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ABSTRACT
Background:Collagen fibers arrangement and density play a pivotal role in cell migration and proliferation. Bovine Pericardium 
(BP) is a collagen – rich tissue which is currently used as a biological scaffold.
Aim of the work:The aim of this study was to examine the effects of the decellulrazation processes on the surface architecture 
and geometry of the BP and consequently cell seeding  and epitheliliazation onto it.
Methods and Results:To achieve these goals   bovine pericardium (BP) was decellularized   with 1 % TritonX-100 and  0.1 
% sodium dodecyl sulfate . Control group was only treated by PBS and post fixed in glutaraldehyed (GAD) 1%. The buccal 
cell suspensions were then overlaid on the serous side of the BP scaffolds at concentrations2×105 Cells/mL. 10 days following 
seeding the samples were fixed and SEM results were analyzed by Matlab software. The pore surfaces were measured 
182.05±11.61µm2    and 132.44±12.35 µm2 in acellular and GAD BP respectively (P<0.05). The con surfaces were measured 
93.54±13.41 µm2and 114.78±11.67 µm2  acellular and GAD PB respectively (P<0.05).The thickness of collagen bundles in 
decellularized BP and GAD BP (10 random fields) were obtained 19.5±6.3 µm and 16.8±.99 µm respectively (p<0.05).
Conclusion: The results of acellular group showed more attached cells onto scaffold, epithelialization growth, and spreading 
on the scaffold. While in contrast GAD-fixed group only scattered cell clumping were seen. Our findings showed that 
topographical changes after decellularization could provide a suitable growth pool or microenvironment, that can influence 
cellular attachment and subsequently cell-ECM integration in biological scaffold.
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INTRODUCTION                                                                     

Evolving new scaffolds from biodegradable 
materials has been considered as the primary aim of the 
bioengineering field[1,2]. Bovine pericardium (BP) is a 
collagen-rich biological tissue which is widely used in 
reconstructive surgeries. Advantages such as    superior 
biocompatibility, easy handling, low cost and possibly 
reduced rates of infection have made its use more common 
in comparison with other scaffolds[3]. Currently BP is being 
used in cardiovascular(valve prosthesis), ophthalmic and 
urologic (laboratory experiments) surgeries[4,6],however 
there are reports that BP use is associated with long 
term issues including   restenosis by cell clumping, 
calcification, thrombosis and hyperplasia[3].Although the 
underlying responsible mechanisms for such side-effects 
have not been thoroughly understood[7], it is known that 
the method of preparation play a critical role in occurrence 

of progressive tissue degeneration . In order to achieve 
the ideal results and reduce mentioned long term side 
effects, many studies have turned their attention to the 
methods of the scaffold preparation and biomechanical 
analysis. Studies have reported that   use of  BP- fixed in 
glutaraldehyde (GAD) , as cross-linker agent, is associated 
with   activation of the immune system[8,9], triggering an 
inflammatory reaction[10,11] that leads to infiltration of the 
collagen matrix, rupture of the collagen-elastin network 
, calcification  and eventually failure of  treatment in 
clinical cases[12,13]. In order to overcome the limitations 
of GAD fixation, several treatments have been examined. 
Currently decellularization of BP has been proposed as an 
alternative method, gold standard, to eliminate or reduce 
immunogenic reaction, calcification rate and causing less 
tissue degeneration[14,17]. Some studies have reported that 
decellulrazation of BP may lead to   significant alteration 
in ECM properties[18,19]. One of the major components of 
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the BP tissue   is  type I collagen networks  embedded 
in extracellular matrix(ECM) which in turn determine 
antigenicity, structure-function properties and even re-
cellularization potential[7,20,21]. Studies have revealed that 
cell migration and proliferation are influenced by collagen 
fibers density, spatial arrangement and porosity[22,24].              
It has been recently shown that decellularization processes 
brings about extensive cellular membrane destruction and 
collagen fibers disruption in BP[25]. Despite the massive 
amount of data on the biochemical and mechanical 
changes after decellularization, there is little information 
about the effects of decellularization on the geometric or 
topographical changes of the BP and its effects on cell 
seeding. This study aimed to   examine the effects of the 
decellulrazation processes on the surface architecture of 
the BP and subsequently epithelial cell seeding onto it.

MATERIALS AND METHODS                                           

The study was approved by Ethical Committee of the 
North Khorasan University of Medical Sciences. After 
opening the sternum , pericardium was exposed and  three 
suitable areas of sternal surface of  bovine pericardium 
(BP) (3 years old) (N=3  cow calf) were collected. The 
material in plastic containers containing a hypertonic 
solution of NaCl was transported to the laboratory at 
4ºC. The samples were washed by isotonic 0.9% NaCl 
solution and all the fat and adherences were meticulously 
removed. The pericardium was cut into 4 long strips each 
about 1×1 cm and treated with phosphate-buffered saline 
(PBS), streptomycin, penicillin under ultraviolet (UV) 
about1hour to eliminate any bacterial contamination. 
The bovine pericardium (BP) was treated according the 
decellularizing method of  Eirini Pagoulatou et al [26]
in three steps as briefly as: incubation in distilled water 
for 2 hours at 4˚C, Decellularization with 1 % Triton 
X-100 (AppliChem, Germany), 0.1 % sodium dodecyl 
sulfate (SDS) (Merck),150 mM NaCl (Merck) and 1 % 
deoxycholic acid (AppliChem,Germany) in 10 mM Tris 
(Sigma Aldrich) buffer pH 7.4 with protease inhibitor 
cocktail (Sigma Aldrich). Sample were treated for 12 h at 
4 C in the detergent solution. Decellularized pericardium 
matrices were subjected to several washes in distilled 
water until complete removal of the detergent. Fresh BP 
were used as control and only treated PBS and post fixed 
with glutaraldehyde (GAD)1% and were subjected to 
washing.

 Tissue harvesting and cell culture[27]: Two adult 
male rabbits were purchased from Razi institute and 
were housed 2 weeks to accommodate to new condition. 
The animals were deeply anesthetized by ketamine and 
chloroform. After deep anesthesia bilateral checks were 
exposed and the operation field was carefully disinfected 
and washed as routine surgery. Buccal Mucosal flaps 
(1×1cm) were carefully incised and transferred to 
laboratory. The samples were treated by 70 % ethanol 
(10 seconds) and then washed by PBS and  antibiotic 

thoroughly, muscular and fibro-fatty tissue were removed 
gently and cut into several small pieces, then the mucosal 
samples were treated  as follow: DMEM+ dispase(2.5%) 
for 24 hours at 4˚C, DMEM and trypsin(.04%) for 4 hours 
in 37C , washing several time with DMEM+PBS10%. 
Finally isolated cells were incubated in culture medium 
containing DMEM ،30% DMEM / HAM S F-12 ، 
20%fetal calf serum(FCS) ،0.1% antibiotic at37C. 

Seeding[27]: The scaffolds were placed in a high-
attachment 12-well plate and the cell suspensions were 
then overlaid on the serous side of the BP scaffolds at 
concentrations2×105 cells/mL. The seeded bio scaffolds 
(3 times seeding during 3 days) were incubated at 37˚C. 
The sample were checked each day and after three 
days the culture media were changed. 10 days later the 
samples were gently removed and placed in fixation 
solution containing  glutaraldehyed3% and PBS   for 
24 hours at 4˚C.  The fixed samples were sent for SEM 
study to Ferdowsi University, Mashhad. Iran. The SEM 
results were analyzed and quantified by Mat Lab software 
(R2018a x64).

Image processing for surface topography: In order 
to measure the surface topography and porosity on the 
surface of BP, All imaging data were imported into Matlab 
software as a common method in image analysis(Toolbox 
7.1 The math Works,Natick,MA,USA)  and  processed 
as[28]: A 3-D matrix was made for each image, RGB 
images were converted to greyscale images, A 50×50 
unit was selected for each matrix, units were scanned and 
black-white points were considered as raised and dropped 
points( this processes were extended for total size of 
images), the points were normalized and their surfaces 
were calculated and finally the surface were compared 
between two images by t-test. 

RESULTS                                                                               

SEM results of serous side of the BP showed that 
decellularization process causes a variety of changes in 
the diameter [Fig 1], arrangement, porosity (extracellular 
matrix niche) and disruption of collagen bundles of 
BP [Fig2], while in cellular group collagen fibers 
showed more compact and organized orientation. The 
pore surfaces were measured 182.0511.61±µm2 and 
132.4412.35± µm2 in acellular and GAD BP respectively 
(P<0.05). The con surfaces were measured 93.5413.41± 
µm2and 114.7811.67± µm2 in  acellular and GAD BP 
respectively (P<0.05).The average thickness of collagen 
bundles in decellularized BP and cellular (10 random 
fields) were obtained 19.56.3± µm and 16.8±.99 µm 
respectively (p<0.05). Additionally, the surface ratio of 
pore and cons of the decellularized group were calculated 
based on the 3D plots. The comparison between the ratio 
of  pore and cons showed meaningful difference(P<0.05) 
[Table 1]. The results of seeding of the buccal epithelium 
on BP in cellular group showed scattered cells adherent 
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Fig. 1(A,B): Bovine Pericardium in GAD-fixed (A) The collagen fibers are compact and  regular. In  decellularized pericardium(B), Irregularity (arrowhead) 
and  thicker collagen bundles are seen(SEM x1000).

Fig. 2(A,B): In comparison to GAD-fixed (A), there are some collagen fibers disruption and irregularity (arrowheads) seen in decellularized group (B)(SEM 
x10000).

Fig. 3(A,B): Buccal cells seeded onto the GAD –fixed BP(A), show scattered clumping(arrows)(SEM x700) , in acellular group(B)numerous  cells and some 
mitotic cells are seen (SEM x1500).
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to the scaffold and also cellular clumps were observed. 
The results of acellular group showed more attached cells 
onto scaffold, epithelialization growth, proliferation and 
spreading on the scaffold, specifically these features were 
noticeable in ECM niche. Higher magnification revealed 
embedded cells in the matrix [Figs3 and 4]. 

DISCUSSION:                                                                    

The results of this study demonstrated that 
decellularization brings about extensive topographical 
and structural changes in the BP tissue. Quantification 
of collagen architecture after decellularization revealed 
increased diameter of collagen bundles, larger porosity 
of BP and extracellular matrix (ECM) niche, disruption 
in the arrangement of collagen fibers , more cell 
attachment and remodeling after seeding and widespread 
epithelialization of buccal epithelium onto the scaffold.  
The results of GAD –fixed BP showed that it leads to less 
topographic changes.  Additionally, it failed to provide 
sufficient cell host and only scattered cell clumping was 
observed. Bovine pericardium consists of a network 
of type 1collagen and elastic fibers embedded in an 
amorphous matrix, which in turn is composed mainly of 
free glycosaminoglycan (GAGs) and proteoglycans[29]. 
Comparative structural changes have been reported in 
several studies. For instance Bodnar et al reported that SDS 
(1%) treatment damaged the pericardium tissue causing 
extreme fragmentation and swelling of the collagen, 
together with a significant loss of mechanical properties[30].   
In another study Liao et al reported decellularization of 

BP with SDS (0.1%), triton X-100 and trypsin, results 
in disruption of collagen network, large pore and lose of 
fiber organization[25]. Mirsadraee et al stated that lower 
concentration of SDS (0.1) have no effects on the matrix 
and mechanical properties of collagen fibers[31]. On the 
other hand some researchers  reported that damage to the 
matrix was potentially caused by the release of proteases 
and not by the SDS [32].In this study we added some new 
parameters to the related previous studies including 
measuring the surface of pore and  con, fibers thickness, 
and ratio of con/pore which have  less been dealt before. 
The results of the seeding revealed that the decellularized 
BP is capable of the buccal cell repopulation and 
proliferation. Furthermore, buccal cells could attach 
properly to surface of the scaffold and re-epithelialization 
and conducting/directing of buccal cell proliferation 
occurred extensively. One possible explanation for these 
findings in decellularized BP is likely the architecture 
and surface geometry of the BP. Deep porosities after 
decellularization could possibly provide a 3D micro pools 
hosting more cells[33,35] and may act to protect seeded 
cells from environmental disturbances such as medium 
changes. The importance of surface geometry and 
collagen architecture in cellular attachment, integration, 
migration and differentiation have been documented 
by several studies[22,24]. Although we could not perform 
various decellularization methods to examine their effects 
on surface geometry and subsequently on cell seeding, 
the obtained results highlight topographical parameters 
as a pivotal factor in decellularization methods of the BP 
and in vivo application of the BP. Another explanation 

Fig. 4(A, B): cell attachment (arrows) and re-epithelialization (arrow heads) were seen in acellular  BP after 10 days

Table 1: Surface geometry of the BP

Group pore surface con surface Ratio of pore to con Collagen bundles thickness

Acellular *182.05±11.61µm 2 93.54±13.41 µm2 1.69±0.08* 19.5±6.3 µm*

GAD BP 132.44±12.35 µm2 *114.78±11.67 µm2 1.35±0.09 16.8±.99 µm

The ration of Con to pore in acellular BP showed significant level of difference in comparison to those of GAD BP(*P<0.05). Collagen bundles thickness also 
showed significant level of difference (*P<0.05).
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for the obtained results in the decellularized BP may 
reside in biochemical properties of ECM. It is evident 
that macromolecules in the scaffold can influence seeded 
cells behavior. ECM consists of structural and functional 
molecules including heparin, heparin sulfate, chondroitin 
sulfate and hyaluronic acid, adhesion molecules such 
as fibronectin and laminin and transforming growth 
factor-b, basic fibroblast growth[36]. It has been shown 
that using SDS based method preserves collagen contents 
and the glycosaminoglycan (GAGs) such as decorin 
which is known as modulator in cell attachment to 
ECM[37]. Conversely, GAD-treated BP failed to provide 
cellular proliferation and epithelialization. These results 
could be partly explained by the possible toxicity of 
residual aldehyde[38] and preservation of topography 
of the collagenous scaffold of BP. Admittedly behavior 
of cells in 3D in vitro are affected by a wide range of 
factors including surface geometry and exposed GACs 
of   ECM[22 - 24,37]. According to our finding topographical 
niches could provide a suitable growth pool or 
microenvironment, which in turn can influence cellular 
attachment and subsequently cell-ECM integration.  It 
is recommended to study the effects of various methods 
of BP decellularization on the geometry of BP and 
subsequently cellular behavior. 

REFERENCES                                                                      

1.	 Katari R, Peloso A, Orlando G. Tissue 
engineering and regenerative medicine: sematic 
considerations for an  evolving paradigm. Front 
Bioeng Biotechnol.(2015); 12;2:57. doi: 10.3389

2.	 Serrano-Aroca Á, Vera-Donoso CD, Moreno-
Manzano V. Bioengineering approaches for 
bladder regeneration. Int J Mol Sci. (2018) Jun 
17;19(6). pii: E1796. doi: 10.3390

3.	 Heuschkel MA, Leitolis A, Roderjan JG, Suss PH, 
Luzia CAO, da Costa FDA, Correa A, Stimamiglio 
MA. In vitro evaluation of bovine pericardium 
after a soft decellularization approach for use in 
tissue engineering. Xenotransplantation.( 2018 )
Sep 28:e12464. doi: 10.1111

4.	 Yang M, Chen CZ, Shu YS, Shi WP, Cheng SF, 
Gu YJ. Preseeding of human vascular cells in 
decellularized bovine pericardium scaffold for 
tissue-engineered heart valve: an in vitro and 
in vivo feasibility study. J Biomed Mater Res B 
Appl Biomater. (2012);100(6):1654 - 1661

5.	 Dulaurent T, Azoulay T, Goulle F, Dulaurent A, 
Mentek M, Peiffer RL, Isard PF. Use of bovine 
pericardium (Tutopatch®) graft for surgical 
repair of deep melting corneal ulcers in dogs and 
corneal sequestra in cats. Vet Ophthalmol. (2014); 
17(2):91 - 99

6.	 Lara RC1, Lucon AM, Arap S. Urethroplasty 
using a bovine pericardium graft: an experimental 
study using normal urethras from dogs. Braz J 
Med Biol Res .( 2004);37(3):327 - 331

7.	 Badylak, S. F., Freytes, D. O. & Gilbert, T. W. 
Extracellular matrix as a biological scaffold 
material: Structure and function. Acta Biomater.
(2009);5: 1–13.

8.	 Dahm M, Lyman WD, Schwell AB, Factor SM, 
Frater RW.Immunogenicity of glutaraldehyde-
tanned bovine pericardium J Thorac Cardiovasc 
Surg. (1990);99(6):1082 - 1090.

9.	 Gong G, Seifter E, Lyman WD, Factor SM, 
Blau S, Frater RW.Bioprosthetic cardiac valve 
degeneration: role of inflammatory and immune 
reactions. J Heart Valve Dis.(1993);2(6):684 - 693.

10.	 Vyavahare NR, Jones PL, Hirsch D, Schoen FJ, 
Levy RJ.Prevention of glutaraldehyde-fixed 
bioprosthetic heart valve calcification by alcohol 
pretreatment: further mechanisticstudies. J Heart 
Valve Dis. (2000);9(4):562 - 566

11.	 Schoen FJ, Golomb G, Levy RJ. Calcification 
of bioprostheticheart valves: a perspective on 
models. J Heart Valve Dis. (1992);1(1):110 - 114.

12.	 Pelletier LC, Carrier M, Leclerc Y, Lepage G, 
deGuise P, Dyrda I. Porcine versus pericardial 
bioprostheses: a comparison of lateresults in 1593 
patients. Ann Thorac Surg. (1989);47(3):352 - 361.

13.	 Cunanan CM, Cabiling CM, Dinh TT, Shen 
SH, Tran-Hata P,Rutledge III JH et al. Tissue 
characterization and calcificationpotential of 
commercial bioprosthetic heart valves. Ann 
ThoracSurg. (2001);71(5 suppl.):S417 - 421.

14.	 Gilbert TW, Sellaro TL, Badylak SF. 
Decellularization of tissues and organs. 
Biomaterials. (2006);27:3675–3683.

15.	 Rieder E, Seebacher G, Kasimir MT, Eichmair 
E, Winter B, Dekan B, Wolner E, Simon P, 
Weigel G. Tissue engineering of heart valves: 
decellularized porcine and human valve scaffolds 
differ importantly in residual potential to attract 
monocytic cells. Circulation. (2005);111:2792–
2797.

16.	 Schmidt CE, Baier JM. Acellular vascular tissues: 
natural biomaterials for tissue repair and tissue 
engineering. Biomaterials .(2000);21:2215–2231.

17.	 Doss M, Moid R, Wood JP, Miskovic A, Martens 
S, Moritz A. Pericardial patch augmentation for 
reconstruction of incompetent bicuspid aortic 
valves. Ann Thorac Surg. (2005);80:304–307.

18.	 Hülsmann, J. Grün K, El Amouri S, Barth M, 
Hornung K, Holzfuß C, Lichtenberg A, Akhyari 
P. Transplantation material bovine pericardium: 
biomechanical and immunogenic characteristics 
after decellularization vs. glutaraldehyde-fixing. 
Xenotransplantation. (2012 );19(5):286 - 297.



44

SURFACE GEOMETRIC PROPERTIES OF DECELLULARIZED AND GLUTARALDEHYDE BOVINE PERICARDIUM

19.	 Nam, J. Choi SY, Sung SC, Lim HG, Park SS, 
Kim SH, Kim YJ. Changes of the Structural 
and Biomechanical Properties of the Bovine 
Pericardium after the Removal of α -Gal Epitopes 
by Decellularization and α -Galactosidase 
Treatment. Korean J. Thorac. Cardiovasc. Surg. 
(2012);45: 380–389 

20.	 Badylak, S. F., Gilbert, T. W. Immune response 
to biologic scaffold materials. Semin. Immunol 
(2008);20:109–116 .

21.	 Brown, B. N. , Badylak, S. F. Extracellular matrix 
as an inductive scaffold for functional tissue 
reconstruction. Transl. Res. J. Lab. Clin. Med 
(2014);163:268–285. 

22.	 Ashworth JC, Mehr M, Buxton PG, Best SM, 
Cameron RE. Cell Invasion in Collagen Scaffold 
Architectures Characterized by Percolation 
Theory. Adv Healthcare  Mater (2015) ; 4:1317-
1321

23.	 Wolf K, Alexander S, Schacht V, Coussens LM, 
von Andrian UH, van Rheenen J, Deryugina E, 
Friedl P. Collagen-based cell migration models in 
vitro and in vivo. Semin Cell Dev Biol. (2009) 
;20(8):931 - 941. 

24.	 Reboredo JW, Weigel T, Steinert A, Rackwitz L, 
Rudert M , Walles H. Investigation of Migration 
and Differentiation of Human Mesenchymal Stem 
Cells on Five-Layered Collagenous Electrospun 
Scaffold Mimicking Native Cartilage Structure. 
Adv Healthc Mater (2016);5(17):2191 - 2198. 

25.	 Liao J, Joyce EM, Sacks MS. Effects of 
decellularization on the mechanical and structural 
properties of the porcine aortic valve leaflet. 
Biomaterials.( 2008);29( 8) :1065–1074

26.	 Pagoulatou E, Triantaphyllidou IE, Vynios 
DH, Papachristou DJ, Koletsis E, Deligianni 
D, Mavrilas D. Biomechanical and structural 
changes following the decellularization of 
bovine pericardial tissues for use as a tissue 
engineering scaffold. J Mater Sci Mater Med 
(2012);23(6):1387 - 1396.

27.	 Liu Y , Bharadwaj Sh, Lee S J, Atala A, Zhang 
Y. Optimization of a natural collagen scaffold to 
aid cell–matrix penetration for urologic tissue 
engineering Biomaterials.(2009) ;30 : 3865–3873 

28.	 Hunt BR, Lipsman RL,Rosenberg JM.A guide 
to MatlaB. Cambridge: CAMBRIGE University 
press;2001.72 - 73 

29.	 Mendoza-Novelo B, Avila EE, Cauich-Rodríguez 
JV, Jorge-Herrero E, Rojo FJ, Guinea GV, 
Mata-Mata JL. Decellularization of pericardial 
tissue and   its impact on tensile viscoelasticity 
and glycosaminoglycan content Acta Biomater. 
(2011);7(3):1241 - 1248. 

30.	 Bodnar, E., Olsen, E.G., Florio, R., Dobrin, J. 
Damage of porcine aortic valve tissue caused by 
the surfactant sodiumdodecylsulphate. Thorac. 
Cardiovasc. Surg .(1986); 34:82 - 85

31.	 Mirsadraee S, Wilcox HE, Korossis SA, 
Kearney JN, Watterson KG, Fisher J, Ingham E. 
Development and characterization of an acellular 
human pericardial matrix for tissue engineering. 
Tissue Eng.( 2006);12(4):763 - 773.

32.	 Booth, C., Korossis, S.A., Wilcox, H., Waterson, 
K.G., Keamey, J.N., Fisher, J., and Ingham, E. 
Tissue engineering of cardiac valve prostheses I: 
development and histological characterisation of 
an acellular porcine scaffold. J. Heart Valve Dis.( 
2002);11: 457 - 462

33.	 Inoue T, Cox JE, Pilliar RM, Melcher AH. 
Effect of the surface topography of smooth and 
porous-coated titanium alloy on the orientation of 
fibroblasts in vitro.J Biomed Mater Res .(1987) 
Jan;21(1):107 - 216.

34.	 Brown B, Lindberg K, Reing J, Stolz DB, 
Badylak SF. The basement membrane component 
of biologic scaffolds derived from extracellular 
matrix. Tissue Eng .(2006);12(3):519–526

35.	 Liu Z Z, Wong M L, Griffiths L G. Effect of 
bovine pericardial extracellular matrix scaffold 
niche on seeded human mesenchymal stem cell 
function. Sci Rep .(2016) ;15:6:37089. doi: 
10.1038/srep37089.

36.	  Badylak S F, Freytes  D O, Gilbert T W. Extracellular 
matrix as a biological scaffold material structure 
and function. Acta Biomaterialia.( 2009);5 : 1–13

37.	 Danielson KG, Baribault H, Holmes DF, Graham 
H, Kadler KE,Iozzo RV. Targeted disruption 
of decorin leads to abnormalcollagen fibril 
morphology and skin fragility. J Cell Biol.( 1997 
);136(3):729 - 743 

38.	 Ehler WJ, Cissik JH, Smith VC., Hubbard, 
G.B.Evaluation of Gore-Tex graft material in the 
repair of right ventricular outflow tract defect. J. 
Invest. Surg.( 1990);3(2):119 - 127


