valve leaflets, decellularized 

valve leaflets as well as explanted valvular conduits. 

 

5. Transmission electron microscopy 

Native valve leaflets and decellularized valve leaflets were divided into different 

regions. Samples from valve leaflets were fixed for two hours in a solution 
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containing 2% glutaraldehyde and 100 mM cacodylate at pH 7.4. The samples were 

then washed in phosphate-buffered saline and postfixed for two hours in cacodylate 

buffer containing 2% osmium tetroxide. The specimens were dehydrated in a 

graded series of alcohol and embedded in epoxy resin. Ultrathin sections were 

stained with 2% methanolic uranyl acetate. Samples were then examined in a 

transmission electron microscope equipped with photo documentation. 

 

6. Immunohistochemistry 

For immunohistological analysis, one half of the explanted valved conduit tissue 

was snap-frozen in liquid nitrogen, 6µm sections prepared using a cryostat. 

Immunohistochemical staining of snap-frozen sections was performed by use of the 

avidin-biotin-peroxidase technique.22 Endothelial cells were characterized by the 

presence of factor VIII–related antigen (von Willebrand factor; 1:500 dilution, DAKO 

Corp., Carpinteria, CA, USA). Myofibroblasts were characterized by α-actin staining 

(1:100 dilution, DAKO Corp., Carpinteria, CA, USA). Slides were dried in an oven for 

1 hour at 58 ℃ followed by passage through graded ethanol to hydrate the tissue 

sections. Endogenous peroxidase activity was blocked by incubating slides in 0.1% 

H2O2 in PBS. Sections were processed in 0.01 M citrate buffer (pH 6.0) and heated 

in a microwave oven for 5 minutes for antigen retrieval. Sections were then 

incubated with the primary antibody for 60 minutes at room temperature. Excess 

antibody was removed by washing the sections with PBS. Sections were incubated 

1 hour with horseradish peroxydase-labeled secondary antibody diluted in PBS. 
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Each section was treated with biotinylated secondary antibody and streptavidin-

HRP, sequentially. DAB (3, 3'-diaminobenzidine tetrahydrochloride) was used as a 

chromogen, and Mayer’s hematoxylin counterstain was applied. Negative controls 

were run simultaneously with an omission of primary antibody.  

 

7. Statistical analysis 

Data were calculated and expressed as mean ± standard error of the mean (SEM). 

For calcium contents analysis, at least five different samples were used for each 

measurement. One-way Analysis of Variance (ANOVA) tests were used to 

determine differences between fresh untreated valve leaflet and decellularized valve 

leaflet groups. Two-tailed student’s t test were used for comparison of 

decellularized valve leaflet groups at weeks 1, 2, 3 and 4 to the corresponding 

weeks of the fresh untreated valve leaflet. For both tests, the level of statistically 

significance was set at p < 0.05. 
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III. RESULTS 

 

1. Characterization of porcine aortic valve leaflets after various 

treatments 

1.1. Histology of native and decellularized tissues 

Histological sections of a normal porcine aortic valve leaflets display a typically 

three layered structure as seen in human aortic valves, a lamina ventricularis, 

spongiosa, and fibrosa23 can be recognised [Figure 1(A)]. These layers differ both 

in architecture and extracellular matrix components. The most abundant component 

of the porcine aortic valve is collagen with densely packed fibers in the lamina 

ventricularis and fibrosa, and only loosely arranged fibers in the lamina spongiosa 

[Figure 1(B)]. Radially aligned elastin fibers are found predominantly at the lamina 

ventricularis [Figure 1(C)]. Comparison of a native porcine leaflet [Figure 1(A, B, 

C)] to those from chemically processed aortic valvular conduits or individual 

leaflets [Figure 1(D, E, F)] indicated that the decellularization process removed the 

endothelium (also called endocardial cells)24 and the interstitial fibroblasts (also 

called myofibroblasts)25 that normally populate the extracelullar matrix. Despite the 

chemical decellularization process, the region specific architecture of the leaflet 

extracellular matrix, i.e., the fibrosa, spongiosa, and ventricularis, was very nearly 

preserved. Masson's trichrome staining [Figure 1(E)] and Miller's elastin staining 

[Figure 1(F)] confirmed H&E staining results. SDS-treated valve leaflets showed 

strong blue collagen staining closely associated with collagen I fibers [Figure 1( E)], 
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and elastin also appeared to have been preserved within the valve matrix of leaflets 

[Figure 1(F)], suggesting that SDS treatment did not remove collagen and elastin 

from the leaflets.  
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Figure 1. Histological evaluation of native and SDS-treated porcine aortic valve leaflets. (A) 

Histological sections of native aortic valve leaflets showing the native cell density and the 

architecture of the extracellular matrix (H-E stain, original magnification, ×100); (B) 

Collagen was mainly found in the lamina ventricularis and lamina fibrosa (Masson's 

trichrome stain, original magnification, ×100); (C) Elastin fibers were found at the 

ventricular side of the lamina ventricularis (Miller's elastin stain, original magnification, 

×200); (D) SDS-treated aortic valve leaflets showing that all the cellular components were 

removed, and a trilaminar structure were well preserved. There were discrete holes 

containing no residual cells or cell fragments (H-E stain, original magnification, ×400); (E) 

SDS-treated valve leaflets showing that the native porcine cells were largely removed, 

leaving the architecture of the collagen I fibers intact (Masson's trichrome stain, original 

magnification, ×400); (F) SDS-treated valve leaflets showing intact elastic fibers (Miller's 

elastin stain, original magnification, ×400). 
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1.2. Transmission electron microscopy 

Electron microscopy of SDS-treated leaflets [Figure 2 (C, D)] revealed no loss of 

collagen fiber integrity, and fibers could be observed to have a similar banding 

pattern to that of collagen fibers observed in native untreated valve leaflet tissue 

[Figure 2 (A, B)]. In ultra-thin sections, the presence of empty cell-shaped spaces in 

ECM accounted for complete cell removal [Figure 2 (C)]. Variable amounts of 

filamentous material often lined the walls of these spaces or filled them, exhibiting 

cell-like shapes [Figure 2 (D)]. 
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Figure 2. Transmission electron microscopic findings of native and decellularized valve 

leaflets. (A) Native valve leaflet, thin section: Collagen fibers were intact (original 

magnification × 28,000); (B) Native valve leaflet, thin section: Intact ECM with undamaged 

cell components (original magnification × 28,000); (C) SDS-treated, thin section: Collagen 

fibers were intact and exhibited a normal banding pattern (original magnification × 28,000); 

(D) SDS-treated, thin section: empty cell-shaped space surrounded by unaffected ECM 

(original magnification × 19, 600). 

 



 

 20 

2. In vivo calcification assessment in rat subcutaneous model  

2.1. Histological evaluation 

All fresh untreated valve leaflets showed significant cellular invasion after 28 

days of implantation as shown by H&E staining [Figure 3 (A)]. Fresh untreated 

valve leaflets showed loss of collagen and elastic fibrillar assembly suggesting 

degradation of collagen and elastic fibers [Figure 3 (B, C)]. Multilayer of host cells 

were seen at the free edge of decellularized valve leaflets with minimal ingrowth 

into the matrix [Figure 3 (D)]. Collagen and elastic fibers were intact [Figure 3 (E, 

F)]. 
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Figure 3. Representative histological evaluation of porcine aortic valve leaflets on 28th day 

subcutaneous implantation in rats. (A, B, C) Fresh untreated valve leaflets were invaded by 

host cells, and degradation of collagen and elastic fibers (A, H-E stain; B, Masson's 

trichrome stain; C, Miller's elastin stain. Original magnification, ×200); (D, E, F) Multilayer 

of host cells were seen at the free edge of decellularized valve leaflets with minimal 

ingrowth into the matrix. Collagen and elastic fibers were intact (D, H-E stain; E, Masson's 

trichrome stain; F, Miller's elastin stain. Original magnification, ×200). 
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2.2. Calcium contents 

Calcium contents of porcine aortic valve leaflets after subcutaneous implantation 

in rats are shown in Table 1. The calcium analysis of samples showed that there 

was significantly more calcium contents in the fresh untreated valve leaflets than 

decellularized valve leaflets (3 weeks, 5.20±1.50 vs 8.59±1.74; 4 weeks, 5.91±1.22 

vs 10.78±3.03). In addition, fresh untreated valve leaflets and decellularized valve 

leaflets calcification significantly increased with time point (Figure 4). However, 

calcium contents in fresh untreated valve leaflets were significantly higher than 

those of decellularized valve leaflets after 4 weeks implantation (p < 0.001). 
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Table 1. Changes of calcium contents (㎍/mg) in fresh untreated valve leaflets(group 1) 

and decellularized valve leaflets(group 2) after implantation 

  Weeks after implantation (mean±SEM) 

  1 wk 2 wk 3 wk 4 wk 

Group 1 (n=32) 4.89±1.24a 5.46±1.21b 8.59±1.74c 10.78±3.03d 

Group 1 (n=32) 3.87±0.97e 4.28±0.84f 5.19±1.49g 5.91±1.22h 

a vs. b: p=0.462; a vs. c: p< 0.001; a vs. d: p< 0.001 

e vs. f: p=0.468; e vs. g: p=0.021; e vs. h: p< 0.01 

 

 

 

 

 

 

 

 

 

 

Figure 4. Changes of calcium contents in fresh untreated valve leaflets (group 1) and 

decellularized valve leaflets (group 2) at 1, 2, 3 and 4 weeks after implantation. Tissue 

calcification significantly increased with time point. There was significantly more calcium 

contents in the fresh untreated valve leaflets than that in the decellularized valve leaflets at 

the 4-week time point (p < 0.001). 
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3. In vivo assessment in pig studies 

3.1. Echocardiographic study 

All animals underwent echocardiographic studies to evaluate conduit patency and 

leaflet function. All allograft aortic valved conduit cusps opened and closed 

synchronously in the pulmonary valve position at 2, 4, 8 and 12 weeks without 

evidence of valve regurgitation or stenosis. Transvalvular gradients of the tissue 

engineered valves were low for 12 weeks, and showed no progressive elevation. 

The maximum systolic pressure gradient was 14.78 mm Hg. (Figure 5).  

 

 

 

Figure 5. Representative echocardiographic images of allograft aortic valved conduits. 

Echocardiogram performed at 12 weeks after implantation showed no evidence of valve 

regurgitation or stenosis by Doppler trail and color flow mapping.  
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3.2. Macroscopic and histological evaluation 

Macroscopic examination of the valvular conduit explanted after 3 months 

showed a fibrous overgrowth on both sides of the anastomoses without 

encapsulation of the cusps. There was no vegetation, hematomas, or thrombotic 

material on the valvular conduit. The leaflets showed no sign of tearing, perforation, 

deformation, retraction, hardness, or fibrous tissue ingrowth (Figure 6).  

 

 

 

Figure 6. Macroscopic morphology of valved conduit after 3 months in vivo. The allograft 

valve leaflets were grossly normal without retraction, perforation, tearing, hardness, or 

deformation. [A: Outer surface. B, C: Inner surface (seen from ventricular and arterial side).  
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Under light microscopy, a thin tissue sheet covered the inflow and outflow parts 

at the anastomoses between the valved conduit and the native pulmonary artery. 

There was no fibrous tissue overgrowth on the cusps. At 1 month after implantation, 

cellular ingrowth was observed at leaflet bases; by 2 months, cellular ingrowth was 

observed along the lamina ventricularis and lamina fibrosa, this had progressed to 

up to 50% of the leaflet’s height and then to about 80% at 3 months. A portion of 

the free margin remained acellular 3 months after implantation [(Figure 7 (A, D)]. 

Masson’s trichrome staining and Miller's elastin staining of specimens showed the 

well preserved collagen and elastic fibers [(Fig 8 (B, C, E, F)]. 
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Figure 7. Histology of an explanted leaflet after 3 months of implantation in pigs. (A) A 

host cell layer is seen on the luminal side of an explanted valved conduit. Fibroblasts were 

growing into the acellular matrix [H-E stain, A, original magnification x100; D, original 

magnification x200). Masson’s trichrome staining (B, original magnification x100; E, 

original magnification x200) and Miller's elastin staining (C, original magnification x100; F, 

original magnification x200) of specimens showed the well preserved collagen and elastic 

fibers. 

 



 

 28 

3.3. Immunohistochemistry evaluation 

Immunohistochemical staining showed a monolayer of endothelial cells were 

present in the inflow and outflow tract of the allograft valved conduits, as well as in 

the allograft leaflet, which were vWF-positive cells [(Figure 8 (A, B)]. The 

interstitium of valvular conduit wall and leaflet were found to be completely and 

densely repopulated by myofibroblasts. This was indicated by a strongly positive 

staining for α- actin throughout the interstitium [(Figure 8 (C, D)]. 
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Figure 8. Immunohistochemical staining of an explanted valvular conduits. (A, B) vWF 

staining (brown, peroxidase) of valvular conduit outflow wall (A) and leaflet (B) after 3 

months implantation. Strong staining of inner wall and leaflet surface indicates endothelial 

cells (original magnification, ×200). (C, D) α-actin staining (brown, peroxidase) of valvular 

conduit outflow wall (C) and leaflet (D) after 3 months implantation showing positive 

staining of myofibroblasts in the interstitium (original magnification, ×200). 
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IV. DISCUSSION 

 

Currently, there are two general approaches for tissue engineering heart valves 

(TEHV). The first strategy utilizes degradable synthetic scaffolds molded into heart 

valve geometries. The second TEHV strategy uses acellular, natural biomatrices. 

Synthetic scaffolds are disadvantageous since they may not always provide a 

biocompatible surface; they may be toxic or generate an inflammatory reaction with 

time ofter implantation.26, 27 The greatest advances using natural scaffolds, however, 

have occurred with a decellularized xenograft or homograft valve matrix. 

Investigators have used a variety of techniques including hypotonic conditions, 

proteolytic enzymes (Trypsin, DNase, Rnase et.), and/or detergents (Triton X) 

followed by use of nuclease to remove the cellular components from natural valves 

from these natural vlaves.14, 16, 17, 27-32 Naturally derived biomatrics are composed 

primarily of extracellular matrix (ECM) components, which play a major role in 

cell metabolism,33 function,34 interaction and adhesion.35, 36 Furthermore, these 

natural materials may provide improved mechanical and morphological 

compatibility compared to synthetic scaffolds. This approach requires 

decellularization techniques that do not adversely affect the mechanical properties 

of the biomatrices or the reconstitution of the tissue in vivo.  

The aim of this study was to develop an acellular matrix scaffold suitable for live 

and growing potential tissue engineered heart valves. Acellular matrix must have 

minimizing tissue immunogenicity, maintenance of structural components of the 
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matrix, and maintenance of biomechanical properties of the tissue. To address the 

first point, a treatment that would remove as many of the host tissue cells as 

possible was requied. To address the second and third points, a gentle procedure 

that would minimize trauma to the scaffold was required.  

With these goals in mind, we selected sodium dodecyl sulfate (SDS) as the 

decellularization agent for porcine aortic heart valves. Although SDS has been used 

extensively for processing natural scaffolds, the discouraging results that have been 

reported regarding thermal stability, swelling and structural destabilization have 

deterred scientists from further investigating the consequences of SDS-treated 

tissues. In a recent study, the use of SDS was reported to have serious deleterious 

effects on the heart valve extracellular matrix, and transmission electron 

microscopy study revealed deterioration of collagen and elastin fibers.37 In contrast, 

Catherine et al reported that there are no such deleterious effects were evident 

following use of the ionic detergent SDS. They established that SDS concentrations 

as low as 0.03% (w/v) for individual aortic leaflets and 0.1% (w/v) for leaflets 

attached to the aortic root, are sufficient to produce complete cell extraction without 

impairing the structural integrity of the extracellular matrix proteins.21 Our results 

also confirmed that the extracellular matrix consisted of three-dimensionally 

arranged original collagen and elastin fibers appeared to be present and intact. The 

differences observed were more likely attributable to protease, which present a 

major problem when dealing with natural tissues, as their activation can lead to 

extensive autolysis of ECM proteins and major damage to the structure and 
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function of the matrix scaffold. In this study, EDTA was chosen as an inhibitor of 

matrix metalloproteases, and aprotinin was selected as a broad-spectrum inhibitor 

of serene proteases, such as the members of the plasminogen activation cascade. In 

earlier studies using SDS as a decellularization agent, protease inhibition was not 

included37, 38 or was not carried out in all stages of the decellularization 

procedure.14~18 Our data suggested that decellularization protocols utilizing SDS 

with protease inhibitor were successful for valve decellularization. Histological 

anlysis of decellularized heart valve leaflets has shown that the major ECM 

constituents have been retained and appear undamaged.  

Tissue degeneration and calcification are the two major obstacles to the 

successful application of bioprosthetic heart valves. In order to evaluate the 

calcification potential of SDS-treated bioprosthetic heart valves, we used rat 

subcutaneous implantation model. In the rat subcutaneous model, quantitative 

calcium contents analysis showed that calcification of the valve leaflets had 

progressed in both groups. However, there was significantly more calcium in the 

fresh untreated valve leaflets than decellularized valve leaflets. In addition, fresh 

untreated valve leaflets and decellularized valve leaflets calcification significantly 

increased with time point (Table 1 and figure 3), However, statistical comparison of 

fresh untreated valve leaflets and decellularized valve leaflets at the 4-week time 

point demonstrated significantly higher calcium contents in fresh untreated valve 

leaflets explants. These findings indicate that SDS treatment for decellularization 

partially inhibits calcification of porcine aortic valve leaflets in the rat subcutaneous 
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model. The mechanism of SDS treatment inhibition of calcification is believed to 

be the action of SDS extracting cellular components to prevent immune reaction, 

and well preserving collagen and elastin structure of the bioprosthetic materials. 

In order to identify cell migration, durability as well as feasibility of allograft 

aortic valved conduits, decellularized porcine aortic valved conduits were 

implanted as a root replacement in the right ventricular outflow tract in pigs. 

Periodic echocardiographic examinations of implanted valved conduits revealed 

good function without stenosis and regurgitation. These findings suggest that 

extracellular matrices in the acellularized valve leaflets are well preserved and that 

they maintain the functional integrity of pulmonary valve until recellularization.  

Elkins et al20, 39 demonstrated that decellularized porcine heterografts, when 

implanted in juvenile sheep, had a normal hemodynamic performance for periods 

of up to 11 months, when neither calcification nor tissue retraction was observed. 

Sequential histological analysis of the grafts demonstrated that the matrix was 

invaded by fibroblastic and myofibroblastic interstitial cells, which migrated from 

the base of the cusp towards the free margin. After one year of evolution, 

approximately 80% of the cusp was repopulated, but re-endothelialization of the 

grafts was not observed. 

In this study, we utilized the method of decellularization suggested by Catherine 

et al, 21 without the in vitro endothelialization. However, there was cell migration 

and fiber growing at the allograft started from the base of the leaflets toward the 

free margin of the leaflet. These cells seem to originate from adjacent myocardium, 
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or from vessels newly formed in the region of the implantation. Cellular ingrowth 

into the acellularized allogenic valves was found at 1 month after implantation. By 

3 months of evolution, approximately 80% of the surface was invaded by 

endothelial cells, better than what was observed by Elkins et al.20, 39 Contrary to 

these authors, however, we observed that our grafts were also re-endothelialized. 

Perhaps the method of decellularization may explain this difference. This finding 

implies that the extracellular matrix treated with SDS and protease inhibitor was 

adequate for cell immigration and survival. 

Allograft valve durability may be enhanced through application of this 

decellularization technology. This acellular matrix may provide a durable and 

accommodating scaffold onto which host cells growing and functioning. The result 

was a viable heart valve obtained by a novel approach that required neither ex vivo 

cell seeding onto a synthetic matrix nor long-term preimplantation development as 

invoked by other forms of tissue engineering. The extent to which natural 

biomaterials that are processed with various preservation and decellularization 

techniques are remodeled in the body needs to be more fully explored. However 

this study has limitations of relatively short-term results and may require longer 

term outcome. 
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V. CONCLUSIONS 

 

In conclusion, SDS with protease inhibitor decellularization processes 

successfully removed the majority of the cells while preserving the major 

extracellular matrix organization of the biomatrices. Decellularized aortic valve 

leflets were significantly less calcified than those of fresh untreated aortic valve 

leaflets in the rat subcutaneous implantation model. The reduced calcification 

potential could result in improved long-term durability of decellularized allograft 

heart valves as bioprostheses. Decellularized valvular conduit implanted in the 

outflow tract of the right ventricle in pigs gave a satisfactory hemodynamic 

performance over periods of up to 3 months of follow up. The explants 

demonstrated that the cusps were well preserved, without signs of degeneration or 

calcification. A gradual re-population of the extracellular matrix by endothelial 

cells and myofibroblast was observed microscopically. Ultimately, the creation of 

actual living tissue replacements for cardiovascular applications would solve many 

of the existing problems associated with cardiac heart valve replacements and 

vascular prostheses. 
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탈세포화된탈세포화된탈세포화된탈세포화된    동종동종동종동종    매트릭스를매트릭스를매트릭스를매트릭스를    이용한이용한이용한이용한    
인공심장판막의인공심장판막의인공심장판막의인공심장판막의    제작제작제작제작    

 

<지도교수 장병철> 

 

연세대학교 대학원 의과학과 

 

서정철 

 

판막도관(valvular conduit)으로부터 분리된 세포외기질(extracellular 

matrix, ECM) Scaffold 은 조직공학을 이용한 인공심장판막의 

연구개발에 널리 사용되고 있다. 이러한 탈세포화 및 조직공학 기술을 

이용한 세포외기질 scaffold 은 심장판막 고유의 해부학적 형태, 구조 및 

기계적 특성을 그대로 보유하고 있으며, 생체 내 판막 이식후의 

석회화와 면역 반응을 최소화 시킬 수 있는 장점이 있다.  

 

본 연구에서는 protease inhibitor 가 포함된 계면활성제인 sodium 

dodecyl sulfate (SDS)을 이용하여 돼지 대동맥 판막 탈세포 도관의 

세포외 기질 scaffold 를 제조한 후 동물모델에 이식하여 인공심장판막의 

유용성을 평가하였다. 우선 돼지 대동맥 판막 도관을 채취하여 SDS 로 

탈세포화 시킨 다음 조직학적 검사와 전자현미경 검사를 시행하여 
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탈세포화를 확인하였다. 탈세포화 된 무세포 판막엽과 신선한 판막엽을 

백서 피하이식 모델에 각각 이식하여 4 주 동안 일주일 간격으로 판막엽 

조직을 채취하여 조직학적 검사를 하고 원자흡광분광광도계를 이용한 

칼슘함량을 측정하여 비교하였다. 또한 돼지 우심실 유출로에 

탈세포화된 동종 판막도관을 이식하여 정기적으로 초음파 검사를 

시행하여 판막기능을 평가하였으며, 1, 2, 3 개월이 지난 후 각각 

이식판막을 채취하여 조직학 및 면역조직화학염색 검사를 시행하였다.  

 

연구 결과, SDS 로 탈세포화 시킨 심장판막에서 광학현미경을 이용한 

조직학적 소견 및 전자현미경 소견으로 세포는 완전히 제거된 것을 

확인할 수 있었으며, Masson's trichrome 염색과 Miller's elastin 염색을 

시행하여 콜라겐, 엘라스틴과 같은 섬유조직은 잘 보존되어 있음을 

확인하였다. 백서 피하에 이식한 경우 기간이 경과함에 따라 판막 내에 

칼슘의 증가는 관찰되었으나 신선 판막엽을 이식한 경우에 비하여 

4 주째 칼슘의 함량은 통계적으로 유의하게 낮았다 (5.91±1.22 vs 

10.78±3.03, p < 0.001). 돼지 모델 우심실유출로에 이식한 탈세포화된 

인공판막은 3 개월 동안 정상적인 기능을 보유하였으며, 역류나 협착은 

발견되지 않았다. 1 개월이 지난 후 이식 판막엽 표면에 자기세포가 

점차적으로 부착되어 자라고 있는 소견이 조직학적 검사에서 

관찰되었으며, 시간이 경과함에 따라 외연으로 확산되어 3 개월 후 

판막엽 표면의 약 80%를 덮고 있는 현상이 관찰되었다. α-actin 및 vWf 

면역조직화학염색을 거쳐 상술한 세포가 내피세포와 myofibroblast 임을 
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확인하였다. 

 

본 연구를 통하여 우리는 protease inhibitor 가 포함된 SDS 를 이용한 

심장판막 탈세포화 방법은 매우 효과적이며, 이식 판막의 석회화를 

감소시키는 것을 확인하였다. 아울러 탈세포화 된 동종 판막도관을 

우심실 유출로에 이식했을 때 생체 내 기능과 내구성이 뛰어나며, 

수여자 세포로 대치되고 있음을 관찰하였다.  

___________________________________________________________________    

핵심 되는 말: 심장 판막, 석회화, SDS, 조직 공학, 탈세포화, 세포외 기질 
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