
 

 

 

 

Characterization of Stem Cell-Natural 
Scaffold Construct for the Ligament and 

Tendon Reconstruction Cultured in Tissue 
Bioreactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kwang-Il Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 



 

 

Characterization of Stem Cell-Natural 
Scaffold Construct for the Ligament and 

Tendon Reconstruction Cultured in Tissue 
Bioreactor 

 

 

 

 

Directed by Professor Seong-Hwan Moon 
 

 

 

 

Doctoral Dissertation 

submitted to the Department of Medical Science, 

the Graduate School of Yonsei University 

in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy of Medical Science 
 

 

 

 

Kwang-Il Lee 

 

 

 

June 2012 



This certifies that the Doctoral Dissertation 
of Kwang-Il Lee is approved. 

 

 
___________________________ 

Thesis Supervisor: Seong-Hwan Moon 
 

___________________________ 
Thesis Committee Member #1: Hwan-Mo Lee 

 
___________________________ 

Thesis Committee Member #2: Hak-Sun Kim 
 

___________________________ 
Thesis Committee Member #3: Dong-Wook Kim 

 
___________________________ 

Thesis Committee Member #4: Jong-Chul Park 
 
 

 

The Graduate School 
Yonsei University 

 

 

June 2012 
 



ACKNOWLEDGEMENTS 
 

I am grateful to many people at Yonsei University and Korea Bone 

Bank Co., Ltd., The institute of biomaterial and medical engineering 

for their guidance and support during this research. First and foremost, 

I would like to thank my advisor, Prof. Seong-Hwan Moon (MD, 

PhD) for providing me an opportunity to pursue research in this 

interesting area and his counsel throughout and being extremely 

understanding in his supervisory role. 

Special thanks to Mr. Young-Bock Shim (CEO in Korea Bone Bank), 

Mr. Jin-Sang Jang (Executive Director in Korea Bone Bank) and Dr. 

Ju-Woong Jang (PhD, CTO in Korea Bone Bank) for lending me so 

much help in my social career. Their generosity in imparting their 

knowledge and experience is greatly appreciated. I am very grateful 

for the efforts of Mr. Jeong-Soo Lee (MS, senior researcher in Korea 

Bone Bank) in his assistance for this research. His experiences and 

dedication to work make my work easier and simpler and provided me 

with adequate background to analyze the data. 

 Special thanks to wife’s parents and brother-in-law, Ki-Young for 

accepting the way I am. Through marriage with my wife, I got another 



my own parents and brother. I will never forget the great grace and 

love of them. 

Special thanks to my wife, Young-Jin for giving me infinite love, 

happiness, and new lovely baby, Ra-On. Because of her housewives, I 

can concentrate on my research. I am very grateful for unbounded 

reliance of my mother and sister, Ji-Hye. All of them, my family, give 

me the reason to live, brightly. 

 Lastly, special thanks to the Lord for giving me wisdom and 

brightness. My Lord, please always lead my life. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



TABLE OF CONTENTS 
 

ABSTRACT············································································································1 

I. INTRODUCTION································································································4 

 1. Anatomy and function of knee joint ligaments··················································4 

 2. Anterior cruciate ligament (ACL) ·····································································5 

   A. ACL injury·····································································································7 

   B. ACL reconstruction························································································8 

   C. ACL healing after reconstruction·································································11 

 3. Ligament tissue engineering············································································12 

   A. Scaffold·······································································································13 

   B. Cell··············································································································17 

   C. Tissue bioreactor··························································································19 

 4. Design of tissue bioreactor···············································································21 

   A. Design criteria·····························································································21 

   B. Material selection························································································22 

   C. Overall bioreactor design···········································································23 

 5. Hypothesis and objectives················································································24 

II. MATERIALS AND METHODS·······································································24 

 1. Specimen preparation······················································································24 

 2. Decellularization of scaffold···········································································24 

 3. Bioreactor setup·······························································································26 



 4. Isolation and expansion of mesenchymal stem cells (MSCs)··························27 

 5. Recellularization of scaffold············································································27 

 6. Culture of cell seeded scaffold in bioreactor····················································29 

 7. Tissue characterization·····················································································30 

   A. Decellularization test···················································································30 

   B. Recellularization test···················································································35 

   C. Biomechanical strength···············································································37 

   D. Extracellular matrix analysis·······································································38 

   E. Animal transplantation test··········································································41 

   F. Structural analysis of knee joint to establish a clinical test model···············43 

III. RESULTS········································································································46 

 1. Decellularized tendon······················································································46 

 2. Recellularized tendon·······················································································54 

 3. Design of tissue bioreactor···············································································70 

 4. Biomechanical properties·················································································74 

 5. Cell differentiation···························································································79 

 6. Extracellular matrix analysis············································································80 

 7. Animal transplantation test···············································································83 

 8. Structural analysis of knee joint to establish a clinical test model···················85 

IV. DISCUSSION···································································································90 

V. CONCLUSION··································································································91 

REFERENCES···································································································93 



ABSTRACT (IN KOREAN) ·············································································110 

PUBLICATION LIST························································································113 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



LIST OF FIGURES 

 

Fig.1. Anatomical view of knee joint······················································5 

Fig.2. The organizational structure of ligaments and tendons···············6 

Fig.3. ACL reconstruction with interference screw fixed soft tissue grafts······10 

Fig.4. Design of the tissue bioreactor and its accessories····················26 

Fig.5. 3D finite element model of a healthy lower extremity··············43 

Fig.6. 3D reconstruction in Mimics of double bundle reconstruction············44 

Fig.7. The simulation conditions of bioreactor graft group and trans  

portal group for double bundle reconstruction·····································45 

Fig.8. Shape of porcine tibialis tendon··················································46 

Fig.9. SEM images of tendons·······························································47 

Fig.10. Histological cross sections at magnification of 40x and400x·············48 

Fig.11. DAPI stain and DNA total contents of each tendon···········49 

Fig.12. SDS-PAGE of each tendon before and after decellularization·······················51 

Fig.13. Quantitative analysis of collagen from porcine tibialis tendon···········52 

Fig.14. Quantitative analysis of GAG from porcine tibialis tendon················53 

Fig.15. SEM images of cross-l inked 0.5% collagen gel  at  the  

magnification of 1500x and 4000x·······················································54 



Fig.16. Collagen gel morphology and turbidity curve of collagen  

gel before and after cross linking··························································55 

Fig.17. Live & Dead Staining: MSC mixed with 0.5% collagen gel  

during 1, 3, and 7 culture days······························································56 

Fig.18. Live & Dead Staining: MSC mixed with 1.0% collagen gel  

during 1, 3, and 7 culture days······························································57 

Fig.19. Viable cell count using fluorescence image of live/dead  

staining of stem cell-containing neutral collagen gel···························58 

Fig.20. Cell proliferation rate measurement of stem cell-containing  

collagen gel during 1, 3, and 7 culture days·········································59 

Fig.21. Cell adhesion measurement of stem cells and stem cell- 

containing gel inoculated to tibialis tendon surface·····························60 

Fig.22. Cell proliferation rate measurement of stem cells and stem  

cell-containing gel inoculated to tibialis tendon surface······················61 

Fig.23. GAG content analysis of cells transplanted independently  

or being contained in gel to tibialis tendon surface······························63 

Fig.24. Collagen content analysis of stem cells and stem cell- 

containing gel inoculated to tibialis tendon surface·····························64 

Fig.25. Fluorescence staining of human bone marrow-derived MSC  



and MSC-containing gel inoculated to tibialis tendon·························66 

Fig.26. H&E staining of stem cells and stem cell-containing gel inoculated to tibialis  

tendon surface at the magnification of 100x and 400x···········································68 

Fig.27. SEM images at the magnification of 30x and 300x·················69 

Fig.28. Cyclic loading bioreactor··························································70 

Fig.29. Process flow of tissue installation········································71 

Fig.30. Main screen of control part: Each chamber part is independently controlled by  

control part·······································································································72 

Fig.31. Operation procedure of bioreactor·······································73 

Fig.32. Mechanical test: Tensile load before and after decellularization 

of tendon······························································································74 

Fig.33. Appearance of porcine tibial is tendon with stem cell- 

containing gel transplanted before and after mechanical stimuli  

application in the bioreactor································································75 

Fig.34. Mechanical test: Maximum tensile load of decellularized  

tendon after cyclic stimulation of tension and torsion·······················76 

Fig.35. Mechanical test: Maximum tensile load of tissue engineered  

tendon after cyclic stimulation of tension and torsion·························77 

Fig.36. Real time PCR analysis of tibialis tendon with stem cell- 



containing gel transplanted before and after the mechanical stimuli  

applied in the bioreactor········································································79 

Fig.37. GAG content analysis of stem cell-containing gel with  

mechanical stimuli applied in the bioreactor········································80 

Fig.38.  Collagen content  analysis  of  stem cel l -containing gel  

exposed to mechanical stimuli in the bioreactor··································81 

Fig.39. Photographs of ACL in knee joint before the extraction  

after 4 and 12 weeks of transplantation················································83 

Fig.40. Maximum tensile load measurement after reconstruction of ACL·················84 

Fig.41. The tibial translations for 0 to 100N of anterior and posterior forces acting on  

the center of the knee in the full extension position··············································85 

Fig.42. Anterior tibial translation in response to a 134N anterior tibial load··············86 

Fig.43. Stress of the BRG and TP grafts in response to anterior tibial load················87 

Fig.44. The pattern of contact stress in the different angles of the knee·········88 

Fig.45. The ratio of the maximum stress in the ligaments to the yield stress··89 

 

 

 

 



LIST OF TABLES 

 

Table 1. Examples of clinical products composed of decellularized tissues········15 

Table 2. Commonly used decellularization methods····························16 

Table 3. Composition of neutral collagen gel preparation···················28 

Table 4. Experimental condition of tendon culture in tissue bioreactor··················37 

Table 5. Real PCR primer sequences····················································39



1 

 

ABSTRACT 

 

Characterization of Stem Cell-Natural Scaffold Construct for the Ligament and 

Tendon Reconstruction Cultured in Tissue Bioreactor 

 

Kwang-Il Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Seong-Hwan Moon) 

 

Since many years, the injury of anterior cruciate ligament (ACL) has been cured by the 

biological grafting material such as autograft and allograft. These natural scaffolds 

derived from human tissues have many advantages, including eliminated donor site 

morbidity, shortened operation time, large-sized bone grafts, minimized surgical incisions, 

and reduced incidence of arthrofibrosis. However there are potential disadvantages such 

as some risk of viral and bacterial disease transmission, potential for immune rejection, 

and longer incorporation time, which can require longer protection from potentially 

injurious effects. However, donor screening, high pressure saline washing, antibiotics, 

and sterilization may safely preserve them from those disadvantages. Besides, it became 

known that natural graft can affect patient’s immune rejection by its own cellular 

components remaining in the tendon as antigens. Thus, the important of decellularization 
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is increased for the safety of tendon graft.  

Decellularized tissues are successfully used in tissue engineering and regenerative 

medical field for the purpose of removing tissue antigens from a cellular component. 

However, chemical decellularization which is processed by ionic solution or enzymatic 

treatment that may decrease the mechanical property of tendon graft and deform the 

extracellular matrix (ECM). In addition, some cleaning detergents can be harmful and 

dangerous when it remains in the patient’s body. Even though the decellularization 

technique is considered as effective and safe method for tissue sterilization, most of soft 

tissues are processed restrictively by antibiotics or high pressure saline washing. While 

decellularization technique is used in tissue sterilization to remove immunoreactive 

material, the property of tendon graft must be preserved of mechanical strength decline 

by decellularization must be recovered.  

For this study, we designed a tissue bioreactor to give biaxial cyclic loading to the tissue. 

The advanced bioreactor is expected to provide ideal conditions for the cultivation of 

functional tissue grafts. The system of tissue bioreactor is composed of motion part that 

gives mechanical stimulation such as translational and rotational strain, control part that 

regulates time, frequency, temperature, and gases such as CO2, and O2 and chamber part 

that receives physical stimulation conditionally.  

The purpose of this study is to confirm ECM synthesis and mechanical efficiency of 

cell-natural scaffold construct that is cultured under cyclic loading in the tissue bioreactor. 

During decellularization process, porcine anterior tibialis tendons were treated with 

enzymatic solution and ultrasonic cleaning. In the final step, hypertonic and hypotonic 

solutions were rinsed to remove residue during cell lysis. Decellularized tendons were 

recellularized by bone marrow derived stem cell-collagen mixture, and cultivated under 
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cyclic loading in the bioreactor. In this study, the ultimate tensile load of the 

decellularized tendons was lowered by 20% than the fresh tendon. However, after 

cultivation in the tissue bioreactor with cyclic loading, which was conditioned as 10% of 

tension, 90° of torsion and 1Hz of frequency, the ultimate tensile load was further 

increased as compared with the fresh tendon.  

This study shows that the natural graft is decellularized as biologically safe and the 

cyclic loading in the bioreactor system increases the mechanical property of engineered 

cell-natural scaffold construct compared with the fresh natural graft. The recellularized 

natural scaffold composite, which is cultivated under cyclic loading in the bioreactor, will 

be essential for the ligament and tendon reconstruction. 

 

 

 

 

 

 

 

 

 

 

 

 

-----------------------------------------------------------------------------------------------------------------------

Key Words: tissue bioreactor, cyclic loading, decellularization, ligament, tendon, stem cell 
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I. INTRODUCTION 

1. Anatomy and function of knee joint ligaments 

The region of knee joint receives the most weight of human body and is a tissue in 

which the most complex movements in body such as irregular and repetitive bending, 

twisting and rotating have been made. It is composed of femur (thigh bone) and tibia 

(shin bone). Knee joint is dependent on the ligaments and muscles which surround it for 

mechanical supporting. It is supported by four major connective tissues; one lateral and 

medial collateral ligament on each side and two interior ligaments1 (anterior cruciate 

ligament: ACL and posterior cruciate ligament: PCL). It contributes significantly to the 

stabilization and kinematics of the knee joints (Fig.1). The medial collateral ligament 

(MCL) is located at the inside of the knee joint. It extends from the medial condyle of 

femur to the medial condyle of tibia. And the lateral collateral ligament (LCL) is located 
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at the outside of the knee joint. It extends from the lateral epicondyle of the femur to the 

head of the fibula. These two ligaments prevent excessive adduction of the knee. The 

ACL ligament extends posterolaterally from the tibia and inserts on the lateral femoral 

condyle. This ligament prevents excessive posterior movement of the femur on the tibia2. 

Based on the anatomy and tensioning patterns of the ligaments during flexion and 

extension of the knee joint, the ACL can be divided into two bundles; an anteromedial 

(AM) bundle and a posterolateral (PL) bundle3. The PCL, which is the strongest ligament, 

extends posterior intercondylar area of the tibia to the medial femoral condyle4. PCL 

prevents excessive anterior movement of the femur on the tibia. 

 

Fig.1. Anatomical view of knee joint: Posterior view (Left) and Anterior view (Right) 

 

2. Anterior cruciate ligament (ACL) 

Although the ACL maintains knee joint stability, it is the most generally injured area 

during sports and active works. The ACL begins from the anterior area of the 

intercondylar eminentia of tibia and extends to the posterolateral direction of the 

intercondylar fossa of femur. The AM bundle and PL bundle of ACL are surrounded by a 
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synovial layer5. The AM bundle is important as a restraint to anterior-posterior (AP) 

translation of the knee, while the PL bundle is an important restraint to rotational 

moments about the knee. According to the complicated anatomy of the human, ACL is 

dependent upon the orientation, construct, and biology between molecules and cells. It 

has the most important role in resisting anterior translation of the tibia in relation to the 

femur.  

 

 

Fig.2. The organizational structure of ligaments and tendons2, 31 
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 The micro anatomy of the ACL is widely accepted and hierarchy of collagenous 

structures bundled together into fascicular units 0.25 to 3mm in diameter passing directly 

from femur to tibia6. These load-bearing elements are enveloped by synovium7, 8. 

The ACL is a dense, highly organized, cable-like tissue composed of collagens (type I, 

III, and V), elastin, proteoglycan, water, and cells9. Ligaments have a hierarchical 

structure with different levels of organization, including collagen molecules, fibrils, fibril 

bundles, and fascicles that run parallel to the long axis of the tissue (Fig.2). The strength 

of ligaments is related to the size and number of the collagen fibrils. Collagen fibrils are 

increased in size during growth and in response to increased physical demands or exercise. 

The structural importance of connective tissues for transmission of forces within the 

human body has been realized for some time. The extracellular matrix of soft connective 

tissues is mainly collagen and embedded elastin, or ground substance. Nearly all the 

connective tissues can be regarded as viscoelastic materials10. 

 

A. ACL injury 

As the aging and the improvement on quality of life are rapidly being progressed in the 

world, the demands for sport and leisure have been increased every day. Thus, the 

incidents caused by excessive exercise and negligence are growing rapidly and the 

demands for patients with musculoskeletal disorders have surged every year. The rupture 

of ACL is one of the most common sports injuries. The knee joint, which does the most 

complicated exercise in human body, is exposed to many diseases as compared with other 

musculoskeletal joints. Athletically active men and women experience the majority of 

ligament tears, particularly the ACL of the knee, which is the main stabilizer of the knee 

for athletic pivotal activities. ACL injuries occur during sports and exercise activity when 



8 

 

the femur and tibia twist in opposite directions under full body weight, so that cause a tear. 

This happens when an athlete changes or twists directions rapidly, slows down when 

running falls awkwardly, or lands from a jump. ACL injuries disrupt the delicate balance 

of knee structures and may affect functional activities of the knee joint. ACL injury 

results in indicative knee instability and often causes secondary damage to other knee 

joint area, such as meniscus and some parts of articular cartilage. When left untreated and 

the torn is not healed, the joint loses its stability during pivoting activity and causes 

further destruction on the articular surface, tear in the meniscal cartilage over time, and 

even osteoarthritis11. The ACL has poor intrinsic ability to be recovered itself because it is 

surrounded by the synovial membrane and lacks significant vascularity often in a 

ligament architecture that is significantly different from uninjured tissue12. 

 

B. ACL reconstruction 

The gold standard for graft used in ACL reconstruction has been an autologous bone-

patellar tendon-bone (BTB) scheme up to recently due to its successful results. This 

method, however, may develop complications including pain in patella-femoral joint, 

patella fracture, patellar tendon rupture, etc., which has been promoting the use of 

hamstring tendon, quadriceps femoris muscles, etc. as autograft substitute so as to 

minimize such limitation. Since they are transplanted into the region with different 

conditions such as different movement direction and strength, there are some risks in 

which they do not overcome the physical properties in strength and the performance is 

significantly reduced. Recently, a variety of allograft including BTB, achilles tendon, 

hamstring tendon, anterior and posterior tibialis tendon, etc. have been for ACL 

reconstruction. The choice of graft is to be at surgeon’s discretion based on his/her 
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preference, experiences, degree of use of the allograft, degree of ligament injury, degree 

of activity and age of the patient, by taking into consideration advantage and 

disadvantage to the patient after procedure and via tissue selection, etc. No absolutely 

superior graft to the others has been reported and optimal selection should take into 

consideration diverse factors. Key consideration for success in ACL reconstruction should 

be the selection of an appropriate graft which is suitable to each patient contemplating 

their merit and demerit, biotransformation, morbidity of donor sites and both 

biocompatibility and structural properties of tissue13. Also, the use of tendon allograft has 

become popular during the recent years, especially in revision surgery. However, as 

opposed to the BTB graft with bone blocks at both ends of the graft, the soft tendon graft 

is not provided with a favorable surface for the fixation of device to be tightly gripped on. 

While effective reconstruction depends upon appropriate technique and restorative 

planning the successful harvesting of graft affects maximized strength with the minimum 

morbidity of the harvest-site. Biomechanical characteristics of the entire ACL 

reconstruction complex consist of an association of the bone, the graft, and the fixation 

(Fig.3). 
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Fig.3. ACL reconstruction with interference screw fixed soft tissue grafts12 

 

From a species point of view, choices of tissue for the reconstruction are varied, but two 

categories are currently used more frequently: natural replacements (allografts, autografts, 

and xenografts) or synthetic materials14, 15. The natural replacements have excellent initial 

mechanical property and progress new tissue development16. However, they are 

sometimes placed in a number of disadvantages such as graft rejection, re-rupture and 

infection transmission. Except these problems, the natural replacement is considered to be 

the most appropriate grafting material among other kinds for reconstructing human 

musculoskeletal tissues.  
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C. ACL healing after reconstruction 

After injury, ligament healing goes through the three phases which are inflammation, 

cellular proliferation and matrix repair, and remodeling17. The devastation of the ACL 

graft begins directly after transplantation, although already in some weeks the intra-

articular part of the graft will be covered by synovium with an abundant blood supply that 

will eventually provide revascularization of the graft (synovial envelopment and 

neovascularization). Thereafter, repopulation of the graft occurs with an increasing 

number of fibroblasts and active nucleus. In the stage of cell proliferation and matrix 

restoration, fibroblasts are differentiated and vascular granulation tissue is formed. And 

collagen is produced with a high ratio of type III to type I collagen, forming the new extra 

cellular matrix (ECM)18. This stage typically lasts for 6 weeks. During several months of 

graft remodeling, the count of fibroblast slowly continues to be increased, and the active 

nuclear morphology and neovascularity remain increased with large area of degeneration 

as the percentage of mature collagen decreases. The following stage of maturation is 

characterized as slow decline in the number of nuclei and maturation of the collagen 

matrix. The random collagen fiber orientation progresses to a longitudinal orientation 

from the peripheral to the central areas of the graft and the soft tissue graft will achieve 

the appearance of the normal ACL (ligamentization or transformation into ligament like 

tissue) over the initial year after surgery19. 

 Tendon-to-bone healing occurs in the femoral and tibial bone tunnels, depending on the 

device fixation, either by indirect tendon-to-bone healing with a clear fibrous interzone 

between the tendon graft and bone, or by development of a direct ligament insertion 

where a zone of metaplastic fibrocartilage0 is present between the graft and lamellar bone 

instead of a fibrous interzone20, 21, 22, 23. Interference screw fixation provides direct 
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compression of the graft against the wall of the bone tunnel to promote direct tendon-to-

bone healing. With time, the bone tunnel remodels and replacement of fibrous tissue by 

new bone formation occurs. 

 

3. Ligament tissue engineering 

 Based on the weak points of the actual tendon reconstruction surgery, tendon tissue 

engineering may be the best way to an alternative approach. The objective in developing 

an engineered tendon will then be the reconstruction of the damaged soft tissues with 

structural and functional properties as good as the original24, 25. The challenge in this 

research area is to find the best combination of scaffolds, cells, growth factors, 

preparation methods and procedures26, 27. Different ways for curing tendon rupture are 

proposed from the scaffold, cells, and growth factor/gene therapy point of view28, 29, 30, 31. 

The properties of the tissue engineered ligament can be influenced by mechanical and 

biochemical conditioning during culture32, 33. The ideal scaffold for ACL replacement 

should be biodegradable, cause a minimal inflammatory reaction, and be cell affinitive34. 

It should exhibit sufficient mechanical property, demonstrate mechanical behavior similar 

to natural ACL movement, and promote the formation of ligament tissue. The scaffold 

should degrade at a rate that allows new tissue to receive the appropriate level of load 

without danger of rupture. Autologous tendon grafts are freely available during surgery. 

Due to the economical stress on the health care system, it would be difficult to propose an 

expensive engineered tendon. The only economical factors, which may favor the use of 

an engineered tendon from the health insurance point of view, would be the reduction of 

the operative time and a faster patient recovery. Based on these economical 

considerations, the production and stock management of the engineered tendons should 



13 

 

be considered from the beginning of the study. 

 

A. Scaffold 

The advantage of a tissue-engineered scaffold over other treatment methods lies in its 

interdisciplinary approach to tissue repair. In order to successfully substitute and 

regenerate the ACL tissue, several criteria define the ideal material for a cell 

transplantation matrix. The material must be biocompatible, in the sense that it does not 

induce a connective tissue response which will impair the function of the new tissue. Soft 

tissue biomechanics is complex and various due to its non linear stress-strain relationship 

and viscoelasticity. In-vivo forces analysis of tendons is also a useful approach for the 

confirmation of mechanical design parameters. A tissue engineered tendon should be able 

to reproduce these mechanical behaviors. 

In order to bridge tendon lesion, synthetic scaffolds have been used with relatively 

modest success. Synthetic tendon made of DacronTM, Nylon, PET or even Carbon fibers 

has been used. However, there’s no commercial synthetic scaffolds remaining on the 

market. The organic polymer based scaffold, such as acellular collagen, has also been 

applied as soft tissue graft. These scaffolds are supposed to provide early mechanical 

support and promote cellular infiltration. However, achilles tendon repairs using collagen 

scaffold achieved only 36% of normal maximum force. Naturally ECM based scaffolds 

were also proposed for tendon repair. There are limited parts within the body that can be 

used as the source of these ECM scaffolds. With this tissue used as tendon scaffold, a 

temporary and indicative decrease of mechanical properties was found compared to 

autologous BTB graft in the first months after implantation in an animal study. After long 

term follow up, no difference was found. To increase the initial mechanical properties of 
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the scaffold is the most important thing. Probably one of the most promising scaffold 

developments from biomechanical and biocompatible points of view would be based on 

biomimetic strategy. 

The graft rejection is related with immune responses between graft and patient’s body. 

In the case of biological grafts, within the ECM, tenoblasts and tenocytes constitute about 

90% to 95% of the cellular elements of tendons. The remained cell ingredient in allograft 

or xenograft may cause immune response, so in that case, decellularization process is 

essential for tissue transplantation. Cell component not completely removed in natural 

ligament tissue, however, has been reported to exert, as tissue antigen, considerable effect 

on immune response of a patient, which makes decellularization more important in 

producing new ligament tissue. Moreover, allogeneic or xenogeneic ligament tissue 

decellularized and used as tissue scaffold is a critical area in tissue engineering, in which 

a patient’s cells grow in vitro and cytosol continuously develops to transform into 

autogenous tissue. 

There are several clinical products composed of decellularized tissues in Table 135. 

However, there’s almost not commercial tendon graft but other soft tissues in muscular 

skeletal market. 
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Table 1. Examples of clinical products composed of decellularized tissues. 

Product (Manufacturer) Tissue Source Application Focus 

Alloderm® (Lifecell Corp.) Human dermis Soft tissue 

NeoFormTM (Mentor Worldwide LLC) Human dermis Breast 

Graft Jacket® (Wright Medical Technology Inc.) Human dermis Soft tissue, chronic wounds

StratticeTM (Lifecell Corp.) Porcine dermis Soft tissue 

Zimmer Collagen Repair PatchTM (Zimmer Inc.) Porcine dermis Soft tissue 

TissueMend® (Stryker Corp.) Bovine dermis Soft tissue 

MatriStem®, Acell Vet (Acell Inc.) Porcine urinary bladder Soft tissue 

Oasis®, Surgisis® (Cook Biotech Inc.) Porcine small intestine Soft tissue 

RestoreTM (DePuy Orthopaedics) Porcine small intestine Soft tissue 

FortaFlex® (Organogenesis Inc.) Porcine small intestine Soft tissue 

CorMatrix ECMTM (CorMatrix® Cardiovascular Inc.) Porcine small intestine Pericardium, cardiac tissue 

Meso BioMatrixTM (Kensey Nash Corp.) Porcine mesothelium Soft tissue 

IOPatchTM (IOP Inc.) Human pericardium Opthalmology 

OrthAdapt®, Unite® (Synovis Orthopedic and Woundcare Inc.) Equine pericardium Soft tissue, chronic wounds

CopiOs® (Zimmer Inc.) Bovine pericardium Dentistry 

Lyoplant® (B.Braun Melsungen AG) Bovine pericardium Dura mater 

Perimount® (Edwards Lifesciences LLC) Bovine pericardium Valve replacement 

Hancock® II, Mosaic®, Freestyle® (Medtronic Inc.) Porcine heart valve Valve replacement 

PrimaTM Plus (Edwards Lifesciences LLC) Porcine heart valve Valve replacement 

EpicTM, SJM Biocor® (St. Jude Medical Inc.) Porcine heart valve Valve replacement 

 

The common decellularization method is mechanical, chemical, and enzymatic process. 

Cellular membrane is destructed by mechanical method or ionic solution. The component 

of cell is separated from ECM by enzymatic solution. The intracellular material and 

nucleus are dissolved by detergent. Lastly, cell debris is removed from tissue’s layer.  

Mechanical process is one of the most important not only for effective decellularization 

but also recellularization into scaffold. Acellular natural scaffold is biologically safe but 

when of recellularization, cell penetration and migration is another problem. Mechanical 

process may modify acellular scaffolds as a method for enhancing subsequent 

recellularization by cells in vivo and/or in vitro. In case of ultra sonication, it can alter the 

tendon’s structure with many breaks in the collagen bundles and open also the spaces of 

collagen bundles and surrounding endotenon. None the less, the ideal decellularization 
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indicates complete removal of cellular component, good maintenance of physical 

properties of tissue itself and complete preservation of ECM, which is appropriate to 

recellularization, so as to minimize immune response. (Table 2).  

 

Table 2. Commonly used decellularization methods 

Method Mode of action Effects on ECM References

Physical    

Snap freezing 
Intracellular ice crystals disrupt cell 
membrane 

ECM can be disrupted or fractured 
during rapid freezing 

Ref.36-42 

Mechanical force 
Pressure can burst cells and tissue 
removal eliminates cells 

Mechanical force can cause damage to 
ECM 

Ref.43-44 

Mechanical 
agitation 

Can cause cell lysis, but more commonly 
used to facilitate chemical exposure and 
cellular material removal 

Aggressive agitation or sonication can 
disrupt ECM as the cellular material is 
removed 

Ref.45-47 

Chemical    

Alkaline; acid 
Solubilizes cytoplasmic components of 
cells; disrupts nucleic acids 

Removes GAGs Ref.48-51 

Non-ionic 
detergents 
Triton X-100 

Disrupts lipid-lipid and lipid-protein 
interactions, while leaving protein-
protein interactions intact 

Mixed results; efficiency dependent on 
tissue, removes GAGs 

Ref. 52-56 

Ionic detergents 
Sodium dodecyl 
sulfate (SDS) 

Solubilize cytoplasmic and nuclear 
cellular membranes; lend to denature 
proteins 

Removes nuclear remnants and 
cytoplasmic proteins’ tends to disrupt 
native tissue structure, remove GAGs 
and damage collagen 

Ref. 57-61 

Tri(n-
butyl)phosphate 

Organic solvent that disrupts protein-
protein interactions 

Variable cell removal’ loss of collagen 
content, although effect on mechanical 
properties was minimal 

Ref.52-53 

Hypotonic and 
Hypertonic 
solutions 

Cell lysis by osmotic shock 
Efficient for cell lysis but does not 
effectively remove the cellular remnants 

Ref.48, 53 

EDTA, EGTA 
Chelating agents that bind divalent 
metallic ions, thereby disrupting cell 
adhesion to ECM 

No isolated exposure, typically used 
with enzymatic methods (e.g., trypsin) 

Ref.62-64 

Enzymatic    

Trypsin 
Cleaves peptide bonds on the C-side of 
Arg and Lys 

Prolonged exposure can disrupt ECM 
structure, removes laminin, fibronectin, 
elastin, and GAGs  

Ref.65-68 

Endoculeases 
Catalyze the hydrolysis of the interior 
bonds of ribonucleotide and 
deoxyribonucleotide chains Difficult to remove from the tissue and 

could invoke an immune response 
Ref.48,54, 
58, 69 

Exonucleases 
Catalyze the hydrolysis of the terminal 
bonds of ribonucleotide and 
deoxyribonucleotide chains 
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Decellularization methods may exert effect on remaining ECM after the removal in 

terms of biochemical composition, microstructure and physical properties and also on 

host reaction after the transplantation of scaffold. In this regards, the methods should aim 

at minimizing any effect on biochemical composition, biological activity and physical 

properties as well of remaining ECM scaffold and at effectively removing all the cells and 

their nucleus materials.  

Physical, chemical and enzymatic methods applied together are the most popular in 

decellularization, in which, in large, cell membrane is to be destroyed physically or by 

using ionic solution, cell constituents are to be separated from ECM by using enzymes, 

both intracellular nucleus materials are to be resolved by cleansing solvent, and finally 

cell residuals are to be removed. Cleansing solvent such as sodium dodecyl sulfate (SDS) 

may exert cytotoxicity in a human body. However, another decellularization method to 

secure safety should be instituted. Each tissue exhibits a different immune response by 

cells that remain after decellularization process, about which no clear conclusion has been 

reported.  

The potential beneficial effects of biologic scaffolds in tissue engineering and 

regenerative medicine area can be realized if optimal methods of decellularization are 

applied. 

 

B. Cell 

 Methods to transplant cells to scaffold include transplantation of cell suspension to 

scaffold and culture them statically and dynamically. Cells independently transplanted 

lacks adhesion, due to its lower mechanical strength, in case of inoculation. Such a 

demerit accounts for the problems in cell transplantation to scaffold in large quantity. 



18 

 

Countermeasures to resolve the problems include physical one including partial thickness 

incision for cell transplantation into the inner part of tissue and transplantation of cell 

mixed with gel. But for such measures aforementioned, it is considered not very easy to 

infiltrate extrinsic cells into the surface of tendon tissue due to physical effects including 

medium injection, etc. Techniques should be developed to accelerate self-organization on 

the surface of bio-derived tissue by means of methods including physical one such as 

partial thickness incision or gel adhesion while application possibility of histo-

differentiation-inducing materials should be examined for surface coating of scaffold so 

as to secure relevant surface coating technologies. Successful engineered tendon 

replacements must include designs that allow for cell to cell connectivity to allow 

intercellular communication. Scaffolds should then be easily seeded by cells and 

encourage cell division and matrix expression. Incorporation of cells is supposed to 

increase the healing potential of the tissues. A combination of scaffold and cells is then 

developed, the scaffold playing either the role of cell delivery system alone or cell 

delivery system and mechanical support. 

 Use of autologous mesenchymal stem cells (MSCs) seeded in collagen gel in vitro and 

then implanted in the body has been proposed70. The results indicated that delivering 

MSC contracted, organized collagen implants to large tendon defects could significantly 

improve the biomechanics, structure, and probably the function of the tendon after 

injury71. MSCs, which have the potential to differentiate in tendon fibrablasts, hold the 

promise to be used for cell transplantation. However, if the cells are not oriented in the 

gel, only modest improved biomechanical properties are observed compared to natural 

repair of unfilled defect72. The orientation of the cells in the gel, in particular due to the 

gel contraction mediated by cells, improved the biomechanical properties. Besides 
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mesenchymal stem cells, it may be useful to use differentiated fibroblasts in order to 

speed up the healing process. MSCs have been easily harvested and cultured from various 

types of connective tissue, such as bone marrow, periosteum, synovium, muscle, adipose 

tissue, umbilical cord, articular cartilage, tendon and periodontal ligament, amongst 

others73-80. Many recent studies used bone marrow derived MSCs as candidate seed cells 

for tendon tissue engineering81-105. Researchers have applied undifferentiated autologous 

bone marrow derived MSC to collagen gels and collagen sponges for both patellar tendon 

and Achilles tendon repair106-109. MSC with collagen matrix were able to improve the 

quality of tendon repair. Several studies showed that autologous MSCs have potential for 

tendon repair. Tissues treated with MSC-collagen gel exhibited faster repair rate and were 

significantly stronger and stiffer than natural healing tissues. Their maximum force and 

stiffness were greater than those of natural repairs at long term. 

 

C. Tissue bioreactor 

Cruciate ligament of knee joint, especially, cannot be recovered by physical treatment 

only, which accounts for the autogenous tissue transplantation, as the best measure, of the 

patient him-or herself. Autogenous tissue transplantation, however, also requires 

continuous rehabilitative treatment while autogenously transplanted tissue considerable 

lacks, quite different from the ligament inherent in the patient, physical properties, which 

makes this alternative fall short of a successful measure. This explains the requirement of 

allogenic soft tissue graft to recover the soft tissue impaired – damaged ligament – that 

may function most effectively as the natural one of the patient does so as to maintain 

inherent physical properties, significantly reduce immune rejection and replace the 

original one. To achieve this goal and manufacture such allogenic soft tissue graft, a novel 
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culture facility must be developed, which can maintain appropriate culture condition and 

exert on the graft being produced mechanical stimuli most identical to those exerted on 

the inherent soft tissue.  

The bioreactor is essential system in tissue engineering, not only because it provides an in 

vitro environment simulating in vivo conditions for the growth of tissue substitutes, but 

also because it enable systematic studies of the responses of living tissues to various 

mechanical and biochemical signals110. 

A tissue engineering bioreactor can be defined as a device that uses mechanical means to 

influence biological processes. Bioreactors can be used to aid in the in vitro development 

of new tissue by providing biochemical and physical regulatory signals to cells and 

encouraging them to undergo differentiation and/or to produce ECM prior to in vivo 

implantation. Bioreactors are devices in which biological or biochemical processes 

develop under a closely monitored and tightly controlled environment. 

Cells respond to mechanical stimulation and bioreactors can be used to apply mechanical 

stimulation to cells. This can encourage cells to produce extracellular matrix (ECM) in a 

shorter time period and in a more homogeneous manner than would be the case with 

static culture. A benefit of ECM production is the increase in mechanical stiffness that it 

provides to the construct. Another important application of bioreactors is in cellular 

differentiation. Mechanical stimulation can be used to encourage stem cells down a 

particular path and hence provide the cell phenotype required. Bioreactors can provide 

biochemical and physical regulatory signals that guide differentiation. There is great 

potential for using mesenchymal stem cells and other multipotent cells to generate 

different cell types and bioreactors can play an important role in this process. 

 Bioreactors can be used in tissue engineering applications to overcome problems 
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associated with traditional static culture conditions, improve cellular distribution and 

accelerate construct maturation whilst applying biophysical signals to constructs to 

improve tissue formation in vitro prior to in vivo implantation. In general, bioreactors are 

designed to perform at least one of the following five functions, to provide a spatially 

uniform cell distribution, maintain the desired concentration of gases and nutrients in 

culture medium, facilitate mass transport to the tissue, expose the construct to physical 

stimuli and/or provide information about the formation of 3-demensional tissue. 

To improve the decreased mechanical property by decellularization process, biochemical 

factors and mechanical stimuli are requisites for successful tissue growth. Special reactors 

are required to conduct biochemical reactions for the transformation. These bioreactors 

have to be designed so that the enzymes or living organisms can be used under defined, 

optimal conditions 

 

4. Design of tissue bioreactor 

A. Design criteria 

The design of the bioreactor should be as simple as possible e.g. avoiding the 

introduction of machined recesses which could become breeding grounds for micro-

organisms. Simplicity in design should also mean that the bioreactor is quick to assemble 

and disassemble. Apart from being more efficient, this ensures that cell-seeded constructs 

inserted into the bioreactor are out of the incubator for the minimum amount of time 

possible. This minimizes the risk to the cells and the experiment being undertaken.  

The detailed requirements for bioreactor design are tissue- and/or application- specific, 

however, there are a few general principles which have to be adhered to when developing 

a bioreactor.  



22 

 

The specific application of the bioreactor must be kept in mind during the design 

process to ensure that all the design constraints are met. If various parameters such as pH, 

nutrient concentration or oxygen levels are to be monitored, these sensors should be 

incorporated into the design. If a pump or motor is to be used, it must be small enough to 

fit into an incubator and also be usable at 37°C and in a humid environment. The forces 

needed for cellular stimulation are very small so it is important to ensure that the 

pump/motor has the capability to apply small forces accurately. In any design involving 

fluids, problems can arise with leaking fluid seals and, if possible, the need for seals 

should be reduced.  

However, in most cases, fluid seals are necessary and good design should decrease the 

problems with them. If a prototype bioreactor is being designed, it is worthwhile thinking 

about scale up opportunities for the bioreactor from the outset. This may mean designing 

a device that is relatively easy to enlarge without changing its characteristics or designing 

a simple device of which many more can be made so that numerous scaffolds can be 

cultured at on e time. 

 

B. Material selection 

The material selection is very important as it is vital to ensure that the materials used to 

create the bioreactor do not elicit any adverse reaction from the cultured tissue. Any 

material which is in contact with media must be biocompatible or bioinert. This 

eliminates the use of most metals, although stainless steel can be used if it is treated so 

that chromium ions do not leach out into the medium. Numerous plastics comply with 

this constraint but there are further limitations on material selection that must also be kept 

in mind. Materials must be usable at 37°C in a humid atmosphere. They must be able to 
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be sterilized if they are to be re-used. Bioreactor parts can be sterilized by autoclaving or 

disinfected by submersion in alcohol. If they are to be autoclaved, materials that can 

withstand numerous cycles of high temperature and pressure must be used in bioreactor 

manufacture. Alternatively, some non-sterilisable disposable bioreactor parts may be used 

which can be replaced after each use of the bioreactor. Other material choices are between 

transparent or opaque and flexible or inflexible materials. Materials with different 

properties are needed for various components in the bioreactor. For example, transparent 

materials can be of benefit in allowing the construct to be monitored in the bioreactor 

during culture while flexible tubing can help with assembly of the bioreactor. 

 

C. Overall bioreactor design 

 Bioreactors are cell and tissue construct culture devices that provide a controllable, 

mechanically active environment that can be used to study and potentially improve 

engineered tissue structure, properties and integration. Many tissue engineering studies 

apply conventional methods (static seeding) that results in constructs comprising a thin 

tissue like layer at the base of the scaffold due to gravitational settling of the cells. In 

contrast convective mixing (spinner flasks) and convective flow (flow perfusion) can 

improve initial cell seeding and homogeneity, and thereby improve tissue architecture. 

Numerous types of bioreactors including spinner flasks, rotating wall, compression, and 

strain and flow perfusion bioreactors are used in various tissue engineering applications, 

which will all be discussed below. All of these bioreactors rely on forced media flow 

through and/or around the scaffold to provide nutrient and waste exchange within the 

scaffold. 
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5. Hypothesis and objectives 

In this study, it was hypothesized that decellularized natural scaffold for ligament 

reconstruction will be able to increase ECM quantity and mechanical property by tissue 

bioreactor system. The objective of this study is to provide the effective decellularization 

method against the immune reaction and more perfect replacement for ligament by 

performing this study. In order to achieve this, human bone marrow-derived stem cells are 

impregnated and cultured to induce to differentiate by taking allogeneic tissue as a 

supporter. At the same time, supporter and cells are intentionally stimulated to restore the 

original strength of tissue within a short time with in vivo movement condition and 

similar physical strength. Through above processes, we would like to develop tissue 

engineered natural scaffold for ligament reconstruction. 

 

 

II. MATERIALS & METHODS 

1. Specimen preparation 

 Porcine anterior tibialis tendon procured from tibia bone (MAVERICK, Sydney, 

Australia) was cleaned and sterilized. Tendon was immerged in distilled water and 

processed in an ultrasonic cleaner at room temperature for 10 minutes with 120 watts of 

power applied, which was repeated three times. Each tendon was cut into 12cm length 

and 1cm width. And then, the tendons were treated with high pressure saline washing for 

removing residue with water gun. Tendon cleaned was frozen in a deep freezer at -70℃. 

  

2. Decellularization of scaffold 

A. Enzymatic solution treatment 
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 Porcine anterior tibialis tendon (12cm of length and 1cm of width) frozen in a deep 

freezer at -70℃ was immerged in a sterilized distilled water and defrosted in a water 

bath at 37℃ for more than 30 minutes. 10 tibialis tendons so treated were contained in a 

beaker of 1000ml with 37.5ml of enzyme cocktail solution (0.25% Trypsin (SIGMA, St. 

Louis, MO, USA) 500ml, Collagenase A (SIGMA, St. Louis, MO, USA) 37.5mg, 

Protease (SIGMA, St. Louis, MO, USA) 187.5mg and agitated in a shaker incubator 

under 120rpm at 37℃ for 4 hours.  

 

B. Water washing 

Enzyme cocktail solution was removed after 4 hours and 500 ml of saline solution was 

poured in the beaker. The beaker was agitated for washing at 4℃ less than 120 rpm for 1 

hour, which repeated three times with the last one, was processed for 12 hours. 

 

C. Osmotic treatment 

 Saline solution was removed after 12 hours and 500ml of sterilized distilled water was 

poured in the beaker. The beaker was processed in a ultrasonic cleaner for 5 minutes 

under 240 watts. Distilled water was removed and another 500ml of saline solution was 

poured in the beaker, which was processed for 5 minutes under 240 watts. 

 

D. Gamma irradiation 

 Tendons decellularized were frozen in a -70℃ deep freezer and packed in a triple tyvek 

pouch, which was gamma-irradiated under a dose of 25 kGy. After finishing the 

sterilization, tendons were stored at -70℃, again. 
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3. Bioreactor setup 

Tissue bioreactor system is composed with motion part which gives mechanical 

stimulation such as tensile and torsion, control part which regulates time, frequency and 

temperature, and chamber part which receives physical stimulation conditionally (Fig.4). 

 

Fig.4. Design of the tissue bioreactor and its accessories 

 

 In motion part, there are grips which fix and arrange tendons vertically in top and 

bottom. The drive motor which transfer torsion and tension stimulation to tendon is 

equipped in motion part. In case of torsion stress, two drive motors in top and bottom 

move respectively direction below at. The tension limit is between 0 and 20% compared 

with whole length of tendon. Another two motors give torsion stimulation within 0 and 

90°. Consequently, motion part of the top and bottom under at it will be able to embody 

the direction movement and a right and left direction movement simultaneously at 

frequency below per a second. 

 The control part can control tensile and torsion stress, frequency and incubation time 

linked with computer program. 
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 The tendon is incubated under various stimulations in chamber part. In this part, there is 

fixed quantity transfer pump which circulates the culture media and water between outer 

and inner chamber is circulated by circulating constant temperature water tank. 

 

4. Isolation and expansion of mesenchymal stem cells (MSCs) 

Continuous cell line passage 2 was purchased from LONZA (Walkersville, MD, USA) 

and selected as human bone marrow-derived stem cells. Cells lyophilized were defrosted 

within 2 minutes in a water bath kept at 37℃ and incubated in α-MEM containing 10% 

FBS and 1% penicillin- streptomycin in a 5% CO2 incubator at 37℃. Media were 

replaced every 3 days and continuous cell lines were cultured up to passage 6. 

3x105 human bone marrow-derived MSCs were mixed with α-MEM containing 10% 

FBS and 1% penicillin-streptomycin, of which total volume of 100μl was injected in each 

well of 96-well culture plate dish and cultured in a 5% CO2 incubator kept at 37℃. 1 ml 

of α-MEM containing 10% FBS and 1% penicillin-streptomycin was injected, after 1, 3, 7 

and 10 days of culture, into an 1 ml EP tube and mixed with 100μl of a reagent of EZ 

Cytox assay kit. Media used in stem cell culture was vacuum-sucked and removed and 

each 100μl of another medium mixed with the EZ Cytox kit reagent was added to each 

well of 96-well culture plate dish, which was cultured in a 5% CO2 incubator at 37℃ for 

1 hour. Absorbance was measured at 450 nm by means of an ELISA reader. 

 

5. Recellularization of scaffold 

A. Preparation of collagen gel 

Collagen gel extracted from pepsin of porcine skin via relevant aseptic process was 

purchased from Bioland Inc. (BIOLAND, Seoul, Korea), 99% or more of which products 
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maintained type I, which was ascertained by their analysis certificate and revealed no 

immune, inflammatory reaction and cytotoxicity during biological evaluation on them. 

Effectiveness of cell-containing gel was performed by using collagen gel of 0.5 and 1% 

(w/w) in density. 

 

B. Manufacturing of neutral gel 

2.2% NaHCO3 (SAFC Bioscience, St. Louis, MO, USA) and 200mM HEPES (SIGMA, 

St. Louis, MO, USA) was dissolved in 0.05 N NaOH aqueous solution with their total 

volume to be 100ul, which was selected structuring buffer solution for gelation of 

collagen solution. The buffer solution was sterilized by filtration by using 0.2um syringe 

filter (Satorius Stedim, Bohemia, NY, USA) and kept refrigerated at 4℃ before use. And 

PBS was sterilized by filtration using 0.2㎛ syringe filter and kept refrigerated at 4℃ 

before use. 

Final collagen solution was manufactured by mixing acid-soluble gel solution, PBS 

(10x) and buffer solution for structuring in the ratio of 8:1:1, respectively, which is 

summarized in Table 3. Collagen gel of 0.5 and 1%, respectively was mixed with PBS 

and then mixed again with buffer solution for structuring. The solution was stored in a 

polystyrene container with ice to prevent rapid gelation. 

 

Table 3. Composition of neutral collagen gel preparation 

Preparation of 
neutral collagen gel 

Step 1 Step 2 Step 3 

Acidic collagen 10x PBS 
Reconstruction 

solution 

0.5% 8ml 1ml 1ml 

1.0% 8ml 1ml 1ml 
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C. Preparation of stem cell-containing neutral collagen 

The intent is to determine the optimal density of cell-containing gel according to the 

density of collagen gel and the number of cells for differentiation culture of ligament 

tissue by using human bone marrow-derived MSC-containing gel. Final collagen solution 

was manufactured by mixing acid-soluble gel solution, PBS (10x) and buffer solution for 

structuring in the ratio of 8:1:1, respectively. Collagen gel of 0.5 and 1%, respectively 

was mixed with PBS and then mixed again with buffer solution for structuring. The 

solution was stored in a polystyrene container with ice to prevent rapid gelation. Human 

bone marrow-derived MSC collected after centrifugal process was divided into a group of 

1x105, 2x105 and 5x105 cell/㎝2, respectively, which was slowly, to prevent bubble, 

pipetted into neutral collagen gel. Consequential stem cell-containing collagen gel was 

divided to 48-well culture plate dish with each well containing 150μl of the gel, 

respectively and stored still in an incubator (N-Biotek, Seoul, Korea) with 5% of CO2 

atmosphere kept at 37℃ for 1 hour. Gelation completion (semitransparent) was 

ascertained after 1 hour and 200μl of α-MEM (Gibco, Grand Island, NY, USA) 

containing 10% FBS (Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin 

(Gibco, Grand Island, NY, USA) was added to each well. Culture was proceeded in a 5% 

CO2 incubator at 37℃ thereafter. 

 

6. Culture of cell seeded scaffold in bioreactor 

Mechanical strength was analyzed and compared according mechanical stimuli and time 

among stem cell-containing gel graft which was inoculated to tibialis tendon. Specimens 

were prepared to be 12 x 1 (width x length) cm2 in dimension and put inside the chamber.     

The experimental group was exposed to mechanical stimuli, controlled by computer 
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software, of 10% of tension (2 mm of strain at the two ends) and 90° of torsion (vertically 

45° clockwise and counterclockwise, respectively) at 1 Hz for 1, 3 and 7 days in the 

bioreactor. The control group was cultured in the chamber without stimuli.  

 

7. Tissue characterization 

 A. Decellularization test 

 (1) SEM observation 

Tissue appearance of porcine tibialis tendon before and after its decelluarization was 

evaluated by a scanning electron microscope (Jeol Inc., Japan, 5kV). Porcine tibialis 

tendon cleaned and sterilized was water-washed using 1M phosphate buffer solution 

(GIBCO, USA, pH 7.4). Specimen was fixed using glutaraldehyde solution(SIGMA, 

USA) for 24 hours at 4℃, washed with PBS sterilized and dehydrated with alcohol for 1 

hour with its content increasing from 50 to 70, 80, 90 and 100%, respectively. Tissue 

dehydrated was dried in a desiccators (Dry keeper, Sanplatec, Japan) at room temperature. 

Tissue dried was fixed on specimen holder by double-sided tape and coated with 

platinum to reach a thickness of 200 Å in a plasma sputter. Appearance and morphology 

was observed by a SEM at 30 and 300 of magnification, respectively. 

 

 (2) Histological staining 

Nuclei and cytoplasm in tissue stained by hematoxylin and eosin was evaluated to 

compare the distribution and appearance of cells in tibialis tendon before and after 

decelluarization. Procedure is as follows: 

① Pretreatment of tissue staining 

Tissue process instrument (Thermo scientific, Kalamazoo, MI, USA) was employed 
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under such conditions as: 

② Block specimen preparation of tissue 

  Mold base was installed on the hot plate of tissue embedding system (Thermo 

scientific, Kalamazoo, MI, USA). Paraffin solution in a small quantity was poured, tissue, 

which was previously infiltrated with paraffin, was immerged, and then the rest space was 

filled with extra paraffin. Paraffin block so prepared was put on the cold plate of the 

system and left for 10 minutes for solidification. Mold base was removed and stored at 

room temperature. 

③ Preparation of tissue slide 

Specimen was trimmed into a 10μm piece and cut into a 4μm slice by a tissue cutter 

and microtome blade. The specimen slice was floated on tap water in a jar and collected 

by slide. The collected slice was floated in a water bath preheated, attached on each slide 

and dried at 60℃. 

④ H&E staining 

(i). [Deparaffinization] Tissue slide was immerged for 10 minutes in xylene contained in 

a glass stain jar, which was repeated three times. 

(ii). [Immersion in water] Tissue slide was immerged in 99.9% of alcohol contained in 

the first glass stain jar for 5 minutes and in 99.9% of alcohol contained in the second 

glass stain jar for 5 minutes; the slide was immerged in 95% of alcohol contained in the 

second glass stain jar for 3 minutes and in 80% of alcohol contained in the second glass 

stain jar for 3 minutes; the slide was immerged in 70% of alcohol contained in the 

second glass stain jar for 3 minutes; the slide was immerged in flowing tap water for 1 

minute. 

(iii). [Nuclear staining] Tissue slide was immerged in harris hematoxylin contained in 
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another container for 10 minutes and immerged in flowing tap water for 3 minutes. 

(iv). [Bleaching] Tissue slide was tapped three times in 1% of alcoholic HCL contained 

in a glass stain jar and immerged in flowing tap water for 3 minutes. 

(v). [Neutralizing] Tissue slide was immerged in 1% of ammonia water contained in a 

glass stain jar for 1 minute and immerged in flowing tap water for 3 minutes. 

(vi). [Cytoplasmic staining] Tissue slide was immerged in eosin for 1 minute. 

(vii). [Dehydration] Tissue slide was tapped three times in 70% of alcohol contained in 

a glass stain jar. 

(viii). [Clearing] Tissue slide was immerged in purified xylene contained in a glass stain 

jar for 15 minutes. 

(ix). [Mounting] A droplet of mounting solution was applied on the tissue slide 

immerged in xylene and cover glass was mounted over it by forceps. 

 

⑤ Microscopy 

  An inverted microscope at a magnification of 40, 100 and 400, respectively was 

employed to observe tissue slide stained with H&E. 

 

(3) DAPI staining 

Porcine tibialis tendons before and after decelluarization were prepared in frozen tissue 

embedding medium (SAKURA, Torrance, CA, USA) on a frozen specimen holder 

(LEICA, Buffalo Grove, IL, USA) and frozen at -20℃. Each frozen specimen was 

trimmed to a width of 40μm and cut into a width of 10μm. Specimen cut was attached on 

a slide glass and dried in a darkroom at room temperature for 20 minutes. 25μl of DAPI 

mount solution (H-1500, VECTOR, USA) was dropped on each cut, which was covered 
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with cover glass, stored in a darkroom at room temperature for 15 minutes and observed 

with a fluorescent microscope 

 

(4) Measurement of DNA residue 

① Specimen pretreatment 

Porcine tibialis tendons before and after decelluarization were frozen at -20℃ for 24 

hours and dehydrated in a freezing dryer. 

② DNA extraction 

DNA was quantified by DNEasy kit (Qiagen, Valencia, CA, USA). Tissue lyophilized 

before and after decellularization was weighed to 25μg and inserted into a 1.5 ml 

centrifuge tube with 180μl of ATL buffer added. 20μl of proteinase K was added to the 

tube, which was agitated at an interval of 2 hours and stored still at 55℃ in heating block 

until the tissue reached complete decomposition. Ascertaining its complete 

decomposition, the tube was mixed by a vortex mixer for 15 seconds. 200μl of AL buffer 

was added to the tube, which was mixed by a vortex mixer and stored still in heating 

block at 70℃ for 10 minutes. 200μl of 99.9% alcohol was added to the tube, which was 

mixed by a vortex mixer. Specimen mixed was poured in DNeasy spin column connected 

to 2 ml collection tube and processed in a centrifuge at 8,000 rpm for 1 minute and the 

fluid filtered by the collection tube was disposed of. 500μl of AW1 buffer was added to 

DNeasy spin column connected to 2 ml collection tube, of which solution was processed 

in a centrifuge at 8,000 rpm for 1 minute and the fluid filtered by the collection tube was 

disposed of. 500μl of AW2 buffer was added to DNeasy spin column connected to 2 ml 

collection tube, of which solution was processed in a centrifuge at 17,000 rpm for 3 

minutes so as to achieve complete dryness. Whether the fluid contacted with DNeasy spin 
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column was checked: in case of contact, additional centrifuge process at 17,000 rpm was 

performed for 1 minute. DNeasy spin column with its DNeasy membrane dried was 

integrated to a new 1.5 ml micro centrifugal tube, being added by 200μl of AE buffer, and 

stored still at room temperature for 1 minute. Additional centrifuge process was 

performed at 8,000 rpm for 1 minute and liquid eluted in the micro centrifugal tube was 

collected, which was evaluated by means of a DNA quantification application (Nanodrop 

2000, thermo, USA) developed by Nanodrop. 

 

(5) SDS-PAGE 

Normal and decellularized tibialis tendons were analyzed by SDS-PAGE in terms of 

their change in morphology. Porcine tibialis tendons dehydrated in a freezing dryer before 

and after decelluarization were immerged in 25 ml of 0.01N HCl aqueous solution 

(containing pepsin 10㎎/㎖) and agitated at 4℃ for 48 hours. Acid-soluble collagen was 

separated from acid-insoluble collagen in a centrifuge. Acid-soluble separated was mixed 

with 4x LDS sample buffer (Invitrogen, Grand Island, NY, USA) to achieve a ratio of 4 

to 1 and to reach a total volume of 40μl and reacted in heating block (LAB-LINE, USA) 

at 70℃ for 10 minutes so as to denatruate its protein. 16μl of each protein denaturated 

was added to mini gel (4-12%, Invitrogen, Grand Island, NY, USA) and processed in 

electrophoresis apparatus (Invitrogen, Grand Island, NY, USA) under 100 V for 2 hours, 

in which broad-range markers(260 to 3.5kDa) was used. After electrophoresis process, 

specimens were stained with coomassie blue for 10 minutes and destained by appropriate 

destaining solution (40% methanol, 10% glacial acetic acid) for 24 hours. Finally, 

specimens were washed four to five times with ultra pure water type III and taken picture 

of using GEL doc apparatus (Bio-Rad, Hercules, CA, USA). 
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 B. Recellularization test 

(1) SEM observation of neutral collagen gel 

Morphology of 0.5% neutral collagen was observed by SEM. 50μl of neutral collagen 

was taken on a tissue culture plate dish and cross-linked in an incubator at 37℃, to which 

2.5% of glutaraldehyde solution was added and stored at 4℃ for 24 hours for fixation. 

Resulted specimen was washed by sterilized PBS and dehydrated by alcohol for 1 hour 

with its content gradually increasing from 50 to 70, 80, 90 and 100%, respectively. 

Dehydrated cross-linked collagen gel was dried in desiccators (Sanplatec, Japan) at room 

temperature. Tissue dried was fixed on specimen holder by double-sided tape and coated 

with platinum to reach a thickness of 200 Å in a plasma sputter. Appearance and 

morphology was observed by a SEM at 1,500 and 4,000 of magnification, respectively 

  

(2) Measurement of UV turbidity of neutral collagen gel 

Neutral collagen gel was prepared by mixing acid-soluble collagen solution of 0.5 and 

1.0%, respectively and structuring buffer solution and heated from 4 to 37℃. Degree of 

gelation of neutral collagen was evaluated by turbidity, in which absorbance was 

measured at 310 nm by a UV spectro-photometer. 

 

(3) Fluorescence photography of live/dead staining after 1, 3 and 7 days of culture of 

stem cell-containing neutral collagen gel 

This was to measure cell viability after 1, 3 and 7 days of culture of stem cell-containing 

collagen gel with variables of collagen density (0.5 and 1%) and the count of human bone 

marrow-derived mesenchymal stem cell (1x105, 2x105 and 5x105 cell/㎝2), which 

employed live/dead staining kit (Invitrogen, USA). 20μl of 2mM ethium homodimer 
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solution was dissolved in 10 ml of PBS, which was to be agitated to make solution 1. 5 μl 

of 4mM calcein AM solution was added to solution 1 and processed in a vortex mixer to 

make solution 2. Media in the 48-well culture plate dish containing stem cell-containing 

collage gel were removed with the dish washed by 500μl of PBS, then newly containing 

solution 2 and stored in a darkroom for 40 minutes. A fluorescent microscope (Leica, 

Buffalo Grove, IL, USA) was employed in observation. 

 

(4) Viable cell count using fluorescence image of live/dead staining after 1, 3 and 7 

days of culture of stem-cell 

Viable cell count was determined by means of an image pro application via fluorescence 

images of live/dead staining after 1, 3 and 7 days of culture of stem cell-containing 

neutral collagen gel with variables of collagen density (0.5%) and the count of human 

bone marrow-derived mesenchymal stem cell (1x105, 2x105 and 5x105 cell/㎝2) 

 

(5) Cell proliferation rate measured after 1, 3, and 7 days of culture of stem cell-

containing neutral collagen gel 

Cell proliferation rate was measured according to collagen density (0.5 and 1%) and the 

count of human bone marrow-derived mesenchymal stem cell (1x105, 2x105 and 5x105 

cell/㎝2). A vial (5 ml) stored in EZ Cytox assay kit (DAIL LAB, Korea) was transferred 

to clean bench. 3 ml of α-MEM containing 10% FBS and 1% penicillin-streptomycin was 

pipetted to a cornical tube whose capacity is 15 ml and mixed with 300μl of an EZ Cytox 

reagent. Media used in culture of stem cell-containing collagen gel was vacuum-sucked 

and removed and each 200μl of another medium mixed with the EZ cytox reagent was 

added to each well of 48-well culture plate dish, which was cultured in a 5% CO2 
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incubator at 37℃ for 1 hour. Absorbance was measured at 450 nm by means of an 

ELISA reader (PerkinElmer, San Jose, CA, USA). 

 

C. Biomechanical strength 

Tensile strength of porcine tibialis tendon (n=5) before and after mechanical stimuli in 

the chamber was measured. Specimens were prepared to be 1 x 12 (width x length) cm2 

and a universal test machine (MTS bionics, Shakopee, MN, USA) was employed, through 

which specimens were vertically set on the load cell that exerted 5,000 N and pulled at 1 

mm/min. Final data were collected and averaged with the maximum and minimum values 

excluded. 

Each prepared tendon was cultured in tissue bioreactor for 1, 3 and 7 days. The 

condition of cyclic stimulation was 10% of tension, 90° of torsion and 1Hz of stimulation 

frequency (Table 4).  

 

Table 4. Experimental condition of tendon culture in tissue bioreactor 

Groups 
Mechanical stimulation condition 

Culture day N 
Tension Torsion Frequency

Control group - - - 7 days 3 

Experimental 
group 

1 10 % 90 ° 1 Hz 1 day 3 

2 10 % 90 ° 1 Hz 3 days 3 

3 10 % 90 ° 1 Hz 7 days 3 
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D. Extracellular matrix analysis 

 (1) Gene expression 

(A) RNA extraction 

RNeasy mini kit (Qiagen, Valencia, CA, USA) was employed to extract RNA. 600μl of 

RLT Plus buffer was added to 30 mg of tissue collected, which was homogenized then 

processed in a centrifuge at the maximal rpm for 3 minutes and pipetted to remove the 

supernatant. gDNA eliminator spin column was put in a collection tube whose capacity 

was 2 ml and tissue dissolved was put inside the tube, which then was processed in a 

centrifuge at 10,000 rpm for 30 seconds with filtered solution remaining and the column 

disposed of. 600μl of 70% ethanol was added to the collection tube and pipetted for 

mixture. RNeasy spin column was put in a new 2 ml collection tube and 1000μl of the 

mixed solution was added to the tube, which was then processed in a centrifuge, with the 

cap closed, at 10,000 rpm for 15 seconds with filtered solution disposed of. 700μl of 

RW1 buffer was added to the RNeasy spin column, which was then processed in a 

centrifuge at 10,000 rpm for 15 seconds with filtered solution disposed of. 500μl of RPE 

buffer was added to the RNeasy spin column, which was then processed in a centrifuge at 

10,000 rpm for 15 seconds with filtered solution disposed of. 500μl of RPE buffer was 

added to the RNeasy spin column, which was then processed in a centrifuge at 10,000 

rpm for 2 minutes with filtered solution disposed of. RNeasy spin column was put in a 

new 1.5 ml collection tube with 50μl of RNase-free water injected into the spin column 

membrane, which was processed in a centrifuge to obtain the RNA extract at 10,000 rpm 

for 1 minute. 
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(B) cDNA synthesis 

SuperScript® VILO cDNA Synthesis Kit (Invitrogen, Grand Island, NY, USA) was used 

for cDNA synthesis. 4ul of 5×VILO reaction mix, 2ul of 10×superscript enzyme mix and 

RNA 2.5ug were mixed then DEPC-treated water was added to top the solution up to 

20ul. Mixture so prepared was incubated at 25°C, 42°C and 85°C for 10, 60 and 5 

minutes, respectively. The mixture was stored in a freezer kept at -20°C. 

 

(C) Real time PCR 

SYBR®Premix Ex Taq™ (TaKaRa, JAPAN) was used to analyze real time PCR. 12.5ul 

of SYBR®Premix Ex Taq (1×), 0.5 ul of 0.2uM PCR forward primer, 0.5ul of 0.2uM 

PCR reverse primer, 2.0ul of a synthesized cDNA reagent and 9.5ul of DW water were 

mixed and topped up to 25ul. Real time PCR apparatus (TaKaRa, JAPAN) was operated, 

(Step 1: 1 cycle at 95℃ for 30 seconds, Step 2: 40 cycles at 95℃ for 5 seconds and at 

60℃ for 30 seconds) Collagen type I, type III and Tenascin-C were selected as primer 

(Table 5). 

 

Table 5. Real PCR primer sequences 

Genes Forward primer sequences Reverse primer sequences 

Collagen I 5'-CAGGGTGTTCCTGGAGACCT-3' 3'-AGGAGAGCCATCAGCACCTT-5'

Collagen III 5'-GAAAATGGAAAACCTGGGGA-3' 3'-CACCCTTTGGACCAGGACTT-5' 

Tenascin-C 5'-TACAGCCTGGCAGACCTGAG-3' 3'-ATTGCTTGGGAGCAGTCCTT-5' 

GAPDH 5'-AAGGGTCATCATCTCTGCCC-3' 3'-GTGATGGCATGGACTGTGGT-5' 
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 (2) Collagen and GAG quantity 

Collagen content secreted from media to culture stem cell-containing gel (5x105 

cell/㎝2) inoculated to porcine tibialis tendon was analyzed according to mechanical 

stimuli applied in the bioreactor. Media after 1, 3 and 7 days of culture were collected for 

analyses and collagen assay kit was employed. Collagen solution (0~50㎍) was selected 

as standard reagent and put into a microcentrifuge tube and purified water was injected to 

top the solution up to 100ul. Media after 1, 3 and 7 days of culture were put into a 

microcentrifuge tube and topped up to 100ul. 1.0ml of sircol dye reagent was added to 

every tube so prepared and mixed in a vortex mixer for 30 minutes, then processed in a 

centrifuge at 10,000 rpm for 10 minutes. Supernatant was removed after centrifugal 

process and the tube was turned upside down to clean out with absorbent paper any 

solution residue on bottom or wall of the tube. 1.0ml of alkali reagent was added to the 

collagen-dye complex pellet and the dye combined with collagen was dissolved in a 

vortex mixer for 10 minutes. Absorbance was measured at 550nm using a UV spectro-

photometer. The final density of collagen was quantified by means of the standard curve 

of collagen. 

GAG content secreted from media to culture stem cell-containing gel (5x105cell/㎝2) 

inoculated to porcine tibialis tendon was analyzed according to mechanical stimuli 

applied in the bioreactor. Media after 1, 3 and 7 days of culture were collected for 

analyses and GAG assay kit was employed. Sulfated glycosaminoglycan (0~5㎍) was 

selected as standard reagent and put into a microcentrifuge tube and purified water was 

injected to top the solution up to 100ul. Media after 1, 3 and 7 days of culture were put 

into a microcentrifuge tube and topped up to 100ul. 1.0ml of glycosaminoglycan dye 

reagent was added to every tube so prepared and mixed in a vortex mixer for 30 minutes, 
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then processed in a centrifuge at 10,000 rpm for 10 minutes. Supernatant was removed 

after centrifugal process and the tube was turned upside down to clean out with absorbent 

paper any solution residue on bottom or wall of the tube. 1.0ml of blyscan dissociation 

reagent was added to the glycosaminoglycan-dye complex pellet and the dye combined 

with glycosaminoglycan was dissolved in a vortex mixer for 10 minutes. Absorbance was 

measured at 656 nm using a UV spectro-photometer. The final density of GAG was 

quantified by means of the standard curve of chondroitin-4-sulfate. 

 

 E. Animal transplantation test 

Animal surgery was performed so as to examine the reconstruction effectiveness of 

anterior cruciate ligament via transplantation operation of allograft tendon with cell-

containing gel inoculated, which had been exposed to mechanical stimuli in the 

bioreactor. General inhalation anesthesia via isoflurane (Forane Solution, JW 

Pharmaceutical, Korea, oxygen to isoflurane = 2.5 to 2.5) was performed on 6 sound male 

miniature pigs (10-month, 45 kg). Fur on both hind legs was eliminated and incision sites 

were disinfected with alcohol and povidone-iodine solution. Skin was incised through 4 

cm at anteromedial knee joint to dislocate patella outward and anterior cruciate ligament 

was exposed with the joint flexed as much as possible. Ligament was completely ruptured 

for amputation at its closest site to femur using a scalpel No.11. The cut was washed with 

saline. Steel wire was inserted at the isometric point and a tunnel was excavated. The 

allograft tendon was first inserted into the tunnel on femur and tightened with LA 

(ligament anchor) screws. After 15 or more movements of flexion and extension, 

bioabsorbable indirect screws were tightened at the tunnel on tibia. A sham operation was 

performed on the opponent joint with incision and exposal applied in the same way but 
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without ligament amputation. Operation sites were washed with plenty of saline during 

transplantation and the capsule and skin was stitched using absorbable suture (No.1-0 

silk). Each miniature pig kept being raised in the farm without any specific fixation. 

Tobramycin (10㎎/㎏) was injected everyday to prevent infection of the cut. 

Miniature pigs were slaughtered by injection of solution of zoletil (50 mg/kg) mixed 

with 2% lidocaine (1cc/kg) after 4 and 12 weeks of operation, respectively. Both bone-

attached sites beside the anterior cruciate ligament were collected, visibly observed at 

bone-ligament-bone structure and biomechanically examined. 

 Tensile strength was measured on specimens (n=5) in control and experimental groups 

using a universal testing machine (OUT-10, OrientalTM, Korea), in which the specimen 

was fixed on the load cell, to which 1,000N was applied, and elongated at a speed of 

10mm/min. 
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 F. Structural analysis of knee joint to establish a clinical test model 

 (1) Validation model 

 A 3D finite element model (FEM) of a healthy lower extremity was developed based on 

computed tomography (CT) images. CT scanning of a 1-mm slice from a 34 year-old 

male subject was performed. Digital CT data were imported to a software program 

(Mimics; Materialise Inc., Leuven, Belgium) that was used to generate the 3D 

geometrical surface of the femur and tibia (Fig.5 A, B).  

 

Fig.5. A three-dimensional finite element model of a healthy lower extremity (A) Digital 

CT data imported to Mimics, (B) 3D geometrical surface of the femur and tibia bone, (C) 

Solid models for each femur and tibia segment 

 

The IGES files exported from the Mimics software were entered into Unigraphics NX 

7.0 (Siemens PLM Software, Torrance, CA, USA) to form solid models for each femur 
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and tibia segment (Fig.5 C).  

The solid model was then imported into Hypermesh 8.0 (Altair Engineering, Inc., Troy, 

MI, USA) to generate FE meshes. The FE mesh was analyzed with commercially 

available software (ABAQUS 6.6-1; Hibbitt, Karlsson and Sorenson, Inc., Providence, RI, 

USA). The bone models included cortical bone, cancellous bone, and canal. The FEM of 

soft tissue included meniscus, and four major ligaments. 

 

(2) Surgical simulation model 

 CT scans were performed on all knees after the ACL reconstruction with the patients’ 

consent. ACL reconstruction patients were divided into bioreactor graft (BRG) group for 

double bundle reconstruction and trans portal (TP) group for double bundle 

reconstruction. 10 CT images were used for 3D reconstruction in Mimics in both groups 

(Fig.6).  

 

Fig.6. 3D reconstruction in Mimics of double bundle reconstruction 
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 To simulate BRG and TP ACL reconstructions, in the 0° analytic model, four 6-mm-

diameter tunnels were drilled at the center of each AM and PL footprint on the femur and 

tibia, referred to be the mean value of the locations for 10 patients. The simulation 

process was performed with UG (Fig.7).  

 

Fig.7. The simulation conditions of bioreactor graft group and trans portal group for 

double bundle reconstruction 

 

The AM and PL grafts under tension of 20N were put in each tunnel, and the grafts were 

fixed at each tunnel. The grafts were bonded to the tunnel by using the mesh tie kinematic 

constraints. The bone-ligament and ligament-ligament contacts were modeled through the 

penalty formulation assuming frictional coefficients of 0.1 and 0.001, respectively. 

 

(3) Loading and boundary conditions 

 To validate the intact knee model, we compared the tibial translations for 0N to 100N of 

anterior and posterior forces acting on the center of the knee in the full extension position 

with those from previous experimental and computational studies. Second loading 
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conditions included a 134N anterior tibial load to the knee at full extension and at 30°, 

60°, and 90° of flexion. 

 

8. Statistical analysis 

 The data from each experiment were the average from at least triplicate samples. The 

same experiments were repeated three times to ensure the repeatability of the methods 

used. All statistical analyses were performed with a commercially available software 

program (SPSS Version 12.0; SPSS Inc., Chicago, IL, USA). Significance level was set as 

P <0.05 (*), P <0.01 (**). 

 

 

III. RESULTS 

1. Decellularized tendon 

 After enzyme solution treatment, the part of surface layer, which is epitenon, was 

digested. The digested surface layer and debris were removed after ultra sonic cleaning 

by physical treatments (Fig.8). There’s not any shrinkage of shape or size. And 

decellularized tendon kept lubricant surface. 

 

Fig.8. Shape of porcine tibialis tendon (A); control, before treatment of enzyme solution, 

(B); after treatment of enzyme solution, (C); after ultra sonic cleaning 
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Surface and vertical cross-section of porcine tibialis tendon before and after 

decelluarization was observed by a scanning electron microscope at a magnification of 30 

and 300, respectively (Fig.9).  

 

Fig.9. SEM images of tendons: fresh tendon (A, B) and decellularized tendon (C, D) at 

magnification of 30X and 300X: (A, C) Surface view of tendon, (B, D) Vertical cross-

section view of tendon. Arrow heads indicate boundary layer of epitenon.  

 

Visual observation showed that collagen fiber was aligned in a direction on the surface of 

porcine tibialis tendon. It showed that the outer part of tendon was surrounded by epitenon 

that seemed to be membrane while the inner part was constituted by collagen fiber. 

Epitenon layer (indicated by a red arrow head) was separated after decelluarization, of 
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which dissociation is considered to be caused by enzymatic and ultrasonic processes that 

are responsible for the elimination of the cells. Proteoglycan cross links among fibrous 

collagen inside tendon reportedly endure repeated movement by stimuli including tensile 

strength and support the structure. 

These results indicate the consequence of H&E staining performed on vertical and 

horizontal cross-section of porcine tibialis tendon before and after its decellularization 

(Fig.10).  

 

Fig.10. Histological cross sections at magnification of 40X and 400X: Vertical section of 

(A) fresh tendon, (B) decellularized tendon, Horizontal section of (C) fresh tendon, (D) 

decellularized tendon. Arrows indicate fibroblasts.  
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Elimination of cells concentrated on the outer membrane of tendon and in the internal 

fibrous collagen phase was ascertained by visual observation. It is considered that, after 

decellularization, cell constituents were separated from their extracellular matrix via 

chemical treatment, the enzymatic effect, and cell residue was eliminated via mechanical 

stimulus, the ultrasonic treatment, in the group that was processed by decellularization. In 

other words, elimination of cells is thought responsible for removal of causes of immune 

rejection response. 

 

Fig.11. DAPI stain and DNA total contents of each tendon. DAPI stain of (A) fresh 

tendon (upper) and (A) decellularized tendon (lower) and (B) DNA total contents from 

each tendon 
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Fig.11 (A) exhibits the results of fluorescent microscopic observation before and after 

decellularization of porcine tibialis tendon, by means of DAPI staining, which determined 

the existence of nucleus inside a cell. It is clear that cells were concentrated in the outer 

part – epitenon layer – and inner part – collagen matrix – of tendon before 

decellularization whereas they were not DAPI-stained after decellularization, which 

explains elimination of the cells. 

Fig.11 (B) accounts for DNA residue in porcine tibialis tendon before and after 

decellularization. The amount of DNA residue in the tendon before and after the 

treatment was 269.9±10.9ng/mg and 62.7±8.5ng/mg, respectively, in which the latter 

showed a decrease in DNA amount by 77%. Clearly, this is a far less amount in terms of 

DNA residue even than ECM derived products that acquired relevant approval from FDA, 

inter alia, porcine small intestinal mucosa (526ng/mg) and allogeneic dermis (135ng/mg). 

Immune rejection response manifested by residual cells after decellularization is tissue-

specific. No clear conclusion has been reported about this, but DNA residue should be 

100ng dsDNA/mg ECM dry weight or less after decellularization and no nucleus should 

be visibly apparent by DAPI and H&E staining to obtain a quantitative result. 
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Fig.12. SDS-PAGE of each tendon before and after decellularization: Lane M, protein 

marker; Lane 1, collagen type I; Lane 2, fresh tendon; Lane 3, decellularized tendon 

 

Fig.12 summarizes SDS-PAGE analysis results that show bands according to collagen 

type of porcine tibialis tendon before and after decellularization, in which line 1, 2 and 3 

indicates standard collagen type I, SDS-PAGE result of the tendon before the treatment 

and that after the treatment, respectively. Collagen type I has, in large, a heterotrimer 

structure that comprises two identical α1 chains and one α2 chain. A heterotrimer 

structure composed of two identical α1 chains and one α2 chain was clearly maintained in 

the SDS-PAGE results of this study at least before and after decellularization of porcine 

tibialis tendon, which implies that the main type of collagen should be I. That the 

collagen type of tibialis tendon doesn’t alter after decellularization by means of 

enzymatic treatment is ascertained by these results. 
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Fig.13. Quantitative analysis of collagen from porcine tibialis tendon 

 

Collagen content of porcine tibialis tendon before and after decellularization is shown in 

Fig.13. Regression analysis on standard hydroxyproline curve exhibited a value of 99.9%. 

Collagen content in tibialis tendon before and after decellularization accounted for 

846.8±122.1 and 868±186.6ug/㎎, respectively, which indicates a gap of 2.5% between 

the two states. However, the difference was not determined to be statistically significant, 

which implies that there was no change in collagen content measured by weight via 

decellularization.  
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Fig.14. Quantitative analysis of GAG from porcine tibialis tendon 

 

 GAG content in porcine tibialis tendon before and after decellularization is shown in 

Fig.14. Regression analysis on standard chondroitin-4-sulfate curve exhibited a value of 

99.7%. GAG content in tibialis tendon before and after decellularization accounted for 

3.4±0.09, 2.4±0.07㎍/㎎, respectively, which indicates a gap of 30% between the two 

states. However, the difference of 1% was not determined to be statistically significant in 

case that less than 3% of GAG was contained per mg, which implies that the treatment 

did not exert effect on decrease in GAG content.  
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2. Recellularized Tendon 

 SEM images of neutral collagen gel cross-linked in structuring buffer solution at 37℃ 

are shown in Fig.15.  

 

Fig.15. SEM images of cross-linked 0.5% collagen gel at the magnification of 1500X and 

4000X: This fibril structure is advantageous for cell attachment and differentiation to 

tendon. 

 

It has been reported that acid-soluble collagen, in large, builds up network of collagen 

fibril keeping a structure of a great many triple helical monomers in case that the value of 

pH reaches to neutrality and that temperature increases. Visible observation in this study 

also showed that a great many collagen fibril formed network, in which the fibril had a 

diameter of 200 nm. It is considered that such a structure attributes to the shape of gel. 

UV absorbance by time measured at 310 nm is shown in Fig.16 over 0.5 and 1.0% 

neutral collagen gel, respectively, with its temperature increasing from 4 to 37℃. Both 

groups exhibited a rapid increase of absorbance between minute 10 and 20 while there 
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was nearly no change in the curve after 20 minutes. It is considered that cross-linking of 

collagen fibril was completed right after 20 minutes. Meanwhile, 1.0% neutral collagen 

gel showed a higher measure by around 12% than that of 0.5% gel between minute 20 

and 40, of which difference is considered to be arising from the concentration of collagen 

that is proportional to the amount of collagen fibril. 

 

 

Fig.16. Collagen gel morphology and turbidity curve of collagen gel before and after 

cross linking: (A) 0.5% collagen gel, (B) 1.0% collagen gel and (C) turbidity curve of 

collagen gel from 4℃ to 37℃ 
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Microscopic images are shown in Fig.17 obtained from live/dead fluorescent staining 

after 1, 3 and 7 days of culture of stem cell-containing, 0.5% collagen gel according to the 

count of human bone marrow-derived mesenchymal stem cells(1x105, 2x105 and 5x105 

cell/㎝2).  

 

Fig.17. Live & Dead Staining: MSC mixed with 0.5% collagen gel during 1, 3, and 7 

culture days: Green color indicates live cell and red color indicates dead cell. 

 

The count was higher in group 5x105 than that of group 1x105 and 2x105, which 

indicates the former had a higher cell density. The group cultured for 7 days exhibited a 

far more cell stretch than that of the group cultured for 1 day. This is an evidence to 

verify a superior cell-compatibility, which is required for their proliferation and 

differentiation, of stem cell-containing, 0.5% collagen gel. 
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Fig.18 shows microscopic images obtained from live/dead fluorescent staining after 3 

days of culture of stem cell-containing, 1% collagen gel according to the count of human 

bone marrow-derived mesenchymal stem cells(1x105, 2x105 and 5x105 cell/㎝2).  

 

Fig.18. Live & Dead Staining: MSC mixed with 1.0% collagen gel during 1, 3, and 7 

culture days: Green color indicated live cell and red color indicates dead cell 

 

When compared with the results from stem cell groups contained in 0.5% collagen gel, 

all the groups involved showed significantly lower cell viability. Mechanical strength of 

cross-linked collagen gel is, in large, deeply related to the density of collagen gel, about 

which it has been reported that a higher gel density restricts cell growth since it increases 

gelation velocity, which doesn’t guarantee time, in case that the gel is mixed with cells, 

enough for even distribution and escalates pertinent mechanical strength. This indicates a 

poorer cell-compatibility, which is required for their proliferation and differentiation, of 

1% collagen gel 
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Fig.19 shows image pro products to obtain the counts of viable cell, indicated as green, 

and dead cell, as red, measured at 4 points divided from live/dead fluorescent images of 

stem cell-containing, 0.5% collagen gel after its 1, 3 and 7 days of culture with the count 

of human bone marrow-derived mesenchymal stem cells(1x105, 2x105 and 5x105 cell/㎝2) 

as the variable.  

 

Fig.19. Viable cell count using fluorescence image of live/dead staining of stem cell-

containing neutral collagen gel 

 

Group 1x105 exhibited a cell viability of 96.2, 94.9 and 92.4% after 1, 3 and 7 days of 

culture, respectively; group 2x105, 96.5, 94.0 and 91.9%; group 5x105, 95.0, 93.6 and 

90.2%. A cell viability of 90% or more was ascertained in all the groups involved after 7 

days of culture. 
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Fig.20. shows absorbance at 450 nm by means of EZ Cytox assay kit to evaluate cell 

proliferation rate after 1, 3 and 7 days of culture of stem cell-containing collagen gel 

according to the density of collagen gel (0.5 and 1.0%) and the count of human bone 

marrow-derived mesenchymal stem cells(1x105, 2x105, 5x105 cell/㎝2).  

 

Fig.20. Cell proliferation rate measurement of stem cell-containing collagen gel during 1, 

3, and 7 culture days: (A) 0.5% collagen gel, (B) 1.0% collagen gel 
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In case of stem cell-containing, 0.5% collagen gel, group 5x105 showed a higher 

proliferation rate than that of group 1x105 and 2x105 after 7 days of culture, inter alia, the 

difference from group 1x105 was significant. In case of 1.0% collagen gel, on the other 

hand, all the groups involved exhibited no cell proliferation after 7 days of culture, which 

is identical to the analysis result of live/dead fluorescent images. As aforementioned, it is 

considered that the higher density of collagen gel restricted even distribution of the cell 

because it increased mechanical strength and gelation velocity. 

Fig.21 shows count of cells desquamated after 4, 8 and 24 hours to evaluate adhesion 

ability of stem cell group (5x105 cell/㎝2) and stem cell-containing gel group (5x105 

cell/㎝2) transplanted to porcine tibialis tendon surface.  

 

Fig.21. Cell adhesion measurement of stem cells and stem cell-containing gel inoculated 

to tibialis tendon surface  

 

Stem cell transplantation group exhibited a cell adhesion rate of 51, 70 and 87% after 4, 

8 and 24 hours of culture, respectively while stem cell-containing gel group, 66, 75 and 

97%, respectively. Adhesion rate after 24 hours indicates a higher rate, around by 10%, in 
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stem cell-containing group than that of the other group. It is considered that cell 

desquamation in case of independent transplantation is caused by a certain time that cell 

adhesion requires and weaker mechanical structure which may be vulnerable to any 

mechanical impact including cell inoculation to tibialis surface. Conversely, in case of 

stem cell-containing gel, viscosity inherent in gel is considered explaining its resistance 

against external mechanical effects.  

Absorbance at 450 nm measured by EZ Cytox assay kit to analyze cell count after 3, 7 

and 14 days of culture to evaluate the proliferation rate of stem cell group (5x105 cell/㎝

2) and stem cell-containing gel group (5x105 cell/㎝2) transplanted to porcine tibialis 

tendon surface is shown in Fig.22.  

 

Fig.22. Cell proliferation rate measurement of stem cells and stem cell-containing gel 

inoculated to tibialis tendon surface. 

 

Stem cell-containing gel group showed a higher proliferation rate after 3, 7 and 14 days 

that those of independent transplantation group. It is considered that such an effect is 
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closely related to the efficiency of cells that were adhered to porcine tibialis tendon 

surface. In other words, the less count of adherent cells per unit area of independent 

transplantation may cause a relatively low proliferation rate. It has been reported that 

smooth surface is, in large, far more efficient in proliferation of adherent cells than rough 

one, where inoculation to rough surface increases the time required for adhesion. It is 

considered that a larger surface roughness of tibialis tendon caused a longer time required 

for independent adhesion of cells and any mechanical strength due to, e.g., media 

replacement in its initial stage may exert an effect on the cells. 
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Absorbance measured at 656 nm by GAG assay kit to analyze GAG content secreted 

from media of stem cell group (5x105 cell/㎝2) and stem cell-containing gel group (5x105 

cell/㎝2) transplanted to porcine tibialis tendon surface after 3, 7 and 14 days of culture, 

respectively is shown in Fig.23.  

 

 
Fig.23. GAG content analysis of cells transplanted independently or being contained in 

gel to tibialis tendon surface 

 

Regression analysis on standard chondroitin-4-sulfate curve exhibited a value of 99.9%. 

Stem cell-containing gel exhibited a higher GAG content than that of independently 

transplanted group: the value increased in stem cell-containing gel group from 2.151 to 

Group 
GAG contents (ug/ml) 

3d 7d 14d 

Cell only 1.894±0.020 5.742±0.479 30.527±1.643 

Cell-gel complex 2.151±0.107 14.187±0.736 36.346±2.136 
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14.187 and to 36.346㎍/㎖ after 3, 7 and 14 days of culture, respectively, which 

conclusively indicated an increase around by 20% in day 14 compared with that of 

independently transplanted group. It is considered that three-dimensional culture 

facilitates ECM secretion of a cell more efficiently than monolayer culture does. 

Absorbance measured at 550nm by collagen assay kit to analyze collagen content 

secreted from media of stem cell group (5x105 cell/㎝2) and stem cell-containing gel 

group (5x105 cell/㎝2) transplanted to porcine tibialis tendon surface after 3, 7 and 14 

days of culture, respectively is shown in Fig.24.  

 

 
Fig.24. Collagen content analysis of stem cells and stem cell-containing gel inoculated to 

tibialis tendon surface 

Group 
Collagen contents (ug/ml) 

3d 7d 14d 

Cell only 0.164±0.016 0.669±0.054 0.970±0.014 

Cell-gel complex 0.159±0.014 0.749±0.105 1.387±0.036 
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Regression analysis on standard chondroitin-4-sulfate curve exhibited a value of 99.9%. 

Stem cell-containing gel exhibited a higher collagen content than that of independently 

transplanted group: the value increased in stem cell-containing gel group from 0.159 to 

0.749 and to 1.387㎍/㎕ after 3, 7 and 14 days of culture, respectively, which 

conclusively indicated an increase around by 43% in day 14 compared with that of 

independently transplanted group. It is considered that three-dimensional culture 

facilitates ECM secretion of a cell than in monolayer culture. 
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Fluorescent microscopic results from CM-Dil staining of stem cells and stem cell-

containing gel inoculated to tibialis tendon surface after 1, 3 and 7 days of culture to 

evaluate cell distribution and their adhesion ability is shown in Fig.25(A). Fluorescent 

staining was manifest in monolayer culture with the daughter cells, in case of 

differentiation, also stained. 

 

 

Fig.25. Fluorescence staining of human bone marrow-derived MSC and MSC-containing 

gel inoculated to tibialis tendon: (A) only cell seeded tibialis tendon, (B) cell-gel complex 

seeded tibialis tendon 
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Fluorescent microscopic results from specimen cuts lyophilized to evaluate the adhesion 

and morphology of stem cell group (5x105 cell/㎝2) and stem cell-containing gel group 

(5x105 cell/㎝2) transplanted to porcine tibialis tendon surface after 3, 7 and 14 days of 

culture, respectively and is shown in Fig.25(B). Specimens were fluorescently stained 

with CM-Dil to check externally transplanted cells for their adhesion and their identity 

was verified by double fluorescence staining with DAPI. Adhesion to tibialis tendon 

surface was ascertained for both of the groups. Monolayer culture was visibly observed in 

stem cell group while two or more layers built up via gel network construction were 

observed in stem cell-containing gel group. It has been reported that three-dimensional 

culture facilitates cell differentiation more vigorously than monolayer does and this study 

also selected transplantation of stem cell-containing gel for more efficient differentiation 

of ligament cells. 
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Results of H&E staining of stem cell group (5x105 cell/㎝2) and stem cell-containing gel 

group (5x105 cell/㎝2) transplanted to porcine tibialis tendon surface after 3, 7 and 14 

days of culture to evaluate cell adhesion are shown in Fig.26.  

 

Fig.26. H&E staining of stem cells and stem cell-containing gel inoculated to tibialis 

tendon surface at the magnification of 100X and 400X: (A, C, E) only cell seeded tibialis 

tendon, (B, D, F) cell-gel complex seeded tibialis tendon 

 

Independently transplanted cells adhered along a single layer and differentiated whereas 

stem cell-containing gel group constructed a three dimensional network due to the effect 

of collagen. 
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As independently transplanted cells proliferated, irregular ECM formed (Fig.27). Cell 

proliferation in stem cell-containing gel group brought about more ECM secretion than 

that of independently transplanted group. 

 

Fig.27. SEM images at the magnification of 30x and 300x: (A, C, E) only cell seeded 

tibialis tendon and (B, D, F) cell-gel complex seeded tibialis tendon at 3, 7, and 14 days 

after cell seeding 
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3. Design of tissue bioreactor 

The bioreactor aimed is to be composed of a motion part that exerts a variety of 

mechanical stimuli to increase the tensile strength of tendon graft, a control part that 

manage the stimuli and a chamber that accept the stimuli. (Fig.28 and 29) 

 

Fig.28. Cyclic loading bioreactor is composed with (A) motion part, (B) control part, and 

(C) chamber part. (D) Tendon is installed in the chamber part. 

 

The motion part is to be composed of upper and lower grips that are to be integrated 

with and attached to the upper and lower end, respectively of graft to secure vertical 

alignment of the graft, upper and lower fixed stimulators and upper and lower deriving 

motors that are to transmit driving force of vertical and rotational movement to upper and 
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lower fixed stimulators, where the upper and lower fixed stimulators to exert tensile 

stimuli on tibialis tendon graft shall have a length that ranges from 0 to 20% of the total 

graft length to exert tensile stimuli and shall rotate itself 0 to 90° clockwise and 

counterclockwise to exert torsional stimuli. Both stimuli vertical and rotational shall be 

simultaneously driven to the upper and lower fixed stimulators at a frequency of 1 Hz or 

less. 

 

Fig.29. Process flow of tissue installation: (A) Tissue is affixed on upper and lower grips, 

(B) The fixation unit is installed in reactor chamber, (C) Chamber is closed, (D) Each 

chamber is connected to drive shift on main frame. 

 

The chamber part that accepts mechanical stimuli is to be linked to a peristaltic pump 

that shall keep media flows in terms of amount and rate and to a water bath that shall 

continue to circulate water between its internal and external wall to maintain the 

temperature at 37℃. 
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The control part, interfaced by a computer application (Fig.30) that is to control upper 

and lower driving motors, shall adjust a variety of tensile and torsional stimulating types, 

their frequencies and culture period. 

 

 

Fig.30. Main screen of control part: Each chamber part is independently controlled by 

control part. 
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 The operation procedure was documented. Main operation is composed of loading step 

and unloading step (Fig.31). 

 

Fig.31. Operation procedure of bioreactor: Bioreactor loading and unloading 
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4. Biomechanical properties 

These results show the maximum tensile load of porcine tibialis tendon before and after 

its decellularization (Fig.32).  

 

 

Fig.32. Mechanical test: Tensile load before and after decellularization of tendon 

 

The value of normal – without decellularization – and processed – with decellularization 

- group was 274.2±30.4 and 218.2±10.3 N, respectively. However, the difference 

between normal fresh tendon and decellularized tendon was not statistically different.  

Although the surface area of decellularized tendon was changed to a loose shape, 
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decellularization method by enzymatic digestion and physical treatment didn’t affect 

mechanical property of tendon tissue. 

 Appearance of tibialis tendon with stem cell-containing gel transplanted after 1, 3 and 7 

days of culture according to mechanical stimuli in the bioreactor (Fig.33).  

 

Fig.33. Appearance of porcine tibialis tendon with stem cell-containing gel transplanted 

before and after mechanical stimuli application in the bioreactor 

 

No specific difference was ascertained in appearance according to culture period and 

specimens maintained their initial dimension of 1 x 12 (width x length) cm2. Lattice 

pattern in the two ends (up to 4 cm) of tibialis tendon was inscribed by the jig for 

fixation. Femur and tibia are to be drilled at such a location to form tunnel in case that 

they are to be transplanted to the impaired area in porcine anterior cruciate ligament, 

which was determined, in this study, not to exert any effect on transplantation. 
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After 1 and 3 days cultivation in cyclic loading bioreactor, the lower tensile strength of 

decellularized tendon than fresh tendon was increased. After 7 days, maximum tensile 

load of cyclic stimulated tendon was more than a two-fold increase compared with non 

stimulated tendon (Fig.34).  

 

 
Fig.34. Mechanical test: Maximum tensile load of decellularized tendon after cyclic 

stimulation of tension and torsion 

 

As the gradient curve pattern, stiffness of cyclic stimulated tendon was higher than fresh 

tendon. During the cultivation with cyclic stimulation, it seems that tendons deformed in 

a linear fashion and the fibers became more parallel. 

Tensile strength was measured with a universal testing machine (MTS bionics, USA) 

Sample Maximum Tensile Load (N) 

Decellularized 
tibialis tendon 

0 day 354.9 
1 day 380.8 
3 days 418.6 
7 days 818.1 
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after 1, 3 and 7 days of culture according to mechanical stimuli applied in the bioreactor. 

Values of tensile strength are listed in Fig.35, where the value of the group exposed to 

mechanical stimuli for 1 day significantly differed from that of the group without stimuli.  

 

 

 
Fig.35. Mechanical test: Maximum tensile load of tissue engineered tendon after cyclic 

stimulation of tension and torsion 

 

The value after 7 days of stimuli was 4 times of that of the group without stimuli. The 

value of the group with mechanical stimuli of 10% of tension (2 mm of strain at the two 

ends) and 90° of torsion (vertically 45° clockwise and counterclockwise, respectively) at 

1 Hz increased while the value after 7 days of consistent stimuli increased further. It has 

Sample Maximum Tensile Load (N) 

Decellularized 
tibialis tendon 

0 day 218.2±10.3 
1 day 354.5±38.7 
3 days 541.5±50.1 
7 days 851.9±55.8 
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been reported that proteoglycan rich in collagen fibril inside tibialis tendon repeatedly 

transfers or resists tensile strength, which promotes cross linking that resists larger tensile 

stress. In addition, previous studies have been showing that, in case that temperature 

increases to 40 to 50℃ by an ultrasonicator, viscoeleasticity of collagen changes bringing 

about plastic deformation and increases tensile strength of the specimen. Since, 

mechanical stimuli were applied in this study with medium temperature inside the 

bioreactor chamber kept at 37℃, it is expected that the internal space experienced a slight 

temperature increase, although the authors did not measure the temperature in person, and 

it is considered that the tensile strength changed due to the mechanical stimuli applied up 

to 7 days. 
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5. Cell differentiation 

Fig.36 shows the results from real time PCR analyses aiming at collagen type I, type III 

and Tenascin-C gene of tibialis tendon with stem cell-containing gel after 1, 3 and 7 days 

of mechanical stimuli in the bioreactor. 

 

Fig.36. Real time PCR analysis of tibialis tendon with stem cell-containing gel 

transplanted before and after the mechanical stimuli applied in the bioreactor 

 

The value of collagen I gene was 0.11±0.01 and 0.34±0.02 in day 1 and 7, respectively, 

which accounts for 3 times of increase while the value of collagen III gene was 0.31±0.01 

and 0.67±0.03 in day 1 and 7, respectively, which accounts for 2.2 times of increase. 

Tenascin-c exhibited 0.42±0.01 and 0.79±0.02 in day 1 and 7, respectively, which means 

1.9 times of increase. Increase of Tenascin-C, the representative marker, was ascertained, 

which indicates that human bone marrow-derived mesenchymal stem cells that were 

exposed to mechanical stimuli differentiated to ligament tissue. 
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6. Extra Cellular Matrix Analysis 

GAG content secreted from media to culture stem cell-containing gel(5x105 cell/㎝2) 

inoculated to porcine tibialis tendon was analyzed according to mechanical stimuli 

applied in the bioreactor. Media were collected after 1, 3 and 7 days of culture and their 

absorbance was measured at 656 nm by means of GAG assay kit (Fig.37). 

 

Group 
GAG contents (ug/ml) 

1d 3d 7d 

Static culture 14.187±0.080 25.542±0.599 36.346±1.843 

Dynamic culture 14.986±0.765 33.298±1.936 44.791±2.087 

 
Fig.37. GAG content analysis of stem cell-containing gel with mechanical stimuli applied 

in the bioreactor 

 

Regression analysis of standard chondroitin-4-sulfate curve exhibited a value of 99.9%. 

The group exposed to mechanical stimuli showed a higher GAG content than that without 

stimuli, where the latter increased its value from 14.187±0.080 to 25.542±0.599 and to 

36.346±1.843㎍/㎕ in day 1, 3 and 7, respectively while the former, 14.986±0.765 to 
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33.298±1.936 and to 44.791±2.087㎍/㎕ in day 1, 3 and 7, respectively. Conclusively, 

Stem cell-containing gel group with mechanical stimuli for 7 days increased its value 

around by 23%, which is considered attributable to the mechanical stimuli that make the 

culture further effectively facilitates ECM secretion. 

 Collagen content secreted from media to culture stem cell-containing gel(5x105 cell/㎝2) 

inoculated to porcine tibialis tendon was analyzed according to mechanical stimuli 

applied in the bioreactor. Media were collected after 1, 3 and 7 days of culture and their 

absorbance was measured at 550 nm by means of collagen assay kit (Fig.38). Regression 

analysis of standard collagen curve exhibited a value of 99.9%. 

 

 

Group   
Collagen contents (ug/ul)  

1d  3d  7d  
Static culture  0.769±0.012  0.949±0.052  1.382±0.028  

Dynamic culture  0.811±0.106  1.218±0.072  1.803±0.065  

 
Fig.38. Collagen content analysis of stem cell-containing gel exposed to mechanical 

stimuli in the bioreactor 
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The group exposed to mechanical stimuli showed a higher collagen content than that 

without stimuli, where the latter increased its value from 0.769±0.012 to 0.949±0.052 and 

to 1.382±0.028㎍/㎕ in day 1, 3 and 7, respectively while the former, 0.811±0.106 to 

1.218±0.072 and to 1.803±0.065㎍/㎕ in day 1, 3 and 7, respectively. Conclusively, 

Stem cell-containing gel group with mechanical stimuli for 7 days increased its value 

around by 30%, which is considered attributable to the mechanical stimuli that make the 

culture further effectively facilitates ECM secretion. 
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7. Animal Transplantation Test 

Mechanical stimuli of 10% of tensile strain and 90 of torsion at 1 Hz were applied on 

graft tendon cultured with stem cell-containing gel for 7 days in the bioreactor. Fig.39 

shows photographs of the specimen appearance right before the extraction after 4 and 12 

weeks of transplantation. 

 

Fig.39. Photographs of ACL in knee joint before the extraction after 4 and 12 weeks of 

transplantation 

 

Extraction after 12 weeks of transplantation showed an appearance of reconstructive 

graft similar to that of normal anterior cruciate ligament. Neither necrosis nor 

inflammation of nearby tissue was observed after 4 and 12 weeks of transplantation. 

Mechanical stimuli of 10% of tensile strain and 90 of torsion at 1 Hz were applied on 
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graft tendon cultured with stem cell-containing gel for 7 days in the bioreactor. Results of 

appearance observation and tensile strength measurement after 4 and 12 weeks of 

transplantation are summarized in Fig.40.  

 

 

Fig.40. Maximum tensile load measurement after reconstruction of ACL 

Control group indicates sham operation without ligament amputation. Exp. Group 

indicates tissue engineered tendon transplantation.  
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In the result of ultimate tensile strength measured in specimens, control group for 12 

weeks was 5% higher than 4 weeks group. In case of experiment group, 12 weeks group 

was 70% higher than 4 weeks group. The end of graft must be fixed at femur and tibia 

and experience oesteointegration. The result of experiment group after 12 weeks indicates 

a more satisfactory osteointegration than that of the specimen after 4 weeks of 

transplantation.  

 

8. Structural analysis of knee joint to establish a clinical test model 

Anterior and posterior forces of 0 to 100 N acting on the center of a fully extended knee 

validated the intact knee model. The anterior and posterior tibial translations showed 

similar values to those from previous experimental and computational studies (Fig.41). 

 

Fig.41. The tibial translations for 0 to 100N of anterior and posterior forces acting on the 

center of the knee in the full extension position 
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The tibial translations for 100 N anterior and posterior forces were 2.89 mm and 4.10 

mm, respectively, while those values were 2.43 mm and 5.28 mm in the experimental 

study and 2.55 mm and 4.86 mm in the computational study, respectively. The results of 

anterior tibial translation are provided in Fig.42. 

 

Fig.42. Anterior tibial translation in response to a 134N anterior tibial load 

 

For the TP reconstruction, the anterior tibial translation ranged from 4.6 mm at full 

extension to 8.1 mm at 30° of knee flexion. For the BRG reconstruction, the anterior 

tibial translation from 4 mm at full extension to 7.9 mm at 60° of knee flexion. When 

comparing the anterior tibial translation between the 2 reconstructions, there was no 

significant difference at full extension and 15° and 30° of knee flexion. However, 

significant differences were detected at 60° and 90° of knee flexion, in which the anterior 

tibial translation for the TP reconstruction was 1.2 mm and 1.5 mm higher, respectively, 

than the BRG. 
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The stress of the BRG and TP grafts in response to anterior tibial load are detailed in 

Fig.43. 

 

Fig.43. Stress of the BRG and TP grafts in response to anterior tibial load 

 

For the BRG reconstruction, the stress in the ACL graft ranged from 9.7MPa to 13.2 

MPa. For the TP reconstruction, the stress in the graft ranged from 9.7MPa to 12.3MPa at 

90° and 30° of knee flexion, respectively. At high flexion angles (60° and 90°), these 

stress were lower than those for the BRG knee.  
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The pattern of contact stress in the different angles of the knee is shown in Fig.44. 

 

Fig.44. The pattern of contact stress in the different angles of the knee 

 

For the TP reconstruction, the contact stress in the ACL graft ranged from 3.6MPa to 

12.5MPa. For the BRG reconstruction, the contact stress in the graft ranged from 3.9MPa 

to 13MPa. The in contact stress in the ACL graft for the TP reconstruction were lower 

from those for the BRG reconstruction. 
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 The ratio of the maximum stress in the ligaments to the yield stress for the BRG and TP 

under flexion is shown in Fig.45. 

 

Fig.45. The ratio of the maximum stress in the ligaments to the yield stress 

 

 Fig.45 shows the ratio of the maximum stress in the ligaments to the yield stress. The 

maximum stress of BRG reconstruction was lower than TP reconstruction in the different 

angles of the knee. This result means the fail rate after BRG reconstruction is lower than 

TP reconstruction. 
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IV. DISCUSSION 

The gold standard for ACL reconstruction has been natural scaffolds such as an 

autologous BTB tissue and donated allograft. However, they can’t support increased 

demands for the successful ACL reconstruction. Xenograft has potential characterization 

of rich ECM, initial mechanical property but some disadvantages which have immune 

rejection, disease transmission have been suggested so far. That’s why other kind of 

natural scaffold from animal tissues has to be applied to preclinical and clinical trial.  

Decellularization of natural scaffold is the initial consideration before applying to 

tendon and ligament engineering. After the preparation of decellularization, natural 

scaffold has to keep the mechanical property and structural morphology. 

During the ACL healing after reconstruction, grafting material must have the good initial 

strength and occur tendon-to-bone fusion in the femoral and tibial bone tunnels. 

Technology to induce the differentiation of tissue graft, with the help of stem cells, into 

the tissue of the subject can be applied to natural scaffold such as allograft and xenograft 

and may be appraised as a groundbreaking one to resolve many clinically adverse effects 

existing artificial bio-ligament had.  

The technology may be extended to establishment of tissue incubation system under a 

variety of conditions to achieve success in reconstruction of other tissue, not confined in 

ligament reconstruction. Biomimetic culture technique by using stem cells and related 

tissue grafts may be applied a novel measure for tissue reconstruction. 

In this study, the conditions about decellularization with enzymatic solution and 

ultrasonic cleaning treatment were effective in decellularization of porcine tibialis tendon 

without any loss of ingredient and mechanical property.  

 The removal of cells from tendon tissues was able to confirm biological safety by these 
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methods. Meantime, to improve the mechanical property of decellularized tendon, we 

designed cyclic loading bioreactor. During the culture of tendon tissues, it could control 

translational and rotational strain with cyclic stimulation, angle of rotation and frequency. 

 After cultivation of each tendon for 1, 4 and 7 days in tissue bioreactor, the ultimate 

tensile load of simulated tendon was higher 4 times than control group. Because of 

rearrangement of collagen fibers in tendon tissue by cyclic stimulation, the mechanical 

properties such as ultimate tensile strength and elasticity were increased. 

 ACL graft with mechanical stimuli had even better properties in terms of strain. This 

implies that a patient who experienced reconstruction may perform a far easy flexion than 

a general patient and a superior behavior in terms of lad support. 

 

 

V. CONCLUSION 

Natural scaffold such as allograft and xenograft may be good bio material for cell-based 

tissue engineering for tendon repair. To be clinically useful, cell extraction method has to 

be confirmed and recellularized, possibly seeding cells in vitro and ingrowing host cells 

in vivo prior to implantation. As mentioned in introduction, although patients with 

ligament injuries sharply increase every year, there is no perfect replacement tendon 

repair now. Therefore, studies on replacement materials to reconstruct the perfect tendon 

are urgently needed now. Cell-based tissue engineering for tendon repair and regeneration 

hold great promise for future clinical application. 

For more perfect replacement, bone marrow derived stem cells are impregnated and 

cultured to induce to differentiate by taking natural tissue as a supporter. At the same time, 

supporter and cells are intentionally stimulated to increase the mechanical strength of 
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tissue within a short time with in vivo movement condition and similar physical strength. 

Through above processes, advanced cell based natural scaffold for tendon repair and 

cyclic loading tissue bioreactor system have yet to be investigated. 
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ABSTRACT (IN KOREAN) 

 

조직생체배양기 내에서 배양된 인대 및 건 조직 재건용 줄기세포 담지 

생체유래 지지체의 분석 

 

<지도교수 문 성 환> 

 

연세대학교 대학원 의과학과 

 

이 광 일 

 

 오래 전부터 전방십자인대의 손상은 자가이식재 및 동종이식재와 같은 생체

유래 이식재료를 통해 치료되어 왔다. 인간의 조직으로부터 유래된 천연 지지

체는 공여부의 유병률이 적고, 짧은 수술시간, 환자의 이식될 부위에 알맞은 

크기로 성형 및 최소 침습술이 가능하며, 오십견의 발생을 최소화할 수 있는 

장점이 있다. 하지만 바이러스 및 박테리아 등의 감염, 면역거부반응, 장기간

의 재활을 필요로 하는 등의 몇 가지 위험요인 및 단점이 존재하고 있기 때문

에 손상된 부위에 대한 진료 및 보호가 오랫동안 요구된다. 이러한 위험요인

을 해결하기 위해 기증자 선별, 높은 수압의 생리식염수 세척, 항생제 처리, 

이식재 멸균 처리 등의 공정을 적용시키고 있다. 더욱이 생체유래 이식재에 

존재하는 세포 성분이 항원성 물질로 인지되어 이식 받은 환자에게서 면역거
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부반응이 발생할 수 있는 가능성이 있기 때문에, 인대이식재의 안전성을 위해

서는 탈세포 공정이 상당히 중요하게 작용된다. 

탈세포화된 조직은 조직공학 및 재생의학 분야에서 조직의 세포성 물질로부터 

발생할 수 있는 면역거부인자를 제거하기 위한 목적으로 성공적으로 사용되고 

있다. 그렇지만 탈세포를 위한 화학적 처리, 효소제 처리 등의 방법은 생체유

래 조직의 세포외기질을 저하시키고, 조직 고유의 물리적 성능을 저하시킬 수

도 있다. 게다가 몇 몇의 세척 성분 중에는 환자의 체내에 잔존할 경우, 부작

용 및 위험 요인으로 작용할 수 있다. 탈세포 공정이 인대조직 이식재의 안전

성을 확보하기 위한 차원에서 중요하게 적용되어야 할 공정임에도 불구하고, 

대부분의 인대조직은 항생제 처리나 고압의 생리식염수 세척 등의 제한적인 

공정만을 통해 이식재로 처리되고 있다. 탈세포화 공정은 조직의 면역거부반

응 물질을 제거하고, 조직을 소독하는 목적으로 사용되어야 하지만, 탈세포 처

리에 의해 저하된 인대조직이식재의 물리적 성능을 조직 고유의 성능 이상으

로 향상시켜야만 한다. 

위 연구를 수행하기 위하여 조직의 상하 양방향으로 각각 반복 자극을 가할 

수 있는 조직 생체배양기를 제작하였고 이를 통해 기능성 조직 이식재를 배양

하기 위한 이상적인 배양 조건을 설정하고자 한다. 조직 생체배양기 시스템은 

물리적 자극을 가하는 모션파트, 배양 시간, 자극 빈도, 온도, 기체 등의 조건

을 제어하는 컨트롤 파트, 그리고 물리적 자극을 전달받는 챔버파트로 구분된

다. 
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본 연구의 목적은 반복 물리적 자극이 가해지는 조직 생체배양기의 배양 조

건이 생체유래 조직-줄기세포간 복합체의 세포외기질 생성 및 물리적 강도에 

미치는 영향을 알아보기 위함이다. 연구를 위해 돼지의 앞정강건을 이용하였

으며 효소 용액 처리 및 초음파 세척 공정을 적용시켜 탈세포 공정을 수행하

였다. 탈세포 공정의 마지막 단계에서는 고장액과 저장액을 번갈아 사용함으

로서 물리적 자극을 통해 잔존하는 세포를 파괴시긴 후, 세척을 통해 잔류물

을 제거하였다. 탈세포화된 인대조직은 골수 유래의 줄기세포로 재담지화 처

리하였으며, 조직 생체배양기 내에서 일정 기간, 일정 조건으로 반복 자극 배

양을 실시하였다. 

 본 연구를 통해, 탈세포 처리된 조직의 최대 인장 하중은 천연 그대로의 조

직보다 20% 정도 저하되었지만 10% 인장, 90도 비틀림, 초당 1회의 반복 자극

이 가해지는 생체 조직배양기 내에서 일정 기간 배양된 조직의 경우 천연 그

대로의 조직보다 물리적 강도가 2배 이상 증가한 것을 확인할 수 있었고, 조

직-세포 복합체의 경우는 4배 이상 증가한 것을 확인할 수 있었다. 

본 연구는 천연 유래의 지지체가 탈세포 처리를 통해 생물학적 안전성을 확

보한 후, 세포의 재담지를 통해 복합체를 구성한 후, 반복 물리적 자극이 가해

지는 조직 생체배양기 내에서 일정 조건으로 배양하는 방식은 향후 인대 및 

건 조직 재건용 이식재 제조를 위한 필수 공정으로 적용될 것으로 사료된다. 

 

 

----------------------------------------------------------------------------------------------------------- 

핵심되는 말: 조직생체배양기, 반복하중, 탈세포, 인대, 건, 줄기세포 
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